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Preface

The Periodic Table meanwhile lists 118 chemical elements, which leads to a vast
number of inorganic compounds. Many of them have well-defined physicochemical
properties, which are exploited for the realization of functional materials we all
comfortably use in daily life without even thinking about it, including magnetic
and optical materials, construction materials, materials for energy storage and con-
version – just to name a few remarkable examples. The impact of inorganic chemis-
try in human evolution cannot be overstated, and is proven by the designation of
historical ages, such as stone, copper, bronze or iron age (even golden ages and
gold rush), or by geographical locations (such as the Silicon Valley and Argentina).
While carbon-based organic chemistry has provided incredible breakthroughs in
medicinal chemistry and plastic materials, there is no doubt that the solution of the
most urgent problems currently faced by humanity will stem from inorganic chem-
istry providing high-density/high-stability materials for construction, information
technologies, energy storage and conversion.

Chemical sciences and industries are often demonized, but the many indispens-
able materials we use in daily life impressively show how significantly they influ-
ence our society. Ecosystems, metabolic and pathophysiological processes, food
production, construction in its broadest sense, mobility and energy conversion are
determined by chemistry – these facts cannot simply be ignored! The present book
summarizes the many basic examples of inorganic materials we use on a large scale
in everyday life, but also niche products with thoroughly optimized properties.
Many subchapters are written by experts from academia and industry. We tried to
ensure a proper balance of topics, even though it is simply impossible to cover all
aspects of applied inorganic chemistry. Nonetheless, we hope that we made a good
compromise – if any topic is missing, this was unintentional. The final chapter fo-
cusses on energy flows and resources, which constitutes one of the most urgent
topics. As a kind of appetizer for the following 16 chapters, we briefly summarize
some applications for the elements of the first four rows of the Periodic Table. Sev-
eral of these topics are picked up again in the following chapters:

Hydrogen: energy source; helium: low-temperature refrigerant; ballon gas,
lithium: anode materials for lithium-ion batteries; beryllium: hardening compo-
nent for light-weight alloys, non-spark alloys, X-ray windows; boron: hardening
component for intermetallics; carbon: electrode materials, black pigment; nitro-
gen: source for ammonia and nitrate fertilizers, protective gas, low-temperature
cooling; oxygen: medical gas, liquid oxygen for the Linz-Donauwitzer process in
steel refinement; fluorine: uranium hexafluoride production; neon: helium-neon
lasers; sodium: reducing agent; magnesium: alloying component and sacrificial
anodes; aluminum: light-weight alloys, construction material; silicon: semicon-
ductors; phosphorus: synthesis of phosphoric acid; matches; sulfur: vulcanization
of rubber; chlorine: disinfection of water; argon: protective gas in chemical synthesis
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and arc-welding; potassium: liquid sodium-potassium alloys as coolants in nuclear
reactors; calcium: reducing agent in metallurgy; scandium: additive for aluminum-
based alloys, component of electron emitters; titanium: steel additive, corrosion re-
sistant alloys; vanadium: high-speed tool steels; chromium: stainless steel and
chromium plating; manganese: ferromanganese, activator in LED phosphors; iron:
steel and cast iron; cobalt: superalloys and samarium-cobalt magnets; nickel: ca-
talysis and anti-corrosion coatings; copper: cables and water tubes; zinc: facade
cladding, corrosion protection; gallium: gallium nitride, phosphide or arsenide semi-
conductors; germanium: semiconductors and detection technology; arsenic: doping
of semiconductors; selenium: II-VI semiconductors and alloy additive for free cutting
steel; bromine: special disinfection products and synthesis of flame retardants;
krypton: excimer lasers, KrCl excimer discharge lamps. The reader might notice that
transition metals and lanthanides are not even mentioned here; there would not be
sufficient space in a preface to list their impact!

Such a book project is not realizable without the help of numerous colleagues
and co-workers. We thank Gudrun Lübbering for continuous help with literature
search and text processing and Thomas Fickenscher for providing with many pho-
tos of materials and devices. We are especially grateful to our colleagues for their
immediate agreements to write up a subchapter. It is always challenging to compile
a concise Table of Contents and find the right co-authors. We are indebted to the
editorial and production staff of De Gruyter. Our particular thanks go to Kristin Ber-
ber-Nerlinger, Dr. Vivien Schubert and Melanie Götz for their continuous support
during conception, writing and producing the present book.

Münster, Steinfurt, June 2022
Thomas Jüstel, Rainer Pöttgen, Cristian A. Strassert

This book contains two different tokens, pointing to:

list of references

recommended literature for further reading; i.e. relevant text books, re-
view articles or important original articles
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5 Energy storage and conversion

5.1 Battery materials

Michael Ghidiu, Theodoor Hendriks, Wolfgang Zeier

Electrical energy is high-quality energy, as it can be easily converted to do many
different types of work (e.g. heating, lighting, mechanical and electrochemical).
Due to mismatches between the time of energy generation and usage, as well as
portability for versatility, storing electrical energy is of high importance. Storage
can be accomplished physically (through capacitors, flywheels, hydroelectric, ther-
mal) or through electrochemical processes. This was first done to a useful degree in
the early nineteenth century by Alessandro Volta by selecting materials with differ-
ent redox potentials and building them into the voltaic pile based on copper and
zinc [1]. Since then, the study of chemistry and specifically inorganic materials has
led to a much deeper understanding in storage of electrical energy and, thereby,
advancements in battery technology. There are many ways to store and release elec-
trical energy, which can dictate how a device is constructed. Two performance indi-
cators on how much energy can be stored and how quickly it can be released are,
respectively, the energy density (in Watt-hours per unit volume or mass) and the
power density (in Watt per unit volume or mass). A way to summarize this is with a
Ragone plot, showing these two densities on respective axes (example in Fig-
ure 5.1.1). Capacitors can quickly charge and discharge, and thus have a high power
density; however, their energy density is very limited. Batteries typically have a
high energy density but limited ability to charge or discharge quickly. Supercapaci-
tors, or electrochemical capacitors, started to bridge the gap between the two. How-
ever, the ultimate goal lies at the top right of the plot; a device that can store a lot
of energy and access it quickly. It is clear from Figure 5.1.1 that different chemistries
result in different distributions across this plot. The discussion here will be limited
to batteries, which consist of positive (cathode) and negative (anode) electrodes,
separated by an ion-transporting but electron-blocking electrolyte. Batteries can be
primary (designed for a single discharge followed by disposal) or secondary (able to
be reliably recharged). During discharge, electrons are moved through a circuit due
to driving forces of different redox potentials between the electrodes, where electro-
chemical reactions take place, generally involving metals changing their oxidation
state. Charging reverses these processes by an applied potential difference. Because
battery use involves physically moving material around inside the cell (through
electrolyte movement, plating reactions, intercalations, etc.), knowledge of chemi-
cal structures, phase transitions, as well as diffusion, and hence the intrinsic inor-
ganic material properties, is essential for understanding real-world performance
and commercial application.
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5.1.1 The lead acid battery

The lead acid battery, invented in 1859, is still used in the automotive industry as the
standard for energy storage for starting, lighting and ignition. Fully charged, the
anode consists of Pb metal and the cathode of PbO2, with an electrolyte of H2SO4(aq)

(concentrated sulfuric acid). During discharge, lead metal at the anode reacts with
bisulfate anions (from the dissociation of one H+ from H2SO4) to produce protons,
electrons and lead sulfate (Pb(+II)):

PbðsÞ +HSO4
−ðaqÞ ! PbSO4ðsÞ +H+ðaqÞ + 2e−

At the cathode, lead oxide (Pb(+IV)O2) reacts with bisulfate and the produced pro-
tons, accepting the electrons through the circuit, to produce amorphous lead sul-
fate (Pb(+II)) and water:

PbO2ðsÞ + HSO4
−ðaqÞ + 3H+ ðaqÞ + 2e− ! PbSO4ðsÞ + 2H2OðlÞ

The end result is two plates of lead sulfate, effectively an electrochemical compropor-
tionation reaction, separated by dilute sulfuric acid due to the participation and deple-
tion of the electrolyte in the overall reaction. This means that the state of charge is
directly proportional to the concentration of H2SO4, and hence the specific density of
the electrolyte that can thus be easily measured. This was one of the first battery
chemistries rechargeable by reversing the current; however, the capacity can be im-
peded by the crystallization of PbSO4 rather than amorphous deposition; this is not
reversible, but BaSO4 can be used as an additive to intentionally promote a reversible
crystallization of PbSO4 that does not block the active material. Despite the toxicity of
lead, this battery class has the benefits of ability to operate in a wide temperature
range (–20 to 50 °C) with low self-discharge, as well as ease and widespread ability of
recycling. However, energy density is fairly low, especially considering the materials

Figure 5.1.1: Battery technologies in terms of specific power density (W/kg) and energy density
(Wh/kg). Adapted from [2].
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(such as casing, and electronic battery management systems) that need to be added to
go from the operating potential of a single cell to that of the battery pack with cells
parallel and in series.

5.1.2 The alkaline battery

Ubiquitous alkaline batteries, reliant on zinc and manganese oxide electrodes, are
good examples of primary batteries that normally cannot be recharged. At the
anode, metallic zinc reacts with hydroxide in the electrolyte to produce zinc oxide
(Zn(+II)):

ZnðsÞ + 2OH− ðaqÞ ! ZnOðsÞ + H2OðlÞ + 2e−

At the cathode, manganese oxide Mn(+IV) is reduced to manganese oxide Mn(+III),
with water participating to form hydroxide with the lost oxygen of MnO2 to replen-
ish the electrolyte:

2MnO2ðsÞ + H2OðlÞ + 2e− ! Mn2O3ðsÞ + 2OH−ðaqÞ

Alkaline batteries are advantageous in that they can be produced cheaply and in
high volume for consumer applications (everything from toys, to cameras, to house-
hold appliances). However, their disadvantages are foremost that they cannot prac-
tically be recharged, in addition to their capacity being a strong function of the rate
of discharge as well as being prone to leaking their caustic hydroxide electrolytes.

5.1.3 The nickel-cadmium and nickel-metal-hydride type

The nickel-cadmium (Ni-Cd) chemistry uses a similar electrolyte as the alkaline bat-
tery and is widely known for its use in earlier rechargeable cells and as battery
packs in electric tools due to its ability to be readily recharged. These cells consist
of a cadmium anode, NiOOH (nickel oxide-hydroxide) cathode and hydroxide elec-
trolyte, typically KOH(aq). During discharge, at the anode (metallic cadmium), cad-
mium hydroxide (Cd(+II)) is formed:

CdðsÞ + 2OH− ðaqÞ ! Cd OHð Þ2ðsÞ + 2e−

At the cathode, nickel oxide-hydroxide (Ni(+III)) accepts electrons through the cir-
cuit and loses oxygen to become nickel hydroxide (Ni(+II)):

2NiO OHð ÞðsÞ + 2H2OðlÞ + 2e− ! 2Ni OHð Þ2ðsÞ + 2OH− ðaqÞ

These cells can suffer from a “memory effect” where a partial discharge can lead to
limited future discharge capacity, though this can be alleviated by deep discharge
cycles making sure that all inorganic material is being converted. The cell can deliver
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up to around 1.3 V and the main benefits of this class of batteries are their cycle-life
(over 1,000 cycles typically before their capacity reduces to below 50%, including the
ability to handle deep discharge) and much higher energy density than the lead acid
battery. However, cadmium, being a toxic heavy metal, is of concern for production
and end-of-life.

The nickel-metal-hydride (NiMH) chemistry also relies on nickel oxide-hydroxide,
but instead of cadmium, an intermetallic compound (M) is used, typically of composi-
tion AX5, where A is a rare-earth metal and X is Ni, Co, Mn or Al; the electrolyte is typi-
cally aqueous KOH. During discharge, the intermetallic compound at the anode,
having already been converted to a hydride, is reduced, moving an electron into the
circuit and producing water:

MHðsÞ + OH− ðaqÞ ! MðsÞ + H2OðlÞ + e−

At the cathode, nickel oxide-hydroxide (Ni(+III)) reacts with water to regenerate
OH– and form nickel hydroxide (Ni(+II)):

NiO OHð ÞðsÞ + H2OðaqÞ + e− ! Ni OHð Þ2ðsÞ + OH−ðaqÞ

This battery class does not suffer from the memory effect, has a high energy den-
sity, is very reliable and can be made mostly with inexpensive and less-toxic materi-
als. However, the use of rare-earth metals is an economic concern. Nevertheless,
these are needed to stabilize the anode against the hydroxide electrolyte for a long
cycle life and much development was needed over decades to perfect the battery
chemistry. NiMH batteries overtook Ni-Cd due to their advantages and enjoyed a
large market share until Li-ion batteries became widespread. They are still often
used for automotive applications. Similar to Ni-Cd batteries, the cell voltage is
somewhat limited at around 1.25 V.

5.1.4 The lithium ion battery

Lithium-ion (Li-ion) batteries are relatively new, having been introduced commercially
in the 1990s (although their chemistry was beginning to be understood much earlier)
[3]. They have become the main power source for portable electronics and even auto-
motive applications. Transitioning toward electric mobility, electric cars require lithium
batteries with superior energy and power density, without compromising safety and
environmental concerns [4, 5]. For stationary applications, lithium batteries are becom-
ing more popular due to their high energy and power density [6]. At their introduction,
these batteries worked on the “rocking-chair” principle, where Li+ ions were shuttled
across a Li+-containing electrolyte from one intercalating electrode to the other, which
correspondingly changed oxidation state. The common materials that were used for
the anode and cathode were graphite and LiCoO2 [3]. During discharge, at the anode,

4 5 Energy storage and conversion



lithiated graphite (which has a distributed negative compensating charge) loses Li+

from between its layers, moving electrons through the circuit:

LixC6 ! C6 + xLi+ + xe−

At the cathode, Li-deficient lithium cobalt oxide accepts Li+ ions and electrons:

Li1−xCoO2 + xLi+ + xe− ! LiCoO2

Li-ion cells of this type are assembled in the discharged state with pure graphite, so
before these reactions can take place, the graphite must be lithiated by charging.
The electrolyte is typically a mixture of organic liquids and ion-conducting Li salts.
A comparison between this type and, previously discussed, Pb and Ni-based batter-
ies is shown in Figure 5.1.2.

Due to high reactivity of the inorganic materials, unwanted reactions can hap-
pen at the interface where the liquid electrolyte contacts the anode and/or cathode.
These form an interphase that consists of decomposition products of both the elec-
trolyte and/or the electrode material; the so-called solid-electrolyte-interphase (SEI)
may hamper conductivity of the Li+ ions.

A broad spectrum of materials can be used for lithium-ion batteries, not only
for the cathode and anode, but also for the electrolyte. The challenge for battery
development is finding the right combination with the right additives to design the
best battery for a given application, keeping in mind cycling stability, performance
and possible degradation mechanisms. This has led to the common chemistry
where a graphite anode is used with LiPF6 as salt in organic liquid electrolytes and
a cathode consisting of LiCoO2 [3, 7]. While other anodes (such as Si, Li-metal and
Li4Ti5O12) have been extensively tested, graphite LixC6 is most used commercially.
Silicon suffers from large volume changes during cycling, causing loss of connec-
tion with the electrode and trapping of Li+. Li-metal is very reactive, causing decom-
position of the electrolyte and making the battery unsafe, as well as the formation
of dendrites that can cause catastrophic cell failure when an electronically conduct-
ing bridge through the electrolyte is formed. Li4Ti5O12 is a very stable anode, but
due to its high electrical potential of about 1.5 V vs Li/Li+, the voltage of the battery
is lower, leading to a decreased energy density. For the electrolytes, the LiPF6 salt
offers the highest ion-mobility while the organic compounds (it is dissolved in mix-
tures of ethylene or dimethyl carbonate) offer a large enough stability versus the
reactive conditions inside the cell, providing a reasonably safe battery. Therefore,
these materials are the industry standard [7]. For the cathode, mostly insertion materi-
als are used. In these materials, the Li+ ion can travel within the material’s framework.
The three major commercial materials to date are the olivine LiFePO4, the layered
LiCoO2 (and its derivatives) and the spinel LiMn2O4 (Figure 5.1.3).

For a cathode active material to be viable, certain criteria must be met: 1) ability
of Li+ to move freely inside the structure, 2) redox-active transition metals in the
structure (typically limited to Mn, Ni and Co) and 3) a decent electronic conductivity
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for transport of electrons toward the current collector. The structures in Figure 5.1.3
show that the currently used materials have 1-, 2- and 3-dimensional diffusion
channels, respectively, through which Li ions must travel; this strongly influences
diffusivity through the bulk materials. Hence, LiFePO4 is actually a poor ionic and
electronic conductor. This means that crystallographic orientation can be a con-
cern, which can be important in some electrode geometries. Limited diffusion path-
ways can influence the cycle life and lifetime, and speed of charge and discharge.

In contrast to LiFePO4, LiCoO2 allows for fast Li+ diffusion combined with a
high energy density of 272 mAh/g with a voltage of 4 V. However, for structural sta-
bility reasons, only about half of that energy density can be used (140 mAh/g) as
removing too much Li+ from the framework leads to decomposition. This has led to
chemistries where the Co is partly replaced by Ni, Mn or Al to yield the so-called NMC
(LiNixMnyCozO2) or NCA (LiNixCoyAlzO2) cathode active materials, all of which af-
fect the average electrochemical insertion potentials. Furthermore, similar to lead
and cadmium, cobalt is expensive, toxic, environmentally unfriendly, and mined
under problematic conditions [8].

As an alternative to the two-dimensional active materials, the spinel LiMn2O4

has faster three-dimensional ionic diffusion, a higher operating voltage (4.1 V vs.
Li/Li+) and comparable practical energy density to LiCoO2 (theoretically 148 mAh/g,
typical 125 mAh/g) combined with lower costs of the material and absence of di-
rect environmental or safety hazards. Substitutions, such as a quarter of the Mn
with Ni to give LiNi0.5Mn1.5O4, can raise the average potential and further increase
the energy density. Table 5.1.1 below shows these three major cathode classes with
their specific capacity (and practical capacity), average potential and (practical)

Figure 5.1.3: The structure and lithium-diffusion pathways for three major intercalation cathode
materials; the olivine LiFePO4, the layered LiCoO2 and the spinel LiMn2O4 representing
dimensionality of diffusion from 1D to 3D.
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energy density, serving to illustrate how these structural concerns come to play in
real-world performance.

Currently, the NMC/NCA materials offer the highest energy densities. Although
NMC/NCA uses less cobalt, they are still costly. However, even with an excellent
material for a certain performance in mind, there are still challenges for production.
An example of this is the precipitation of NMC: current methods often employ care-
ful control of parameters using hydroxides to precipitate the proper precursors for
sintering the desired NMC [10]. Recently, there has been work to use oxalic acid to
achieve the same effect with less stringent controls required, offering a better route
to upscaling and control of morphology [11].

5.1.5 The solid-state battery

To maximize cell performance, there are multiple design choices for the electrolyte.
To utilize Li-metal anodes and make safer cells avoiding flammable solvents in the
electrolytes, solid electrolytes can be utilized to make all-solid-state cells. Indeed,
one of the first to be realized was the lithium-iodine primary battery for pace-
makers, utilizing an iodine-containing cathode that forms conducting LiI electrolyte
when built onto a Li metal anode. At the anode, lithium gives an electron to the
circuit and migrates to the cathode [12]:

2LiðsÞ ! 2Li + + 2e−

reacting with iodine:

X.I2 + 2e− ! X + 2I−

Table 5.1.1: Comparison of three major Li-ion cathode materials.

Framework Compound Specific capacity
(mAh g−)

Average potential
(V vs. Li/Li+)

Energy density
(Wh kg−)

Layered LiCoO  () .  ()

LiNi/Mn/Co/O  () .  ()

Spinel LiMnO  () .  ()

LiNi,Mn,O  () .  ()

Olivine LiFePO  () .  ()

LiFe/Mn/PO  () ./.  ()

Adapted from [9]. Values in parentheses are typically achieved in practice.
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where X is a matrix that contains the iodine. The Li+ and I–, situated between the
electrodes, form Li+-conducting LiI in situ (although this electrolyte has a rather
low conductivity and as such is not suited for high-power applications). The future
of the lithium-ion battery is the evolution from liquid to solid electrolytes as this
can allow for nonflammable systems and potentially higher energy densities when
a solid electrolyte allows the utilization of Li-metal anodes. There are many families
of inorganic materials that are very promising as fast ionic conductors to shuttle Li+

between the electrodes. Although the ions must pass through a solid framework,
the conductivities can actually approach or even surpass those of many liquid elec-
trolytes. Thorough understanding of ionic transport mechanisms is required to care-
fully design the framework (via elemental substitutions, engineering of phases,
etc.). Many of the same structural chemistry principles noted above in discussion of
electrode materials apply here, as Li+ ions must be quickly migrated through the
structure, and pathway geometry is just one of the many deciding factors on perfor-
mance. There is currently much research into making these types of cells viable for
commercial products, such as the automotive sector [13].

5.1.6 Summary

Since the introduction of useful batteries for storing electrical energy by chemical
means, inorganic materials have played a critical role. We still have a need for vari-
ous classes of storage devices, as there is no single solution for every application.
To better design within each type, a deeper understanding of inorganic chemistry is
crucial. No battery satisfies all needs perfectly; there is a reason why conventional
automobiles still use Pb-acid batteries and portable tools often still use NiCd where
high power is needed. Table 5.1.2 summarizes the multidimensional aspects of a
battery that must be considered when making a selection for an application.

Table 5.1.2: Summary of various properties of battery classes for comparison.

Lead acid Ni-Cd Ni-MH Li ion

Anode Pb Cd MH (LaNiH) LiC

Cathode PbO NiOOH NiOOH LiCoO

Electrolyte Aqueous HSO Aqueous KOH Aqueous KOH LiPF

Specific energy density (theory)
(W h kg−)

   

Specific energy density (practical)
(W h kg−)

– – – –

Working voltage (V) .–. .–. .–. .–.
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5.2 Magnetocaloric materials

Yaroslav Mudryk, Vitalij K. Pecharsky

Magnetocaloric cooling, also known as cooling with magnetocaloric effect or mag-
netic cooling, holds promise to become mainstream technology that in the foresee-
able future could sustainably support most of the human society heat pumping
needs including refrigeration and indoor climate control. Exploiting solids that ex-
hibit large magnetocaloric effects (MCEs) makes heat pumping more efficient when
compared to the ubiquitous vapor-compression approach and simultaneously elimi-
nates volatile liquid refrigerants, majority of which have high global warming poten-
tials and/or are ozone-depleting chemicals. Very generally, MCE quantifies reversible
thermal responses of materials that contain magnetic moment-carrying species to
changing external magnetic fields. The field-induced thermal effects in such materi-
als stem from the ability of varying magnetic fields to either enhance or degrade mag-
netic order naturally established in magnetic solids at any given combination of
temperature and pressure. Consequently, external magnetic fields reversibly manipu-
late magnetic, and under certain conditions, electronic and lattice entropies of those
solids. The magnetocaloric effect, therefore, is one of the fundamental properties in-
trinsic to all magnetic materials but in the vast majority of them, the thermal effects
achievable with magnetic fields that can be created with permanent magnets are too
weak to be useful or even measurable at ambient conditions. In this chapter, we
briefly review fundamentals of the magnetocaloric effect, explain which key proper-
ties make certain compounds useful for magnetocaloric cooling, and describe a few
families of materials under consideration for applications in the cryogenic and near
room temperature regimes. For in-depth coverage of the topic, we refer the interested
reader to a number of available reviews [1–4].

5.2.1 What is the magnetocaloric effect and what makes
some materials promising?

Consider a solid composed entirely of, or containing a fraction of, atoms or ions
that carry magnetic moments in a certain initial magnetic field, HI; typically HI = 0.
When the moments are non-interacting or interact with one another weakly, they
are nearly completely disordered and the corresponding bulk magnetization, MI, of
such solid is nearly zero. Isothermal application of a final magnetic field |HF| > |HI|
at constant pressure forces the moments to align, at least partially, along the direc-
tion of HF, thus enhancing magnetic order (that is, reducing magnetic disorder), in-
creasing magnetization from MI to MF and, consequently, decreasing the magnetic
component of the total entropy of the solid by ΔSM = SF – SI < 0. When the field-
induced moment alignment (magnetizing) is performed without heat exchange with
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the surroundings, i.e. adiabatically, lattice entropy (and electronic entropy if the
solid is a metal) must increase by the equivalent of |ΔSM| to maintain the total en-
tropy of the solid constant. The result is enhanced lattice vibrations and rise of the
global temperature of the solid; this simplified model assumes that changes in pres-
sure, p, and volume, V, are negligible. When the magnetic field is removed (adia-
batically as well), the material returns to its original disordered (low magnetization)
state, so the magnetic entropy goes up by ΔSM = SI – SF > 0, the lattice and electronic
entropies combined go down by |ΔSM|, and the solid cools.

The result of a single adiabatic HF → HI cycle equivalent to that described at the
end of the previous paragraph was predicted independently by Debye [5] and Giau-
que [6]. Experimentally, cooling with magnetocaloric effect was validated by Giauque
and MacDougall in 1933 [7] who used about 60 g of paramagnetic Gd2(SO4)3·8H2O
precooled with liquid helium to 1.5–3.4 K in a steady 8 kOe magnetic field. When
they quickly, that is, nearly adiabatically reduced the magnetic field from HF = 8 kOe
to HI = 0, the salt cooled down to a few hundred milliKelvin (a low temperature re-
cord at the time!) due to disordering of the localized, purely spin magnetic moments
of Gd atoms. Obviously, such cooling method is restricted by the magnitude of the
temperature change due to adiabatic (de)magnetization. Known as adiabatic demag-
netization refrigeration, this approach remains in common use in research laborato-
ries to reach temperatures close to the absolute zero using either or both electronic
and nuclear magnetic moments. The door to continuous cooling with magnetocaloric
effect near room temperature was opened by Brown [8] who coupled periodic mag-
netic field-induced up and down temperature changes in elemental gadolinium to re-
generative heat exchange with a fluid (water-alcohol mixture), demonstrating in
principle the concept of active magnetocaloric regeneration. The latter increases tem-
perature span beyond a single magnetic field-induced adiabatic temperature change
of a given material, allowing for the development of near room temperature magnetic
cooling applications.

The adiabatic temperature change, ΔTad, and the isothermal magnetic entropy
change, ΔSM, are two most important characteristics of magnetocaloric compounds.
The former can be quantified directly, by measuring temperature change during
rapid application and removal of magnetic field to a thermally insulated material. It
is more common, however, to determine these quantities indirectly, using calori-
metric and/or bulk magnetization measurements. For example, after measuring
temperature dependence of material’s magnetization in various applied magnetic
fields, one can calculate the isothermal magnetic entropy change for a given ΔH =
HF – HI by numerical integration using one of the Maxwell relations [9, 10]:

ΔSM Tð ÞΔH =
ðHF
HI

∂M T,Hð Þ
∂T

� �
H
dH (5:2:1)

5.2 Magnetocaloric materials 13



Both ΔSM and ΔTad can be calculated when the heat capacity of a material is known
as a function of temperature and magnetic field [11]. The adiabatic temperature
change can also be calculated from combined magnetization and heat capacity
measurements:

ΔTad Tð ÞΔH = −
ðHF
HI

T
C T,Hð Þ

� �
H

∂M T,Hð Þ
∂T

� �
H
dH (5:2:2)

From eqs. (5.2.1) and (5.2.2), the rate at which bulk magnetization changes with tem-
perature in the presence of constant magnetic field, (dM/dT)H, defines both the sign
and the extent of the magnetocaloric effect of a solid for a given ΔH. For cooperative
magnetic ordering phenomena a |(dM/dT)H| plot exhibits a maximum at a magnetic
transition temperature, which roughly corresponds to the maximum MCE. Not only
|(dM/dT)H| must be large, which is common in weak magnetic fields for many materi-
als in the immediate vicinities of their spontaneous ferro or ferrimagnetic ordering
phase transformations, it must remain large as HF increases. The latter is, however,
uncommon because in conventional magnetic materials magnetic transitions
broaden significantly when magnetic field increases, lowering |(dM/dT)H| values.
Further, many magnetic materials, even the ones with large magnetization at room
temperature, such as elemental iron, exhibit magnetic transitions, and correspond-
ingly peak MCE values away from room temperature, which explains why we do
not notice any significant thermal response in them from even the strongest perma-
nent magnets. For this reason, only a handful of materials, discussed below are
available for near room temperature magnetic cooling.

Beyond the critical large |(dM/dT)H| requirement, a number of additional materi-
als characteristics, both related and not directly related to magnetism, must also be
considered. Magnetocaloric effect should be fully reversible, meaning field and tem-
perature hystereses must be negligible, otherwise unrecoverable energy losses dur-
ing cyclic magnetizing and demagnetizing are inevitable. Creating strong magnetic
fields on the Earth is difficult and rather expensive, hence large adiabatic tempera-
ture and isothermal entropy changes must be observed in the weakest possible mag-
netic fields. For example, magnetic field strengths on surfaces of the strongest
known permanent magnets today is limited to about 15 kOe. This means that large
magnetocaloric effects should be realized in fields lower than that, and preferably
lower than 10 kOe, otherwise construction of expensive Halbach-type permanent
magnet arrays is required. Considering eq. (5.2.2), the adiabatic temperature change
of a material is inversely proportional to its heat capacity, so the latter should be
minimized over the temperature range of interest. Efficient heat exchange with the
heat transfer fluid requires that a good magnetocaloric solid has reasonably high
thermal conductivity. Minimization of eddy current losses mandates low electrical
conductivity. Other desirable characteristics of promising magnetocaloric materials
include availability and affordability of its constituents, chemical and mechanical
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stability, easy synthesis and fabrication into shapes to maximize heat transfer, long-
term durability and high gravimetric density (it is easier to create a large magnetic
field in a small gap). At the time of writing this chapter, there were no materials that
exhibited large MCE around 300 K in low magnetic fields and satisfied all of these
requirements, which is one of the main reasons why magnetic refrigerators for near
room temperature use are not yet commercially available. There are, however, sev-
eral families of materials that either have been shown to work reasonably well in
laboratory-scale magnetocaloric heat pumps or have been broadly accepted as po-
tential candidates for both cryogenic and room temperature magnetocaloric cooling
applications. These are briefly described below, focusing on inorganic compounds.

5.2.2 Magnetocaloric materials for cryogenics

Cooling with magnetocaloric effect was initially conceived as means to reach ultralow
temperatures (milliKelvin [7]), and it performs very well in cryogenic applications.
There are two main reasons. First, at low temperatures interactions between magnetic
moments are weakly affected by thermal energy and |(dM/dT)H| are generally greater
than at ambient conditions. We also note that in an ideal paramagnet, |(dM/dT)H| ap-
proaches infinity as T approaches 0. Considering the magnetic moments themselves,
large magnetic moments lead to large magnetic entropies that can be manipulated by
magnetic field. The maximum molar magnetic entropy of a solid, SM, is given [1, 12]
as SM = Rln(2J + 1), where R is the universal gas constant and J is the total angular
momentum quantum number. The J quantum numbers are the largest for heavy lan-
thanide elements, where J = L + S, and L is the orbital angular momentum quantum
number and S is the spin quantum number. At low temperatures, where lattice heat
capacity is small, magnetic entropy associated with lanthanide moments may even
exceed lattice entropy facilitating large cryogenic magnetic-field induced temperature
changes. For this reason lanthanide-based compounds containing Gd, Tb, Dy, Ho
and Er are materials of choice for cryogenic MCE applications due to large available
magnetic entropies and wide range of magnetic ordering temperatures that are com-
monly below 300 K. Second, lattice heat capacity of a solid, C, increases rapidly as a
function of (T/θD)3, where θD is the Debye temperature, which means that the adia-
batic temperature change, inversely proportional to C (see eq. (5.2.2)), is maximized
at a few K.

Until recently, the cryogenic cooling was a niche technology relevant for a
number of specialized applications, for example, basic science and space explora-
tion. The shift toward clean energy and decarbonization of economy puts cryocool-
ing into focus for a broader audience due to its potential for efficient hydrogen
liquefaction (T = 20 K). In addition, precooling of natural gas (NG) and its liquefac-
tion (T = 120 K), can reduce the cost of its transportation, thus becoming another
focus area for magnetic refrigeration.
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There are two major classes of materials considered for cryogenic applications: a)
ionic and covalent compounds, such as oxides, salts and salt-like substances; b) inter-
metallic compounds and alloys. Most, if not all of these compounds contain rare earths.

5.2.2.1 Non-metallic compounds
Due to rather low concentration of the moment-carrying ions and low thermal con-
ductivity, Gd2(SO4)3·8H2O – the original compound employed to demonstrate the
principle of magnetic cooling – finds no practical use today [13]. In the 1970s, gad-
olinium gallium garnet, Gd3Ga5O12 (commonly known as GGG), was suggested and
became the lead material for cryogenic magnetocaloric cooling [13], due to its
much improved properties compared to gadolinium sulfate. Later studies revealed
that chemical modifications of GGG, for example Gd3(Ga0.5Fe0.5)5O12 (GGIG) and
Dy2.4Gd0.6Al5O12 (DGAG) compounds, are even better suited to perform as low-
temperature MCE materials [14–16]. In addition to larger magnetic entropy change,
they also have better mechanical properties and thermal conductivity. A number
of other complex gadolinium oxides and salts, such as Gd(HCOO)3 [17], have been
proposed to achieve and maintain low temperatures both via adiabatic demagneti-
zation refrigeration and continuous magnetocaloric heat pumping. These oxides
and salts do not absorb hydrogen and are good options for hydrogen liquefaction
at ~20 K, but their cooling performance significantly drops above 25 K [13, 18]. At
the same time, rare-earth mononitrides, REN, where RE = Gd, Tb, Dy, and/or Ho
have a range of magnetic ordering temperatures spanning from ~20 to ~100 K [19].
These materials possess high magnetic moment density per unit volume, good
thermal conductivity and are inert to hydrogen. Holmium nitride, HoN, has a peak
MCE at 18 K, right around the boiling point of hydrogen, while others can be used
to cool gaseous H2 from 77 K.

5.2.2.2 Intermetallic compounds
In an intermetallic compound, a reaction of two or more metals or metalloids results in
bonding and properties that are typical of a metal. Thermal conductivity of intermetal-
lics is usually much higher compared to oxides and salts. Large magnetic moments of
lanthanide atoms and the ability to precisely tailor magnetic interactions between
them (also known as indirect Ruderman-Kittel-Kasuya-Yosida, or RKKY [20] inter-
actions) by alloying with s, p and d elements, allow for large MCEs, located (on
the temperature scale) exactly where they are needed for applications, as long as
the temperatures are not too high (generally below 300 K). As a result, a large
number of rare earth intermetallics could be considered as promising magneto-
caloric materials for cryogenic applications. Among them, for example, are binary
REM2 compounds with cubic MgCu2-type crystal structure, commonly known as
C15-type or Laves phases, where RE is a rare earth and M could be a transition
metal, such as Ni or Co, an s-element such as Mg or a p-element such as Al. For
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instance, ErAl2 has a large |ΔSM| with a maximum of 36 J Kg–1 K–1 at T = 13 K for
ΔH = 50 kOe [21], and HoCo2 shows a |ΔSM| of 12.5 J Kg–1 K–1 at T = 78 K for ΔH = 20
kOe [22]. Further, many isostructural binary lanthanide intermetallics easily form
continuous solid solutions. Thus, (Er1–xDyx)Al2, which adopts the same room tem-
perature MgCu2-type crystal structure for all x, demonstrates excellent magneto-
caloric effects between 13 K (TC of ErAl2) and 64 K (TC of DyAl2) controlled by
adjusting x between 0 and 1 [2, 21]. It is worth noting that below TC the structures
of these intermetallics often distort from the isotropic cubic symmetry, reflecting
their anisotropic magnetic structures [22]. Recently, large magnetocaloric effects
in relatively low magnetic fields were discovered in several RE2In compounds.
These materials, among them Eu2In, Pr2In, and Nd2In possess large MCEs (Eu2In
has |ΔSM| of 27 J Kg–1 K–1 at T = 55 K for ΔH = 20 kOe) between 50 and 120 K [23–25].
Nd2In, having a Tc of ~120 K is promising for natural gas liquefaction [25]. Despite
large MCE and no detrimental energy losses from hysteresis, RE2In compounds
are reactive with air, which may limit their practical use.

5.2.3 Magnetocaloric materials for near-room temperature applications

As noted above, cooling with magnetocaloric effect serves cryogenic applications
well. Specific functional properties, namely large |(dM/dT)H| and low heat capacity
that make MCE attractive at low temperatures are, however, harder to realize as the
temperature increases. The lattice heat capacity increases proportionally to (T/θD)3,
saturating at 3R J/mol K at and above θD, while thermal energy reduces the strength
of magnetic field – magnetic moment coupling, impeding alignment of magnetic mo-
ments and leading to disruption of magnetic ordering and reduction of |(dM/dT)H|.

Among conventional ferromagnets, only a handful of highly concentrated mag-
netic materials such as Gd (discussed in Section 5.2.3.1) and Gd1–xYx alloys with x≪ 1
and Tb and Gd1–xTbx alloys [1] are suitable near room-temperature magnetocaloric re-
frigerants. To realize the potential for high efficiency of magnetocaloric heat pumping
near room temperature, magnetic fields above 20 kOe are highly desirable, but they
require superconducting magnets that are unrealistic in consumer applications. An
alternative is to employ a different class of magnetocaloric materials, in which con-
ventional magnetic entropy changes described by eq. (5.2.1) may be enhanced by ei-
ther or both lattice and electronic entropy contributions associated with coupled
magnetostructural or magnetovolume transformations [3, 26, 27]. Such solids are
commonly known as materials exhibiting giant magnetocaloric effect [28], and most
important families of those materials are discussed in Sections 5.2.3.2–5.2.3.7.
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5.2.3.1 Gd
Figure 5.2.1 shows temperature and magnetic field dependent magnetocaloric effect
as both the magnetic entropy changes and the adiabatic temperature changes of el-
emental Gd – a benchmark magnetocaloric material. The Gd metal has many of the
necessary properties – large MCE, negligible hysteresis, reasonably high thermal
conductivity and good mechanical stability – so there is no surprise that the major-
ity of magnetic cooling prototype devices employ Gd as the active material. The
MCE of Gd is substantial over a wide range of temperatures but the effect is clearly
maximized near the spontaneous ferromagnetic ordering transition temperature of
the element that occurs at TC = 294 K. At the same time, gadolinium (and other
conventional second-order ferromagnets) has one important shortcoming – all of
the magnetic field changes shown in Figure 5.2.1 require superconducting magnets
for their generation. While Gd has measurable MCE in 10–12 kOe fields achievable
with permanent magnets, the cooling power of a magnetic cooling device powered
by permanent magnets falls off rapidly at practical temperature spans between the
hot and cold sides of the heat pump. Hence, in the last few decades a number of
materials exhibiting a much larger magnetocaloric effect, dubbed as “giant”, were
developed as potential replacements of Gd for near room temperature refrigeration.

Figure 5.2.1: The magnetocaloric effect of elemental Gd as a) isothermal magnetic entropy
changes and b) adiabatic temperature changes calculated from heat capacity data measured as
functions of temperature in 0, 20, 50, 75 and 100 kOe applied magnetic fields [26].
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5.2.3.2 Gd5Si2Ge2
The term “giant magnetocaloric effect” was coined in 1997, when a large MCE was
discovered near room temperature in a ternary intermetallic compound Gd5Si2Ge2
and related Gd5Si4–xGex compounds [28, 29]. The maximum isothermal magnetic-
field-induced entropy change of Gd5Si2Ge2, ΔSM = –14 J Kg–1 K–1, is 2.5 times higher
than that of the Gd metal for the same magnetic field change of 20 kOe. The adiabatic
temperature change, ΔTad = 7 K, is greater as well, but the difference in ΔTad. is not as
significant because of higher molar heat capacity of Gd5Si2Ge2. The magnetocaloric
effect in Gd5Si2Ge2 is enhanced by the first order nature of the paramagnetic
(PM) – ferromagnetic (FM) transition at TC centered near 270 K. Both the magnetic
(Figure 5.2.2a) and structural transformations (Figure 5.2.2b) occur in Gd5Si2Ge2 si-
multaneously [30–34]. A specific magnetic state of Gd5Si2Ge2 is always connected
to a specific crystal structure: in the paramagnetic state, the compound retains
monoclinic symmetry, but when it orders ferromagnetically, the crystallography
changes from the monoclinic to a closely related orthorhombic. When the PM
monoclinic Gd5Si2Ge2 phase transforms into the FM orthorhombic phase, some of
the interatomic bonds that connect pairs of quasi-two-dimensional atomic layers
or slabs (Figure 5.2.2b) are created as the slabs shift with respect to one another.
This bonding is associated with drastic changes in the magnetic exchange in the
material, making it strongly ferromagnetic [27, 32–34]. Both the magnetic and
structural transitions are reversible. The same transition may also be triggered by
applied hydrostatic pressure and applied magnetic field. The first-order nature of
the transition makes the change of magnetization with temperature nearly discontin-
uous (Figure 5.2.2a) and the resulting |(dM/dT)H| may reach very high values, remain-
ing such in high magnetic fields. High |(dM/dT)H| enhances both the isothermal
entropy change and the adiabatic temperature change, leading to giant MCE.

5.3.2.3 FeRh
Though the arrival of materials exhibiting giant magnetocaloric effects is rightfully
traced to the discovery of Gd5Si2Ge2 [28], a large MCE associated with first order
magnetovolume phase transformation was earlier reported in nearly equiatomic
FeRh compound [35, 36]. The magnetic transition leading to the giant MCE in FeRh
is fundamentally different from both Gd and Gd5Si2Ge2 because it is an order-order
transition. Namely, in the low-temperature antiferromagnetic (AFM) phase mag-
netic moments are ordered antiparallel and the net magnetization is low. Above the
transition the moments align parallel and the magnetic ordering state is ferromag-
netic. The magnetization change at the AFM-FM transition is almost instantaneous
and |(dM/dT)H| is similar to that of Gd5Si2Ge2. This results in large value of ΔSM =
10 J Kg–1 K–1 for a rather small ΔH = 10 kOe, and the adiabatic temperature change
for FeRh, ΔTad = 13 K for ΔH = 20 kOe, is highest reported among known intermetal-
lic alloys and compounds. We note, however, that this high value of ΔTad is only
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observed during first application of the magnetic field, and becomes substantially
reduced during subsequent field changes due to rather broad hysteresis.

Due to a different nature of the underlying phase transition, the sign of MCE in
FeRh is opposite to those of Gd and Gd5Si2Ge2. Hence, the MCE in the latter two mate-
rials is called “direct”, but it is called “inverse” in the former. From the practical
point of view this means that materials exhibiting “direct” magnetocaloric effect cool
down when demagnetized (upon magnetic field removal), while those exhibiting “in-
verse”magnetocaloric effect cool down when magnetized (upon magnetic field appli-
cation). This terminology has historic origin: all of the initial work on MCE going
back to Debye and Giauque was done on materials that cool upon demagnetization,
and therefore were considered standard, or having “direct” magnetocaloric effect.
Another difference of FeRh from Gd5Si2Ge2 is the absence of the structural change:
even though FeRh exhibits a significant, 0.3% change of its lattice parameter a at the
AFM-FM transition, its crystal structure remains the same cubic B2 CsCl-type above
and below the transformation. It is important to note that the transition leading to
giant MCE occurs in the narrow range of concentrations centered at Fe0.49Rh0.51 com-
position. Moving away from this nearly equiatomic chemistry toward either Fe or Rh
destroys the order-order transition and converts the ordered CsCl-type structure into
disordered body-centered cubic (bcc) or face-centered cubic (fcc) type. It is also
worth noting that there is another, FM-PM order-disorder transition in nearly equia-
tomic FeRh at higher temperatures, but both |(dM/dT)H| and MCE in the vicinity of
that high-temperature transition are small.

5.3.2.4 LaFe13–xSix-based compounds and their hydrides
LaFe13–xSix compounds and their derivatives are considered by many the best prac-
tical MCE materials available [37] due to a combination of good performance and
lack of expensive constituents, such as Rh or Ge. Because the binary LaFe13 is not
stable, Fe/Si substitution is needed to stabilize the cubic NaZn13 crystal structure of
LaFe13–xSix (the range of x is from 1.17 to approximately 3.5). When x(Si) ≥ 4, the
crystal structure becomes tetragonal and weakly magnetic; thus, hereafter we will
discuss the cubic LaFe13–xSix compounds only. In cubic LaFe13–xSix both the magne-
tism and giant magnetocaloric effect are defined by 3d electrons of iron and the
cubic NaZn13-type crystal structure remains the same below and above the mag-
netic-ordering transition, similarly to FeRh. Depending on x, LaFe13–xSix exhibits
either first or second-order transition at TC. In compounds with the first-order tran-
sition there is a rather large phase volume change of 1.5%, and the total isothermal
entropy change exceeds –20 J Kg–1 K–1 for a magnetic field change of ΔH = 20 kOe
[38–40]. The boundary between first and second-order transitions in LaFe13–xSix
solid solutions is not clearly defined. The phases exhibit gradual weakening of the
first-order nature of the transition at TC as x increases from 1.2 to 1.8 [38], finally
becoming a second-order phase transition when x ≥ 2, where unit-cell volume change
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at the transition is reduced to 0. Materials that fall into the intermediate region
may combine desirable properties, such as large MCE with much reduced hystere-
sis losses.

The LaFe13–xSix family of compounds exhibits excellent magnetocaloric proper-
ties when 1.17 ≤ x ≤ 1.8, but their magnetic ordering temperatures, and, consequently,
peak MCEs are located at and below 200 K. This makes them attractive candidates for
certain cryogenic applications, such as propane gas liquefaction, but they are not
suitable for use at ambient conditions. There are two known ways to bring their oper-
ating temperature range to room temperature: 1) partial substitution of Fe or Si with
Co [39]; 2) expansion of the lattice with hydrogen [40]. In the first case, TC increases
because Co has a higher TC compared to Fe, so the Co-substituted LaFe10.97Co1.03Si
has TC = ~293 K [39]. However, the transition becomes second order, and its entropy
change is less than a half when compared to the parent LaFe11.8Si1.2. The second ap-
proach, hydrogenation of LaFe13–xSix phases, preserves the first-order nature of the
phase transformation and the giant MCE, while raising TC (which depends on the
amount of absorbed hydrogen) up to 340 K [40] by virtue of lattice expansion. The
fully hydrogenated materials contain up to 1.65 hydrogen atoms per formula unit
and, in principle, by varying hydrogen content one can control the TC. However, com-
pounds with less than full hydrogen content phase separate into hydrogen-rich and
hydrogen-poor phases with two different TC when held at room temperature from a
few days to a few weeks [41]. This phenomenon severely reduces magnetic cooling
performance of the material. Thus, these magnetocaloric materials must be fully hy-
drogenated for practical use. The required tuning of TC is achieved by minor substi-
tutions of Fe with Mn, which strongly reduces TC of the parent LaFe13–xSix. The Si
content is adjusted as well, and the final hydrogenated alloys can be described by
the formula LaFexMnySizH1.65, where 11.22 ≤ x ≤ 11.76, 0.06 ≤ y ≤ 0.46 and 1.18 ≤ z ≤ 1.32,
with peak MCE tunable over 270–340 K temperature range [42].

5.3.2.5 Fe2P-type materials
The Fe2P structure type and its derivatives are commonly adopted by intermetallic
compounds so it should not come as a surprise that another promising family of
magnetocaloric phases was discovered in a series of transition metal compounds
that crystallize in this structure. Namely, in 2002, a giant MCE was reported in the
MnFeP0.45As0.55 compound with ΔSM = –18 J Kg–1 K–1 for ΔH = 20 kOe just above
300 K [43]. Given that the presence of arsenic could be problematic in products in-
tended for wide commercial applications, in these materials As was eventually re-
placed with Si. The MnxFe1.95–x(P1–ySiy) series of phases (with x ranging between
0.66 and 1.34 and y ranging between 0.33 and 0.54) was designed and optimized to
show a large MCE in relatively weak magnetic fields (up to ΔSM = –12.5 J Kg–1 K–1 for
ΔH = 10 kOe) in a wide range of temperatures, from 210 to 380 K [44]. Similar to
other giant MCE materials the effect was enhanced due to first-order transition,

22 5 Energy storage and conversion



however, the volume change at TC is minor, and the magnetoelastic transition
manifests itself as a discontinuous change in the ratio of lattice parameter c over
lattice parameter a [45]. It was also discovered that minor additions of boron re-
duce energy losses associated with hysteresis and improve mechanical stability,
which are common problems of the undoped MnFe(P,Si) compounds. For example,
MnFe0.95P0.595B0.075Si0.33 bulk material does not show signs of degradation after cy-
cling 10,000 times through the magnetoelastic transition [45].

5.3.2.6 Heusler alloys
The Heusler alloys, a family of materials based on the NiMn parent composition,
where Mn is partially substituted by a p-element, such as Al, Ga, In, Sn and Sb, are
broadly researched due to a variety of interesting and potentially useful phenomena.
For example, compounds with compositions close to Ni2MnGa are known as ferro-
magnetic shape memory alloys. They have two transitions: the high-temperature
magnetic ordering FM-PM transition and the low-temperature FM-AFM order-order
transformation. The phenomenology is somewhat similar to FeRh (Section 5.3.2.3)
but with one substantial distinction – the order-order transition here is coupled to a
structural transformation between cubic high-temperature austenite phase and low-
temperature low symmetry martensite. Because the order-order transition is com-
monly discontinuous, it may exhibit large magnetocaloric effect, which, similarly to
FeRh, is inverse since the cooling occurs upon magnetization. Many of the Heusler
alloys possess large MCE and have good mechanical properties but they are com-
monly plagued by large irreversibilities (hysteresis) [46–48]. A number of promising
compositions, containing up to 4–5 elements, e.g. Ni-Mn-Co-In compounds, were
identified, and concepts how to avoid the detriments of hysteresis were developed
[48]. The Heusler alloy family remains promising for future research and develop-
ment due to a large compositional space that allows manipulation and control of
physical behaviors.

Another series of materials that are based on the NiMn composition includes
Ni50–xCoxMn50–yTiy alloys, whose properties closely resemble those of the proto-
typical Ni2MnX Heusler alloys. When Ni50–xCoxMn35Ti15 compounds (10 ≤ x ≤ 15)
are prepared by rapid solidification (melt-spinning), the MCE of the produced rib-
bons reaches 23 J Kg–1 K–1 for ΔH = 15 kOe [49].

5.3.2.7 Transition metal-based compounds with Ni2In/TiNiSi structural
transformation

Compounds with MM’X stoichiometry, where M and M’ are transition metals (usu-
ally the compounds contain Mn) and X is a p-element can be compositionally-
tuned to exhibit magnetostructural transitions from high-temperature PM state
that adopts Ni2In-type structure to low-temperature FM state adopting TiNiSi-type
structure. This transition is associated with a discontinuous change in magnetization
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leading to large MCE at broad range of temperatures including those near the desired
room temperature range [50, 51]. For example, a series of Mn1–yFeyNiGe1–xSix alloys
was shown to exhibit MCE as high as ΔS = –17 J Kg–1 K–1 for ΔH = 20 kOe at TC = 333 K
when x = 0.3 and y = 0.26 [50]. These compounds have some of the largest MCE
reported but their functionality is diminished by extreme brittleness and the pres-
ence of large thermal hysteresis, which will result in energy losses during operation.
It is also worth noting that Ge is non-abundant and expensive. Recently discovered
Mn0.5Fe0.5NiSi1–xAlx series of alloys (x = 0.045–0.07) does not contain Ge or any other
expensive or toxic elements while maintaining the MCE functionality [52]. If issues
with mechanical stability and hysteresis are solved, these compounds may become
the much needed materials sought for near room temperature magnetic refrigeration.
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5.3 Materials for thermoelectric devices

Ananya Banik, Matthias Agne, Wolfgang Zeier

All materials develop an internal voltage difference ΔV when they are subjected to
a temperature gradient (defined by the temperature difference ΔT ) across them, an
effect described in solids by the Seebeck coefficient (S=ΔV=ΔT) [1]. This effect
arises because the distribution of excited electrons is different at different temper-
atures, so a material that is not in thermal equilibrium (i.e. ΔT ≠0) has a driving
force for electron transport. Thus, it is possible to use the Seebeck effect to drive an
electric current. As a complementary effect, it is also possible to use an electric cur-
rent to pump heat from one side of a material to the other, leading to an effective
cooling. This is known as the Peltier effect. The Seebeck and Peltier effects are the
so-called thermoelectric effects.

Although every material has a Seebeck and Peltier coefficient, not every mate-
rial has the right combination of electronic and thermal properties to usefully har-
ness thermoelectric effects. In fact, the vast majority of materials have negligible
utility for thermoelectric applications. To understand why, we can look at the ther-
moelectric material figure-of-merit zT first proposed by Ioffe [2]

zT = σS2

κ
T,

which is defined by the electronic conductivity σ, the Seebeck coefficient S, the total
thermal conductivity κ and the absolute temperature T. Here, high electronic conduc-
tivity makes it possible to have electrons and holes move, a large Seebeck coefficient
provides a high voltage, and low thermal conductivities are needed to maintain a
temperature difference across the device. Since it turns out that the material proper-
ties are all interrelated, zT is difficult to optimize. For instance, σ and S tend to be
inversely proportional to each other. Additionally, since electrons carry heat in addi-
tion to their electric charge, the thermal conductivity κ will increase with increasing
σ. Ioffe realized early on that narrow band gap (<1 eV) semiconductors would be the
best candidates for optimizing zT if the number of electronic carriers could be effec-
tively tuned (Figure 5.3.1). To date, the best-performing thermoelectric materials have
achieved zT ≈ 2. Nevertheless, a material may be considered as a “good” thermoelec-
tric if it has zT ≈ 1, which is already a rarity among all known solids.

An intuitive understanding of zT is that it is a ratio of electronic power conver-
sion to thermal losses of the material. While zT itself is not a definition of thermoelec-
tric efficiency, it is related to the energy conversion efficiency of the material η as

η= ΔT
TH

ffiffiffiffiffiffiffiffiffiffiffiffi
1+ zT
p

− 1ffiffiffiffiffiffiffiffiffiffiffiffi
1+ zT
p

+ 1
,
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which cannot exceed the Carnot efficiency (η=ΔT=TH) [1]. Clearly, zT should be as
large as possible to maximize the conversion efficiency.

Although crystallinity is needed to have good electronic transport, one goal is
to reduce the thermal conductivity mediated by atomic vibrations (phonons) toward
the amorphous limit. In materials where phonons transport heat in a manner analo-
gous to an ideal gas, then thermal transport can be significantly reduced if phonons
of all wavelengths can be effectively scattered [3]. Long and mid-wavelength pho-
nons are mostly scattered by grain boundaries and microstructural defects, whereas
short-wavelength phonons are more affected by atomic-scale defects such as vacan-
cies and impurity atoms. In addition to phonon scattering, phonon speed can be
reduced through various methods [4, 5]. Further control over thermal transport in
complex and disordered crystals is at the forefront of current research efforts [6].
General strategies to maximize zT have revolved around the “phonon-glass elec-
tron-crystal” concept [7] that aims to find materials with low thermal conductivities
and then optimize their electronic transport.

Improvement of the electronic properties of materials can be guided by an un-
derstanding of atomic orbitals in conjunction with the band theory of solids [8].
Strategies for increasing the product σS2 generally revolve around increasing the
electronic density of states, including: increasing the band degeneracy by trying to
push the valence band maximum (and/or conduction band minimum) to a low sym-
metry position that has higher multiplicity; converging electronic bands at different
symmetry positions so that there is a higher effective band degeneracy; or, by add-
ing so-called resonant dopants. Lower temperature electronic properties can be im-
proved by mitigating grain boundary effects that are prevalent in some materials.
In practice, these strategies can be implemented by doping or alloying the material
to manipulate the orbital overlaps and, therefore, the electronic band structure [9].
Optimizing electronic properties by changing the dominant scattering mechanism
of the electronic carriers may also be possible, likely through tuning the structural
disorder of crystals.

Although optimizing the thermoelectric performance of a material is already a
great undertaking, the implementation of a material into a working device is equally, if

Figure 5.3.1: Optimizing the thermoelectric figure-of-merit
zT requires the precise tuning of electronic carrier
concentration for the desired operational temperature
range.
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not arguably more, challenging. A typical device requires n-type (i.e. electron transport
occurs in the conduction band) and p-type (i.e. electron transport occurs in the valence
band) materials connected electrically in series and thermally in parallel [10] (Fig-
ure 5.3.2). Metal interconnects are used to connect the p and n-type thermoelectric
“legs” and heat exchangers are used to direct heat through the thermoelectric module.
Thermal expansion of the materials, as well as residual stresses at soldering/brazing
joints, makes device construction a complex engineering problem. When all factors are
considered, the best performing devices operate at ~10–20% thermal efficiency.

Nevertheless, thermoelectric generators have been used in space exploration since
the 1960s, including the Apollo lunar missions. The Voyager space probes, which are
the first man-made objects to leave the solar system, have been transmitting data
continuously for 40+ years thanks to thermoelectric power. In these thermoelectric
generators, electric power is produced from the heat of a small radioactive source,
such as plutonium-238. For this reason, they could be (and have been) referred to as
atomic batteries, although they are certainly not batteries in the usual sense. Now
they are commonly referred to as radioisotope thermoelectric generators, or RTGs.
Since there are no moving parts, RTGs are incredibly reliable – usually limited by the
half-life of the radioactive source material. For situations where solar power is not an
option, like when you are 22 billion kilometers from the sun (e.g. Voyager I), then
RTGs are the only viable power source. Additionally, they have provided auxiliary
power for the Curiosity and Perseverance Mars rovers since they can generate power
at night and are unaffected should the solar panels be obstructed.
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Figure 5.3.2: Schematic illustration of a thermoelectric cooler (left) and generator (right). In both
cases, heat flow moves through the p and n-type materials in parallel, but they are connected
electrically in series.
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Terrestrial applications of thermoelectric materials remain to be fully explored.
As solid-state cooling devices they are more efficient than compressor-based cycles
for chilling small volumes. The added benefit that they are silent makes them prac-
tical for personal refrigeration. One such use is for wine storage. As a power source,
thermoelectric generators have potential for use in low-power internet-of-things de-
vices and remote-sensing applications. On a larger scale, there is a strong desire to
use thermoelectric generators for low-grade waste heat recovery. Nearly 2/3 of en-
ergy production is wasted due to distribution and use inefficiencies; and a high per-
centage of that waste is in the form of heat. Thermoelectric technologies could thus
play a role in global energy sustainability.

Based on the working temperature regime, thermoelectric inorganic compounds
can be categorized in three subclasses. Materials having peak zT in 25–200 °C are
mostly used for cooling purpose. Mid-temperature (400–900 °C) and high-temperature
(T > 1000 °C) thermoelectric materials are utilized for industrial waste heat recovery.
The following sections summarize the state-of-art thermoelectric materials already
used in commercial applications. An overview of the temperature dependence of zT for
several of these compounds can be seen in Figure 5.3.3.

5.3.1 Low temperature and refrigeration materials

Narrow-gap semiconductor bismuth telluride (Bi2Te3) was the first material used for
thermoelectric refrigeration purposes [19]. It crystallizes in a layered structure in
which layers of Bi and Te (Te1-Bi-Te2-Bi-Te1) exist that are stacked by van der
Waals interactions along the c-axis in the unit cell (Figure 5.3.4a). The unique

Figure 5.3.3: Thermoelectric figure-of-merit for materials designated for specified operational
ranges. Data taken from ref [11–18].
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thermoelectric properties originate from its layered structure, large constituent
atoms with relatively weak bonds and associated anharmonicity. As the congruent
melting point of bismuth telluride is slightly off toward the Bi side of the Bi2Te3
composition (Figure 5.3.4b), one can prepare both p and n-type Bi2Te3 by appropri-
ate choice of the synthesis route and stoichiometry [20] (Figure 5.3.4c). Approaches
to enhance TE performance includes the compositional deviation from its stoichiome-
try, grain size manipulation, introduction of structural defects and solid-solution al-
loying. When substituting Bi2Te3 with other V–VI materials like Sb2Te3, Bi2Se3 shows
the best result. Here, alloying reduces the lattice thermal conductivity via point de-
fects scattering induced by mass and size contrast. Additionally, it also tunes the car-
rier concentration because of the formation of antisite defects. Nanostructured bulk
Bi2Te3-M2X3 (M = Sb; X = S/Se/Te) alloys are typical thermoelectric materials used in
commercial refrigerators [1, 21]. Both substitution and reducing grain size helps to
lower the lattice thermal conductivity, all of which benefits the figure-of-merit.

Over the last 50 years, Bi2Te3-based phases have been the only practically applica-
ble low temperature thermoelectric material, which limits the device design space.
Mg3Sb2 is the recent addition to this subclass [22]. Despite its low density and simple
structure, Mg3Sb2 exhibits lattice thermal conductivity as low as Bi2Te3 or PbTe, which
is associated with the soft shear modulus and highly anharmonic acoustic phonons
[23]. Additionally, the presence of multiple bands near the conduction band min-
ima make this material promising as a high-performance thermoelectric. For exam-
ple, n-type Mg3Sb2-Mg3Bi2 alloys show an exceptional thermoelectric performance
(zT of 1.0–1.2 at 400–500 K) resulting from band convergence and an improved
electronic conductivity [24,25]. The obtained zT value is higher than commercial
Bi2Te3 phases, which makes this material promising for further optimization.

5.3.2 Mid-temperature thermoelectrics

For mid-temperature power generation, group IV-chalcogenides, such as PbTe and
GeTe show best efficiency. Lead chalcogenides have a rich history since their discov-
ery as thermoelectric materials. The cubic crystal structure and presence of multiple
degenerate valleys near band edges made PbTe special for thermoelectric application
(Figure 5.3.5a and b). Additionally, PbTe has a bandgap of 0.3 eV, which is large
enough for operation at these higher temperatures. Dopants and intrinsic defects in
PbTe allow for the carrier concentration to be optimally tuned in both n and p-type
material [13, 26]. The maximum thermoelectric efficiency in PbTe was reached via the
synergy of band engineering (resonance levels formation [27], band convergence
[28]), carrier concentration optimization and microstructure manipulation [28]. For in-
stance, nanoheterostructured PbTe/TAGS (TAGS: Tellurium-Antimony-Germanium-
Silver) was used as the p-type leg in radio-isotope thermoelectric generators on the
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NASA Mars rovers, Curiosity and Perseverance. The successful utilization of PbTe-
based material has drawn the attention of the thermoelectric community toward
SnTe, an environment friendly, cost-effective homologue of PbTe [29].

Another interesting inorganic materials class for mid-temperature power genera-
tion application is skutterudites [1]. These materials crystallize in a cubic CoAs3-type
structure type. The typical structure is composed of corner-shared XY6 (X = Co, Rh, Ir;
Y = P, As, Sb) octahedra forming voids in the center of the cubic unit cell. These voids
represent large cages and if these void are filled, they can act as effective phonon-
scattering centers reducing the lattice thermal conductivity by having a large degree
of vibrational freedom in the cages (often called “rattling”) (Figure 5.3.5c) [30]. Since
these atoms can also act as electron donors or acceptors, partially filling the void
space of skutterudites can lead to an optimum electron concentration. Because of the
“rattling” effect of these filler atoms, “void-filled” skutterudites show promising ther-
moelectric properties. In addition, long term high temperature stability makes the
skutterudite class be the next choice of material for enhanced multimission radioiso-
tope thermoelectric generator as a substitute of PbTe/TAGS.

5.3.3 High-temperature thermoelectric materials

The historical and continued use of thermoelectric materials in radioisotope ther-
moelectric generators, RTGs, makes the highest operational temperatures (>700 °C)
of particular interest. Since low-thermal-conductivity materials typically also have
weaker atomic bonding and lower melting temperatures, it is difficult to also bal-
ance thermal materials stability with overall thermoelectric performance. Neverthe-
less, there are several materials that meet these requirements.

Figure 5.3.5: (a) The rock salt crystal structure typical of the chalcogenide thermoelectric materials
such as PbTe. (b) A schematic band structure of PbTe showing the band gap and valence band
offset that can be tuned by doping and substitution. Convergence of valence bands can result in
significant rise in peak zT which is higher than carrier concentration optimization. (c) The crystal
structure of skutterudite Co4Sb12 where corner shared CoSb6 octahedra form a cage-like structure
with large void to contain so-called rattling atoms (e.g. ytterbium) that can greatly reduce the
thermal conductivity.
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Silicon is almost always the go-to semiconductor material, so it is not surprising
that it has electronic properties that make it a candidate thermoelectric material. By
itself, however, silicon has very high thermal conductivity to be efficient enough for
practical applications. As it works out, when silicon is alloyed with germanium
(Figure 5.3.6a), the thermal conductivity can be drastically reduced. The addition
of ~30% germanium can reduce the thermal conductivity by a factor of ~10 [31].
This is somewhat surprising since Si-Ge solid solutions still have strong covalent
bonds and a low average atomic mass, but this shows the importance of point de-
fects for phonon scattering [32]. In other words, the difference in mass between Si
and Ge is enough to prevent strong thermal transport. The success of Si-Ge solid
solutions has led to the study of diamond-like semiconductors for thermoelectric
applications more generally.

In the same way as the random Si-Ge solid solution exhibits strong thermal con-
ductivity reduction due to site disorder, a similar effect can be achieved in crystals that
have >100 atoms per unit cell. In these complex crystals there is an argument to say
that, at some length scale, they look more structurally amorphous than crystalline [33].
Correspondingly, they conduct heat in a manner more similar to amorphous materials.
An excellent example of a structurally complex material is Yb14MSb11 (M =Mn, Mg, Al,
etc.), affectionately referred to as the 14-1-11 family of materials [34]. Indeed, 14-1-11
has 104 atoms per primitive unit cell and performs well as a high-temperature thermo-
electric (Figure 5.3.6b). Consequently, it was used as part of the p/n-type leg in the
RTG equipped on the Mars rover, Curiosity. From a research perspective, this material
has provided the first insights as to how thermal conductivity may be further reduced
when heat is transported diffusively, as in glasses [6].

Half-Heusler materials, having the general formula XYZ (X = Ti, Zr; Y = Fe, Ni,
Co; Z = Sn), are currently being developed as next-generation high-temperature
thermoelectric materials (Figure 5.3.6c) [35]. So far, however, there are limitations
in effectively doping the materials and sufficiently reducing the thermal conductiv-
ity. Nevertheless, it has been shown that defects (particularly vacancies) play a cru-
cial role in determining the carrier concentration and electronic band structure [36],
and novel alloying strategies have been proposed. One novel insight to the vacancy
structures of half-Heusler phases has led to the discovery of a subclass of materials
called double half-Heusler phases [37], which are expected to have lower thermal
conductivities than the parent members.

5.3.4 Novel thermoelectric materials

The complex electronic and thermal transport already at play in thermoelectric mate-
rials can be further complicated if one or more of the ions are kinetically mobile. This
is to say that some candidate thermoelectric materials are also ionic conductors. Typ-
ical examples include Cu2-δX (X = S, Se, Te) [38, 39], Ag2Se [40], CuAgX (X = S/Se/Te)
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[41], Zn4Sb3 [42], Cu5FeS4 [43], Cu7PSe6 [44] and Cu12Sb4S13 [45], where the cations
(e.g. Cu, Ag, Zn ions) tend to be mobile at high enough temperatures. Although there
have been reports of high zT in many of these materials, there have also been many
cases of instability – with typical observations of metal whisker growth occurring
during synthesis, measurement procedures and device operation. Consequently,
there is an ongoing effort to find strategies that would enable the practical use of
these thermoelectric materials with mobile ion substructures. One proposed strategy
is to keep the voltage across the material below the thermodynamic stability limit
[46, 47]. The otherwise optimistic electronic properties at mid-to-high temperatures,
along with ultralow thermal conductivity values, makes these materials promising
for future applications.

5.3.5 Summary

Thermoelectric materials epitomize the playing ground of solid-state chemistry:
from complex crystal structures to complexities in bonding that give rise to unusual
dynamic (vibrational) behaviors and/or unusual electronic structures. From an ap-
plications perspective, thermoelectric materials have helped mankind explore the
solar system and may provide an opportunity to progress domestic energy effi-
ciency. Such large goals should not overshadow other novel applications, for exam-
ple that it is currently possible to wear a wristwatch that is thermoelectric powered
and keep drinks cold in a car console using thermoelectric refrigeration. The future
of wearable devices for personal cooling and power generation is also under inves-
tigation, but these technologies will likely encapsulate inorganic thermoelectric ma-
terials within a flexible polymeric support structure [48]. Such emerging markets as
the “internet-of-things” further motivates the discovery of new complex thermoelec-
tric materials, as well as the optimization of low and mid-temperature materials for
practical devices.
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5.4 Hydrogen storage materials

Holger Kohlmann, Leonhard Dorsch

The rising energy demand of modern societies in industrialized countries poses
huge technical and social challenges. Key issues in this context are efficient energy
storage and conversion. Hydrogen is a very interesting secondary energy source. Its
energy content of 120.7 MJ kg–1 is higher than that of any hydrocarbon fuel. Hydro-
gen is the most abundant element in the universe, accounts for 17% of all atoms
and 0.9% of the mass of the earth’s lithosphere, hydrosphere, biosphere and atmo-
sphere combined, i.e. hydrogen has almost limitless resources most of which are
readily available (e.g. water). When burned in a combustion device or a fuel cell, it
will produce only water as exhaust gas, making it environmentally friendly. On the
road to CO2 neutrality, many countries aim at increasing the use of hydrogen con-
siderably (hydrogen roadmap of Europe [1], national hydrogen strategy of Germany
[2], China Hydrogen Alliance [3]).

The so-called green, sustainable energy sources such as sunlight or wind for
hydrogen production are key components of a hydrogen-based energy economy
(Figure 5.4.1). The hydrogen economy has grown from a strategic dream to begin-
ning commercial success nowadays. The decreasing cost of solar and wind tech-
nology and the growth of hydrogen infrastructure were important drivers of this
development; major players in the field of hydrogen technology are China, Japan,
South Korea and Germany [4]. One of the key challenges remains the storage of
hydrogen. This contribution is about the chemistry behind hydrogen storage,
gives the state-of-the-art for the year 2021 and points out major research directions
for the near future and unresolved issues to be tackled. The focus is on reversible
hydrogen storage.

Figure 5.4.1: The hydrogen economy circle.
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5.4.1 Principles of hydrogen storage and requirements

Hydrogen gas has a low density of 0.089 kg m–3 (= 0.089 g L–1). The main purpose
of storage methods is therefore to provide means of safely keeping hydrogen at
higher densities and releasing it when needed. Hydrogen storage is based on differ-
ent principles at an atomic scale. In the sequence of increasing interaction strength
of hydrogen atoms or molecules with the storage material, these are:
– physical methods: no interaction; compressed H2 gas or liquid; Chapters 5.4.2

and 5.4.3
– physicochemical methods: van der Waals interaction; H2 adsorption (physi-

sorption); Chapter 5.4.4
– chemical methods: chemical bonds; chemical compounds containing H atoms

or hydride anions H–; Chapter 5.4.5

The following requirements were set by the International Energy Agency for on-
board hydrogen storage systems (DOE Technical Targets for Onboard Hydrogen
Storage for Light-Duty Vehicles, ultimate technical system targets) [5]:
1) gravimetric storage capacity ≥ 6.5 mass% H2

2) volumetric storage capacity ≥ 5% (≥ 0.05 kg L–1)
3) operating temperatures 233 ≤ T ≤ 333 K
4) delivery pressure 0.5 MPa ≤ p ≤ 1.2 MPa
5) cycleability ≥ 1500 cycles
6) system fill time ≤ 300 s
7) further issues: abundancy of elements, toxicity, environmental issues for pro-

duction and waste management, recycling and second-life use.

Safety considerations for devices storing hydrogen also need to consider the broad
range of explosive mixtures with air (4–76%), high diffusion rates through leaks
and embrittlement of many metals and alloys.

Requirements 1 and 2 are determined by the chemical composition and the den-
sity of the storage material and the containment. Requirements 3 and 4 may be
tuned by optimizing thermodynamic and kinetic properties of storage materials. For
the uptake of hydrogen in a solid, the change in entropy is almost exclusively the
standard entropy of hydrogen (–139.6 J K–1 mol–1). The Gibbs free energy at ambient
conditions may thus be easily calculated as ΔG = ΔH – TΔS = ΔH – (298 K (–139.6 J K–1

mol–1)) = ΔH + 38.9 kJ mol–1. This means that a metal hydride with a formation en-
thalpy of –38.9 kJ mol–1 is in perfect equilibrium with an atmosphere of 1 bar of
hydrogen at 298 K, i.e. such a compound allows for hydrogen uptake and release
very close to ambient conditions. This value of ΔH = –38.9 kJ mol–1 is thus a ther-
modynamic benchmark for hydrogen storage materials.

Many of the above requirements may be tested by pressure-composition iso-
therms (p–c isotherms), which may be constructed from isochoric (increasing known
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doses of hydrogen gas while measuring pressure and hydrogen uptake) or isobaric
measurements (keeping pressure constant during absorption or desorption). The hy-
drogen concentration at the end of the plateau defines the maximum hydrogen up-
take; the length of the plateau region determines the capacity useful for reversible
storage. For example, CaSi exhibits a hydrogen capacity of around 1.5%, while only
about 1.1% (at 473 K) are accessible for reversible storage (Figure 5.4.2, left). From the
slope of van’t Hoff plots ln peq vs. 1/T (Figure 5.4.2, right) using the equation ln peq =
ΔH/RT − ΔS/R (R: gas constant) the enthalpy of metal hydride formation may be
determined. The p–c isotherms not only give information on the hydrogen capacity,
but also on suitable operating temperatures and pressures and on reversibility by
measuring absorption and desorption cycles.

5.4.2 Storage as gaseous hydrogen: gas tanks, pipelines
and caverns

Gas tanks up to 20 bar were already in use in the mid-nineteenth century, high pres-
sure carbon dioxide tanks for beverages were first introduced in the 1870s. Today,
gas tanks are usually divided into four types. Type I is a simple metal tube with
round caps. It is the cheapest variant with pressures up to 300 bar and the de facto
standard for industry and lab-scale applications. Type II introduces a fiber resin
wrapping around the thick metallic hoop. It is preferred for stationary applications at
higher pressures. Type III consists of a thin metal body fully wrapped in a fiber resin
composite, whereas type IV tanks are made from a fiber resin wrapped polymeric liner

Figure 5.4.2: Hydrogen desorption isotherms (p–c isotherms) of CaSi (left) and according van’t Hoff
plot; reprinted from M. Aoki, N. Ohba, T. Noritake, S. Towata, Reversible hydriding and dehydriding
properties of CaSi: Potential of metal silicides for hydrogen storage, Appl. Phys. Lett. 2004, 85,
387–388, with the permission of AIP Publishing; red lines added for reasons of clarity.
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with an integrated metallic port. Currently available hydrogen powered cars and bus-
ses are equipped with type III or IV tanks working at 350 or 700 bar. Type IV vessels
allow non-cylindrical shapes as well [6–8].

For using the vastly existing natural gas hardware and infrastructure for hydrogen,
some differences need to be considered, e.g. the higher gravimetric (33.3 kWh g–1) but
lower volumetric (3 Wh L–1) energy density of hydrogen compared to natural gas. The
low molecular weight of hydrogen also requires new compressors and drivers as con-
ventional centrifugal compressors would need to spin three times as fast to achieve the
same level of compression [9, 10].

Underground hydrogen storage in geological structures like natural and man-
made salt caverns, aquifers and depleted oil and gas fields are ways of large-scale
stationary storage. The experiences in the storage of hydrogen are scarce and cur-
rently limited to three salt caverns. The oldest one in Teesside (UK) has been in ser-
vice since 1972 and consists of three caverns in a depth of 400 m storing up to 106 m3

hydrogen at 50 bar. It supplies nearby ammonia and methanol plants. The other two
are located at the US Gulf Coast in Texas, operating since 1983 and 2007 respectively,
the former with a capacity of 3 × 107 m3 in a cavern 850 m below the ground, serving
the industry in Texas and Louisiana. In contrast to the very limited experience with
underground hydrogen storage, natural gas underground storage is over 100 years old
and currently performed at 680 facilities worldwide [11].

The facilities themselves are artificial accumulations of gas in depths of several
hundred to over 1000 meters, consisting of the working gas that gets withdrawn
and injected and the cushion gas which makes up around 30% of the injected vol-
ume and always resides there. The cushion gas prevents the inflow of water by pro-
viding the minimum pressure and also aids in the injection of the working gas.
Advantages compared to surface facilities include safety, space concerns, low costs
and the vast availability of suitable geological structures around the globe. Chal-
lenges involve the transformation of hydrogen into methane by bacteria as previ-
ously observed in coal gas (containing 50–60% H2) facilities, reactions with the
mineral matrix, reduced durability of metal hardware exposed to hydrogen and
tightness against penetration. For the latter, aquifers and hydrocarbon deposits
may be advantageous, as the pores of the rocks are filled with water, which shows
a low solubility for hydrogen [11].

For long-distance hydrogen transport, pipelines are the most cost-effective
method compared to ships, trucks or trains, with the exception of intercontinental
transport. The typical diameter of a gas pipeline lies between 50–120 cm and the
operating pressure ranges from 50 to 80 bar [9]. Like for the underground storage,
the experience with transporting hydrogen compared to natural gas are limited. As
of 2016, there were roughly 1600 km of hydrogen pipelines in Europe and around
5000 km worldwide [12].
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5.4.3 Storage as liquid hydrogen: cryotanks

When the size of a storage device is decisive, liquid hydrogen with a three times
higher energy density than hydrogen at 350 bar at room temperature is an interest-
ing alternative. However, liquefaction at 20 K requires a lot of time and energy,
which can be equivalent to 40% of the stored content, as compared to about 10%
for compressed hydrogen [8]. Long-term storage of liquid hydrogen suffers from
evaporation (boil off) by heat leakage through the tank, sloshing, flashing and
ortho-para-conversion. Sloshing describes the motion of a liquid inside a moving
vessel, leading to conversion into thermal energy. This can be tackled with anti-
slosh baffles. Flashing can occur when liquid hydrogen under higher pressure is
filled into a lower pressure vessel. When cooling hydrogen, the equilibrium of ortho
and para-hydrogen changes drastically (298 K: 25% para, 0 K: 100% para). The
thermodynamically driven conversion of ortho to para-hydrogen is exothermic and
slow, and therefore a constant source of heat, causing enhanced boil off. For long-
term storage, catalysts of the ortho to para-conversion like active charcoal, tung-
sten, or nickel paramagnetic oxides should be used [13].

The key to turn liquefied hydrogen into a viable energy storage option lies
therefore not only in a strong insulation, but also in an appropriate boil off manage-
ment. Storage vessels are composed of an inner (vacuum) insulated pressure vessel
and an external protective jacket. The space in between can be filled with perlite, or
other insulations to reduce thermal conductivity [8]. There are several options to
enhance the efficiency like active cooling, buffering with metal hydrides and using
the vented hydrogen to power engines or other systems. Furthermore, regasification
offers vast amounts of cryogenic exergy that can be used to maximize the efficiency
of the whole process [10].

Compared to the proposed use, cases of liquefied hydrogen like the hydrogen
transport via ships between Australia and Japan and the ambitions to use it as the
fuel for zero-emission commercial aircrafts, the usage of cryogenic hydrogen nowa-
days is limited. In space programs, it works in conjunction with liquid oxygen as
rocket fuel and there are some prototypes and small-scale projects [8, 10].

Another option is the storage as cryocompressed hydrogen. The idea is to mini-
mize the loss by evaporation while achieving a higher energy density than in room
temperature compressed tanks. The vessels used are designed to withstand pres-
sures up to 300 bar at ambient temperature and work at cryogenic temperatures of
around 20 K. The higher operating pressures extend the time before hydrogen
needs to be boiled off and can lead to higher storage densities than liquid hydro-
gen. The option to fill the tanks either with liquid hydrogen at 20 K, gaseous hydro-
gen at room temperature or anything in between is also an additional benefit [8].
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5.4.4 Storage as adsorbed (physisorbed) hydrogen: porous materials

Physisorption of hydrogen is based on van der Waals interactions of H2 molecules
and an adsorbent surface. The process of hydrogen loading and release is usually
fully reversible with an excellent cycle lifetime and it is fast – big advantages for
reversible hydrogen storage. However, physisorption suffers from low adsorption
enthalpies of typically <10 kJ mol–1. This yields in low gravimetric densities of typi-
cally <3 mass%, which cannot compete with systems based on chemisorption (vide
infra). Higher storage capacities may only be achieved at low temperature (and/or
high gas pressure), i.e. the requirement for storage capacity and that for working
conditions near ambient may not be fulfilled at the same time. For adsorption, high
specific surface area is advantageous. According to Chahine’s rule, around 1 mass%
hydrogen are adsorbed on 500 m2 g–1 surface area at 77 K and pressures above
20 bar. It is a good approximation for activated carbon and MOFs (see below) [14].
The drawback of high surface area is the usually accompanying low density, which
results in low-volumetric hydrogen storage densities.

Zeolites (see also Chapter 7.3) are well-known, relatively low-cost, porous alumi-
nosilicates, which may adsorb hydrogen in pores and channels. Storage capacities
are small, typically <0.3 mass% at 273 K and <2% at 77 K [15]. Carbon nanomaterials
typically have low-to-moderate storage capacity, e.g. for carbon nanofibers 0.7 mass
% H2 at 10 MPa, for single-walled carbon nanotubes <1 mass% at room temperature
and <5 mass% at 77 K [15]. Unfortunately, the reproducibility of results, especially for
hydrogen storage capacities, for carbon-based nanomaterials is rather poor [16]; this
is mainly due to the intrinsic difficulty in characterizing these often complex mixtures
or composites without a crystalline structure. Therefore, it is very difficult to judge
their potential for reversible hydrogen storage. Recent strategies of research are in-
creasing the micropore volume in activated carbon, optimizing size and packing of
carbon nanotubes and the metal decoration of materials to increase coordination
sites for hydrogen [14, 16, 17].

Metal-organic frameworks (MOFs) (see also Chapter 7.4) are coordination poly-
mers built up from metal ions bridged by organic linkers. They often have porous
structures, some with surface areas (Brunauer–Emmett–Teller (BET) areas) exceeding
6000 m2 g–1. High hydrogen capacities around 10% are only achieved far from ambi-
ent conditions (e.g. 9.95% at 77 K and 5.6 MPa H2 pressure for NU-100 [18]). The ultra-
microporous NU-1501-Al shows 14.0 mass% hydrogen capacity when changing
between 77 K and 100 bar to 160 K and 5 bar, probably because of high BET areas
of 7310 m2 g–1 and 2060 m2 L–1 [19]. The choice of metals is important, and usually
a compromise between strong interaction to hydrogen and the weight has to be
found. While the former favors highly charged transition or rare-earth metals, the
latter favors lithium, sodium, magnesium and aluminum; a good compromise are
often iron, zinc or heterometallic MOFs. The high capacities of Ni2(m-dobdc) (m-
dobd = 4,6-dioxido-1,3-benzenedicarboxylate) were explained by open metal cation
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sites, which show strong interaction with hydrogen molecules. Current research
concentrates on the optimization of pore sizes (around 1 nm), e.g. by catenation,
and increasing adsorption enthalpies (to ideally around 25 kJ mol–1). Using flexible
organic linkers may enable the framework structure to “breathe” upon exchange
of guest molecules and show sponge-like behavior with contracted and expanded
states. M-URJC-n (M = Co, Cu, Zn) is based on the 5,5ʹ-thiodiisophthalic acid linker
(H4TBTC) and shows a special type of this feature, a gate-opening type adsorption
mechanism at low pressures. This is of interest for gas separation since only hydro-
gen can introduce the “breathing” [19]. MOFs may also be used as scaffold for
metal hydrides in nanoconfinement [19].

5.4.5 Storage as absorbed (chemisorbed) hydrogen: metal hydrides

In contrast to physisorption (Chapter 5.4.4), the absorption of hydrogen breaks the
H–H bond in the H2 molecule and incorporates H atoms or hydride anions (H–) into
the solid, thus forming a metal hydride. The interaction between hydrogen and
metal atoms is much stronger than in the case of physisorbed H2 molecules, which
lifts the necessity for cooling or high pressures to achieve good storage capacities.
Volumetric and gravimetric densities as well as reversibility of hydrogen uptake
vary considerably, since metal hydrides are a vast and very diverse class of com-
pounds. Binary metal hydrides are usually not suitable for hydrogen storage, some
because of low gravimetric capacities (transition metals and lanthanides), those
with high capacities for reasons of poor reversibility (AlH3: 10.1 mass%, BeH2: 18.2
mass%) or high desorption temperatures (LiH: 12.7 mass%). MgH2 with 7.6 mass%
is an exception and will be discussed in Chapter 5.4.5.2.

5.4.5.1 Transition metal-based intermetallic and complex hydrides
LaNi5 and related compounds with partial substitution are well-known for electro-
chemical hydrogen storage in nickel metal-hydride (Ni-MH) rechargeable batteries
(see also Chapter 5.1) with storage capacities of typically 80 Wh kg–1 and 250 Wh L–1.
The reversible intercalation (charging) and deintercalation (discharging) of hydrogen
in MmNi3.55Mn0.4Al0.3Co0.75 (= M, Mm being Mischmetall, a mixture of rare-earth ele-
ments) occurs in an aqueous potassium hydroxide solution according to MH+NiOOH
=M +Ni(OH)2. Other materials have also been employed for M, e.g. RE-Mg-Ni com-
pounds. Ni-MH batteries were widely used since the 1990s in portable electronic devi-
ces, but were largely replaced by lithium-ion batteries except for small appliances.
Advantages compared to rechargeable lithium-ion batteries are the price, higher charge
currents, ease of recycling, better energy throughput per lifetime and safety issues
(overheating), however they have lower capacity. LaNi5 is also used for hydrogen gas

5.4 Hydrogen storage materials 45



storage because of favorable thermodynamic values for hydrogen absorption (forma-
tion enthalpy of –30 kJ mol–1 H2) upon formation of the hydride LaNi5H6 (Figure 5.4.3).
Low desorption pressure slightly above 1 bar, fast absorption and desorption kinetics,
easy activation and good cycling stability are almost ideal, but low gravimetric storage
capacity (1.5%) limits its use to stationary applications [20]. Forklifts and other heavy
duty vehicles are an exception, because they need heavy ballast, turning the disadvan-
tage of low gravimetric storage capacity into an advantage.

Many ternary or quaternary transition metal hydrides contain homoleptic hydri-
dometallate complexes, for example [FeH6]

4– in Mg2FeH6 or [PdH2]
2– in Na2PdH2.

Mg2Ni reacts to Mg2NiH4 with a reaction enthalpy of –64 kJ mol–1 H2, which contains
18-electron complexes [NiH4]

4– [20]. This reaction is reversible and the basis for one
of the early hydrogen storage materials with a gravimetric storage capacity of 3.7%.
Unfortunately, many other complex hydrides, e.g. Mg2FeH6 with 5.5% gravimetric ca-
pacity, do not react reversibly upon hydrogen release. There are numerous further
examples for intermetallic compounds with transition metals of AX, AX2, AX3 and
AX5 composition and their substitutional derivatives, which reversibly take up hy-
drogen [21]. They exhibit a very rich structural chemistry and sometimes further in-
teresting properties (e.g. switchable mirrors, gas separation). For hydrogen storage,
in general, they offer great volumetric capacity, suitable operating temperatures, de-
livery pressure, cycle lifetime and system fill time, but poor gravimetric density and
often include less-abundant elements and critical resources.

5.4.5.2 Magnesium-based hydrogen storage materials
Magnesium hydride is a white powder with the rutile-type structure, which can be
synthesized by direct hydrogenation of magnesium powder. The reaction is rather
sluggish, sensitive to the surface state and particle size of magnesium powder and re-
action times vary between a few and some hundred hours; often successive regrinding

Figure 5.4.3: Crystal structure of LaNi5H6 (La atoms yellow, nickel atoms grey, hydrogen atoms
white; c axis up) with hydrogen occupying distorted La2Ni3 trigonal bipyramids (simplified 2-site
model for hydrogen [21]).
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between hydrogenation reaction steps is needed for complete reaction [21]. This is in
part due to autopassivation, where a thin layer of MgH2 on the surface of magnesium
particles works as a huge diffusion barrier for hydrogen. Accordingly, ball milling is
an efficient way to accelerate the hydrogenation of magnesium [22]. Because of the
high thermodynamic stability (formation enthalpy of –74 kJ mol–1 H2) the dehydroge-
nation requires rather high temperatures around 600 K and it is slow. Many mag-
nesium-based intermetallic compound have been investigated with the purpose of
improving hydrogen storage characteristics, e.g. MMg2 (see above), MMg3, M5Mg41
and M2Mg17. Reduction of particle size can help in both lowering the desorption tem-
perature and improving the kinetics (see Chapter 5.4.5.7). Agglomeration, however,
destroys this effect after some cycles. Nanoconfinement of the magnesium nanopar-
ticles by surrounding with an air-repelling, hydrogen-permeable polymer matrix [23]
or in porous materials [24] prevents this detrimental effect. Other strategies are nano-
composites of magnesium with very small amounts of nickel or palladium and gra-
phene or graphene oxide; while retaining a good gravimetric hydrogen density of
6%, hydrogenation was achieved around 370 K and dehydrogenation around 520 K,
both within minutes and for tens or hundreds of cycles [22]. Many other additives
were tried in order to improve the reaction kinetics, e.g. Ni, Co, Fe, Ti, TiF3, Nb2O5;
sometimes they are called catalysts although their role is not always clear. The forma-
tion of intermetallic phases such as Mg0.9Ti0.1, hydrides such as TiH2 or Mg2FeH6, ox-
ides such as MgxNb1–xO or hydride fluoride such as MgH2–xFx, were identified as
intermediates of the hydrogenation and dehydrogenation reaction. In general, mag-
nesium-based hydrides offer great gravimetric capacity, are based on abundant mate-
rials, have medium system fill time and volumetric capacity, but often poor operating
temperature and delivery pressure.

5.4.5.3 Alanates and boranates
Group 13 elements show a very rich chemistry with hydrogen. Boron and aluminum
form monovalent tetrahedral anions BH4

– (tetrahydridoborate or boranate, some-
times called borohydride) and AlH4

– (tetrahydridoaluminate or alanate), which may
be combined with a broad variety of cations. Compounds with lithium and sodium
are well-known and used as reducing and hydriding agents. Because of their high
gravimetric hydrogen content, they are also of interest for hydrogen storage. NaAlH4

(7.5 mass%) decomposes in three steps: 6 NaAlH4 ! 2 Na3AlH6 + 4 Al + 6 H2 ! 6
NaH + 6 Al + 9 H2! 6 Na + 6 Al + 12 H2 around 500 K, 530 K and 710 K, respectively.
Because these reactions suffer from sluggish kinetics of hydrogen release and up-
take, catalysts such as metals, metal oxides, metal halides and carbon-based materi-
als, are used [25]. Treatment of NaAlH4 with 2 mol% TiCl3 or Ti(O-n-C4H9)4 in ether
or toluene lowers the hydrogen desorption temperatures by about 80 K and consid-
erably improves the reaction kinetics [25, 26]. Addition of carbon nanomaterials
lowers the activation energies for all three hydrogenation steps considerably
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(128!88, 247!99, 267!136 kJ mol–1 [25]). Issues to be tackled for these systems are
the high working pressures of around 10 MPa and working temperatures well above
400 K.

Tetrahydridoborates show a very rich crystal chemistry and may be synthesized
by metathesis reaction of readily available LiBH4 or NaBH4 with metal chlorides in
a ball mill, e.g. MnCl2 + 2 LiBH4 ! Mn(BH4)2 + 2 LiCl [27]. Alkali and alkaline metal
tetrahydridoborates MBH4 and M´(BH4)2 are either ionic solids or more covalent like
Be(BH4)2 and Al(BH4)3. The latter has a very high gravimetric hydrogen content of
16.8%, but is not easy to handle due to pronounced air sensitivity, volatility, pyro-
phoric character and tendency for the release of diborane. One of the main prob-
lems of tetrahydridoborates as hydrogen storage materials is poor reversibility.
Rehydrogenation often requires drastic conditions and has sluggish kinetics. More-
over, some materials like LiBH4 are thermodynamically too stable and require high
hydrogen desorption temperatures. These problems may be overcome by using so-
called reactive hydride composites (simply a mixture of two phases and often not a
composite), which allow tuning of thermodynamic and kinetic characteristics at the
same time. The reaction 2 LiBH4 + MgH2 ⇌ MgB2 + 2 LiH + 4 H2 is reversible with
10% gravimetric storage capacity, at least at high temperatures. For mixtures of
LiBH4, Mg(NH)2 and LiH, the working temperatures for reversible hydrogen storage
are below 370 K [14]. The hydrolysis of sodium tetrahydridoborate, NaBH4, readily
produces hydrogen gas, but it is not reversible. The products, NaBO2 hydrates, may
be regenerated by reaction with Mg, MgH2 or Mg2Si [28].

5.4.5.4 Amides, imides, nitrides: hydrogen storage in metal-N-H systems
Hydrogen may react with nitrides, thereby forming imides and amides, e.g. Li3N + 2
H2 ⇄ Li2NH + LiH + H2 ⇄ LiNH2 + 2 LiH with a favorable capacity of 9.3 mass%. One
of the peculiarities of this disproportionation is that positively polarized (Hδ+ in
Li2NH and LiNH2) and negatively polarized hydrogen (Hδ– in LiH) are produced. Hy-
drogen release often has high activation energy and poor kinetics. Side reactions
release NH3, especially for increased cycle life, causing safety issues and diminish-
ing capacities [29]. By addition of small amounts of TiCl3 and ball milling, these
problems can be avoided. The addition of some silicon powder may reduce the de-
sorption temperature by 200 K with respect to pure Li3N by formation of Li2Si [29].
Many other additions like Al, AlCl3, C, MgCl2, TiN, BN, MgH2, CaH2, TiH2 (sometimes
falsely called doping) were used with more or less success for lowering the desorp-
tion temperature and suppress unwanted side reactions.

Stoichiometric mixtures of lithium amide with magnesium hydride or lithium
hydride with magnesium amide show favorable characteristics, according to 2
LiNH2 + MgH2 ⇄ Li2Mg(NH)2 + 2 H2 ⇄ Mg(NH2)2 + 2 LiH with 5.5 mass%. Although
thermodynamics is favorable with ΔH = 41.6 kJ mol–1 for the formation of the imide,
kinetics is poor and requires temperatures above 480 K. Again, the addition of
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small amounts of hydrides (KH, LiBH4, MgH2) or halides (CaCl2, CaBr2, VCl3) is help-
ful. The extension to mixtures with three main constituents offers even higher com-
binatorial potential, however, at the cost of complexity. The system LiNH2/MgH2/
LiBH4 produces a multitude of phases, e.g. Li4BN3H10, Li2Mg(NH)2, Li4BH4(NH2)3,
Li2Mg2(NH)3, Li2BH4NH2 just to name a few. While kinetics are improved for some
compositions, hydrogen capacities are somewhat lowered. Further systems of in-
terest include the respective ones with NaNH2 instead of LiNH2 and transition
metal compounds like K2[Zn(NH2)4]/LiH [14, 22, 29]. None of the hydrogen-storage
materials based on nitrides, imides and amides fully meet the requirements stated
above (Chapter 5.4.1) with the biggest challenge in most cases being kinetics and
cycle stability.

5.4.5.5 Zintl phases and their hydrides
Zintl phases consist of an alkali or alkaline earth metal combined with an electro-
negative p-block element and contain polyanions with structures similar to isoelec-
tronic elements. As such, Zintl phases bridge the gap between ionic salts and
intermetallic compounds. There are two options to incorporate hydrogen into a
Zintl phase. In interstitial hydrides, hydrogen is exclusively coordinated to the
metal atoms, while polyanionic hydrides feature covalent bonds between hydrogen
atoms and the polyanionic substructure. Some Zintl phases like CaSi exhibit both
types simultaneously. CaSi contains Si2– chains (Figure 5.4.4, left) and incorporates
hydrogen in Ca4 tetrahedra and covalently bound to silicon atoms. In the hydride
CaSiH4/3 three silicon polyanion chains condense to form a ribbon-like hydrogen-
decorated polyanion (Figure 5.4.4, right). The p–c isotherms show a promising pla-
teau pressure for reversible hydrogen storage; however, storage capacities are low
(Figure 5.4.2) [30–32].

The reaction from KSi to KSiH3 takes place at 373 K and 50 bar H2 while the com-
plete dehydrogenation is achieved at 414 K in 1 bar H2. With a comparatively high

Figure 5.4.4: The crystal structures of CaSi (left) and γ-CaSiH4/3 (right, H atoms bound covalently to
Si atoms and H atoms on interstitial sites inside Ca4 tetrahedra); Ca: turquoise, Si: grey, H: white.
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hydrogen content of 4.3 wt% and such mild reaction conditions it appears to be a
good candidate for a Zintl phase hydrogen storage material [33]. The catch, how-
ever, is the extreme reactivity of KSi with moisture or air, rendering it unfit for any
kind of safe application. Analogous compounds NaSi and LiSi are less reactive and
lighter, but do not show reversible hydrogen uptake.

5.4.6 Storage in molecules

Hydrogen may be used to produce other basic chemicals and energy carriers such
as methanol (power to gas) or ammonia. These processes are only considered here
if hydrogen is released again, because otherwise this is not hydrogen storage. Am-
monia has a high storage capacity (17.6 mass% H2), well-known synthesis condi-
tions and established infrastructure. Drawbacks are the efficiency of hydrogen
release, which needs catalysts, e.g. transition metals, metal imides and amides, tox-
icity and environmental issues. For methanol (12.6 mass% H2) and formic acid,
there are similar problems.

Gravimetric hydrogen densities are huge in ammonia borane, NH3BH3 (19.6 mass%),
being isoelectronic to ethane, and hydrazine borane, N2H4BH3 (15.5 mass%); the decom-
position temperature is low (around 370 K), but the release of hydrogen is accompanied
by formation of diborane (B2H6), borazine (B3N3H6) and ammonia (NH3) for ammonia bo-
rane, and hydrazine (N2H4) and ammonia (NH3) for hydrazine borane, causing severe
safety problems due to emission of toxic gases. Moreover, reversibility is rather poor and
both ammonia and hydrazine borane are air-sensitive solids, the latter an explosive by
shock. Attempts to tame these hydrogen-rich compounds revived interest in the long
known amidoboranes M(NH2BH3)n and hydrazinidoboranes M(N2H3BH3)n with n = 1 or
2, M= alkali or alkaline earth metal [34]. They provide even lower desorption tempera-
tures than ammonia or hydrazine borane and purer hydrogen evolved, however, at the
cost of lower, but still rather high gravimetric densities (e.g. 12% for Mg(NH2BH3)2 and
10.6% for Mg(N2H3BH3)2 [34]). The major drawback of all these H-B-N materials and their
metal salts are the irreversibility of dehydrogenation. Rehydrogenation is not possible,
which severely impairs any serious application in reversible hydrogen storage.

For aromatic hydrocarbons, the infrastructure is already present, there are no
high gas pressures or temperatures, and storage capacities are good, e.g. cyclohex-
ane – benzene with 7.1 mass%, methylcyclohexane – toluene with 6.1 mass%,
naphthalene-decaline with 7.3 mass%. However, kinetics of hydrogenation and de-
hydrogenation are poor and catalysts are costly due to the presence of noble metals
at elevated temperatures [15].
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5.4.7 Conclusion: current and future challenges of hydrogen storage

Hydrogen storage may be realized as compressed gas (5.4.2), liquid hydrogen (5.4.3),
physisorbed hydrogen molecules (5.4.5) or chemisorbed hydrogen atoms (5.4.5).
Chemistry is mainly involved in the latter two, by the synthesis of new sorbent mate-
rials and in the control of hydrogen uptake and release in the storage medium. The
examples in this non-comprehensive overview clearly show that up to date no hydro-
gen storage system meets all requirements (as stated in 5.4.1), or is fundamentally
superior to all others; some, however, have severe principal limitations making it un-
likely that they will succeed on a large scale. It is quite likely that in the near future a
variety of storage methods (5.4.2–5.4.6) will further develop in parallel and the de-
mand as well as the ability to produce such devices economically on a large scale
will be decisive in the long run. It is also very important to put the seven require-
ments for hydrogen storage (Chapter 5.4.1) into perspective, because they were devel-
oped for the onboard hydrogen storage for light-duty vehicles. There are many other
applications, for which such requirements will be different, sometimes to the oppo-
site. An example is the forklift and other heavy-duty vehicles (5.4.5.1), where
heavy instead of light storage materials are advantageous. Volume and gravimet-
ric capacity also plays much less of a role for stationary hydrogen storage, e.g. for
private households.

On the side of materials development, the continuous improvement of existing
and exploration of new compounds and materials will certainly go on. In this con-
text, the investigation of reaction pathways has become a very useful method and
is expected to show a growing impact. In-situ methods for time-resolved studies are
gaining importance both for the synthesis of storage materials and to study the basic
steps of hydrogen uptake and release, revealing valuable insights into intermediate
products, kinetics and reversibility [35]. On the applied side, the hydrogen infrastruc-
ture will have to develop further for a sustainable hydrogen economy. Pipelines,
filling stations, large-scale stationary storage, rail or road based large containers
and transport ships will get more and more attention. If the future brings larger
demand for small-scale devices, e.g. in cars, the mass production will also put
new issues at stake, e.g. recycling and second life of materials or the criticality of
resources (Chapter 14).

After considering these topics of applied chemistry for hydrogen storage, we
should not forget the fascinating basic chemistry of the materials involved. Hardly
any other class of substances is as diverse as metal hydrides in terms of chemical
bonds, structural and physical properties. The chemistry of hydrogen storage mate-
rials will certainly hold exciting chemistry in store for the future, both for funda-
mental and applied research.
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5.5 Solar cell materials

Konrad Mertens

Since the 1970, the climate crisis has come more and more into the conscience of
mankind. In those days, the change of the climate was relatively theoretical: a
curve of CO2 emissions suddenly rising steeply up the in the twentieth century
(Figure 5.5.1).

Nowadays, the problems coming along with the climate change are more and more
visible: a gradual heating of the earth’s temperature, bush fires, coral bleaches,
heavier storms, change of climate zones and so on. Mankind gets more and more
aware that measures have to be taken to limit climate change. One decisive solution
to the problems mentioned above is the use of regenerative energies like wind power,
water power and photovoltaics. Particularly photovoltaics play a special role in the
ranks of the different energies: It is scalable from watts to gigawatts, it can be used on
and off grid and it has a relatively small impact on the environment. Therefore, it
is worth to have a closer look on this technology.

5.5.1 A short history of crystalline silicon solar cells

In 1954, Daryl Chapin, Calvin Fuller and Gerald Pearson in the Bell Labs presented
the first silicon solar cell with an area of 2 cm2 and an efficiency of 6% [4]. This
success was based on the coinventor of the transistor, the American Nobel laure-
ate William B. Shockley. In 1950, he presented an explanation of the method of

Figure 5.5.1: Development of the CO2 content in the atmosphere in the last 22000 years:
Noticeable is the steep rise since the start of industrialization [1–3].
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functioning of the p-n junction and thus laid the theoretical foundations of the
solar cells used today.

The Bell cell combined for the first time the concept of the p-n junction with the
internal photo effect. In this, the p-n junction serves as a conveyor that removes the
released electrons. Thus, this effect can be more accurately described as the “deple-
tion layer photo effect” or also as the “photovoltaic effect”. First applications of the
new technology were satellites powered with solar cells as well as the terrestrial use
of photovoltaics like transmitter stations, signal systems, remote mountain huts,
etc. However, a change in thinking was brought about with the oil crisis in 1973.
Suddenly, alternative sources of energy became the center of interest. In 1977, in
the Sandia Laboratories in New Mexico, a solar module was developed with the aim
of producing a standard product for economical mass production. The accident in
the nuclear power plant in Harrisburg (1979) and especially the reactor catastrophe
in Chernobyl (1986) increased the pressure on governments to find new solutions in
energy supply. From the end of the 1980s, research in the field of photovoltaics in-
tensified especially in the United States, Japan and Germany. In addition, research
programs were started in the construction of grid-coupled photovoltaic plants that
could be installed on single-family homes. In the beginning of the new millennium,
several countries started feed-in tariffs for photovoltaic plants which nudged the
production of solar modules. This mass production led to a drastic reduction of the
prices of solar modules.

Figure 5.5.2: Solar cell and solar module as basic components of photovoltaics [5].
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5.5.2 Technology of crystalline silicon solar cells

5.5.2.1 Principle of the structure
The concrete build-up of a silicon solar cell is shown in Figure 5.5.3.

Basically, it consists of a p-n junction. This is asymmetrically doped: At the bottom is
the p-base and at the top a heavily doped n+-emitter. The terms base and emitter
come from the starting times of the bipolar transistor and have been adopted for
solar cells. If light penetrates the cell, then every absorbed photon generates an elec-
tron-hole pair. The particles are separated by the field of the space charge region and
moved to the contacts: The holes through the base to the bottom back contact and
the electrons through the emitter to the front contacts. These are small metal strips
that transport the generated electrons to the current collector rail (busbar). If a load
is connected to the two poles of the solar cell, then this can draw off the generated
electrical energy.

5.5.2.2 What happens in the individual cell regions?
The situation in the interior of the solar cells is shown in greater detail in
Figure 5.5.4.

As sunlight consists of a broad range of wavelengths, the absorption of photons
also is dependent on the concrete energy of the photons. For instance, blue light
has the highest absorption coefficient with the result, that most of the light energy
is already absorbed after less than 1 μm (the so-called penetration depth). Infrared
radiation, in comparison, has penetration depths of more than 100 μm. For this rea-
son, we will look more closely at the generation of photocurrent at different depths
in the cell. Let us consider photon ①. It is absorbed in the highly doped emitter.

Figure 5.5.3: Typical build-up of a silicon solar cell.
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Because of the high degree of doping, the diffusion length is extremely short so that
the generated hole probably recombines before reaching the space charge region.
The particularly highly doped upper edge of the emitter is also, occasionally, called
the “dead layer” in order to emphasize that this is where the highest recombination
probability is situated.

What happens to photon ②? Absorption takes place within the space charge
region. The field prevailing in the space charge region separates the generated elec-
tron-hole pair and drives the two charge carriers into different directions. The elec-
tron is moved to the n-region and from there, further to the minus contact of the
solar cell. The hole is moved in the opposite direction. It must travel a relatively
long way through the base to the plus contact. As it is in the p-region during this
movement, the probability of recombination is slight. Thus, practically all gener-
ated electron-hole pairs can be used for the photocurrent.

Photon ③ is absorbed only deep in the solar cell. The generated electron is not
situated in an electrical field but diffuses as a minority charge carrier with little mo-
tivation throughout the crystal. If, by chance, it arrives at the edge of the space
charge region, then it is pulled to the n-side by the prevailing field, where it can
flow as a majority carrier to the contact. As the electron was still generated within
the diffusion length, the probability that it can maintain itself up to the space
charge region is relatively high.

Figure 5.5.4: Cross-section of a solar cell: Each individually generated electron-hole pair has a
different chance of contributing to the photocurrent.
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In contrast to that, electron ④ is a true loser and is absorbed only in the lowest
region of the solar cell. Although the electron diffuses through the p-base, it recom-
bines with a hole before it can reach the space charge region. Thus, although an
electron-hole pair is formed due to light absorption, an electron and a hole are
“eliminated” afterward. Thus, the absorbed photon 4 has contributed nothing to
the photocurrent. As no electric energy was produced in this case, the crystal has
only become a bit warmer due to the energy conservation law. This confirms the
importance of good crystal quality for high efficiency. Only in this way, a long diffu-
sion length is achieved so that absorbed infrared light rays can even be used deep
in the cell.

5.5.2.3 Production of crystalline silicon cells

5.5.2.3.1 From sand to silicon
The starting point of the solar cell is silicon (from the Latin silicia: gravel earth).
First, the silicon is reduced in an electric arc furnace with the addition of coal and
electrical energy at approximately 1800 °C:

SiO2 + 2 C! Si + 2 CO

Thus, we obtain so-called metallurgical silicon (MG-Si) with a purity of approxi-
mately 98%. The designation is because this type of silicon is also used in the pro-
duction of steel. For use in solar cells, the MG-Si must still go through complex
cleaning. In the so-called silane process, the finely ground silicon is mixed in a flu-
idized bed reactor with hydrochloric acid (hydrogen chloride, HCl). In an exother-
mic reaction, this results in trichlorosilane (SiHCl3) and hydrogen:

Si + 3HCl! SiHCl3 + H2

Now the trichlorosilane can be further cleaned by means of repeated distillation.
Fortunately, the boiling point is only at 31.8 °C. The reclamation of the silicon takes
place in a reactor (Siemens reactor) in which the gaseous trichlorosilane with hy-
drogen is fed past a 1350 °C hot thin silicon rod. The silicon separates out at the rod
as highly purified polysilicon. This results in rods, for instance, of length 2 m with a
diameter of approximately 30 cm (Figure 5.5.5). The polysilicon should have a pu-
rity of at least 99.999% (5 nines, designation 5 N) in order to be called solar-grade
silicon (SG-Si). However, for a normal semiconductor technology used in the pro-
duction of computer chips and so on, this degree of purity would be insufficient;
here a purity of 99.9999999% (9 N, electronic grade: EG-Si) is typical. As the Sie-
mens process is rather energy consuming, the search has been on for years for alter-
natives to cleaning silicon. One possibility is the use of fluidized bed reactors (FBR)
in which the purest silicon is continually separated. This is achieved by blowing
small dust-shaped silicon seed crystals into the reactor instead of using seed rods.
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These then grow with the help of trichlorosilane and hydrogen to small silicon
spheres. The FBR have higher production rates and a 70% lesser energy usage than
the Siemens reactor [6]. However, processing is difficult and requires much skill
and experience.

5.5.2.3.2 Production of monocrystalline silicon
The Czochralski process (CZ process) is the process that has been used most for pro-
duction of monocrystalline silicon. For this purpose, pieces of polysilicon are
melted in a crucible at 1450 °C, and a seed crystal, fixed to a metal rod, is dipped
into the melt from above. Then, with light rotation, it is slowly withdrawn upward
whereby fluid silicon attaches to it and crystallizes (Figure 5.5.6).

Thus, eventually, a monocrystalline silicon rod (ingot) is formed, whose thick-
ness can be adjusted by the variation of temperature and withdrawal speed. Rods
with a diameter of up to 30 cm and a length of up to 2 m can be produced with this
method. For photovoltaics, the diameter is typically 6 inch (15 cm) and larger.

5.5.2.3.3 Production of multicrystalline silicon
The production of multicrystalline silicon is much simpler. Figure 5.5.7 shows the
principle: Pieces of polysilicon are poured into a graphite crucible and brought to a
melt, for instance, using induction heating. Then the crucible is allowed to cool
from the bottom by the heating ring slowly pulled upward. At various places on the

Sand (SiO2) Coal (C)

1. Production of metallurgical silicon:

Electric arc oven MG-silicon

Electrode

Fluidized bed
reactor

2. Processing to highly purified polysilicon (Solar Grade):

HCl
Silane

process
SiHCl3 Silane

Polysilicon
(SG-silicon)

Siemens
~

reactor
Repeated 
destillation

H2

Figure 5.5.5: Production of polysilicon from quartz sand: (a) Production of metallurgical silicon.
(b) Processing to highly purified polysilicon (solar grade).
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bottom of the crucible, small monocrystals are formed that grow sideways until
they touch each other. With the vertical cooling process, the crystals grow upward
in a column (columnar growth).

At the boundary layers, crystal displacements are formed that later become centers
of recombination in the cell. For this reason, one tries to let the monocrystals be-
come as large as possible. The column structure also has the advantage that minor-
ity carriers generated by light do not have to cross over a crystal boundary in the
vertical direction. Because of the poorer material quality of multicrystalline silicon,
the efficiency of solar cells made from this material is typically 2–3% below that of
monocrystalline solar cells. After the crystallization of the whole melt, the silicon
block (ingot) is divided into cubes (bricks) of 5 or 6 inches along the edges.

5.5.2.3.4 Wafer production
After production, the ingots must be sawed into individual sheets (wafers). This is
mostly done with wire saws that remind one of an egg cutter (Figure 5.5.8). A wire
with the thickness of 100–140 μm moves at high speed through a paste of glycol
and extremely hard silicon-carbide particles and carries these with it into the saw gap
of the silicon. With the current wafer thicknesses of 150–180 μm, there are saw losses

Figure 5.5.6: Production of monocrystalline silicon rods by means of the Czochralski process.

Figure 5.5.7: Production of multicrystalline silicon.
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that are almost as large as the used parts. More and more producers use saw wires
encrusted with diamond particles in order to refrain from the use of silicon-
carbide particles. [7].

5.5.2.3.5 Solar cell production
Figure 5.5.9 shows the process steps for producing standard silicon cells.

Starting with the p-doped wafer, a texturizing step follows to remove contaminants
or crystal damage of the surface. The formation of the p-n junction is then achieved
by the formation of the n+-emitter by means of phosphorous diffusion. In the next
step, the deposition of the so-called antireflection coating with silicon nitride (Si3N4)
is carried out, which causes a passivation of the surface at the same time. The appli-
cation of the contacts occurs in the screen-printing process. For this purpose, a mask
with slits is placed on the cell, and metal paste is brushed on. In this way, it is placed
on the wafer only at particular positions. The formation of the rear-side contacts oc-
curs in two steps. First, the soldering contact surfaces of silver paste are applied.

Figure 5.5.8: Production of multicrystalline wafers: After the fragmentation of the ingots into
individual bricks, they are cut into wafers with the wire saw.

Figure 5.5.9: Process steps for producing standard cells.
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Then, the rest of the rear side is fully covered with aluminum. The front-side contacts
are applied in the next step.

5.5.3 Thin-film cells

Thin-film cells are very promising materials as they all use direct semiconductors,
resulting in high absorption coefficients. This means that only relatively thin ab-
sorber materials can be used to collect the electrons and holes.

5.5.3.1 Amorphous silicon solar cells
Amorphous silicon solar cells (a-Si cells) show very high absorption coefficients re-
sulting in penetration depths of less than 0.25 µm. With respect to crystalline silicon
solar cells this means, that only 1/10 to 1/100 of the thickness of the absorption ma-
terial is needed! Figure 5.5.11 shows the buildup of an amorphous solar cell. The
cell is pin-doped and uses a transparent conductive oxide (TCO) to contact the
structure below the glass pane.

The absorbing layer only has a thickness in the range of 0.25 to 0.4 µm. How-
ever, the efficiency of the cell only lies in the order of 6%! One reason for this lies in
the fact, that a degrading process occurs, when the cell is exposed to sunlight. This
is caused by the so-called “Staebler-Wronski effect”, named after the two scientists
who first described it in detail [8]. The reason for this effect is in the strained Si-Si
bonds that are caused by the irregular crystal structure. In the recombination of
the electron-hole pairs generated by light, these weak bonds are “split open” and,
as new dangling bonds, form new recombination centers for the minority carriers
(see Figure 5.5.12). The split-open bonds also represent additional space charge

Figure 5.5.10: View of a monocrystalline cell after the respective production steps [5].
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regions that can weaken the built-in field in the pin cells. After a certain light radiation
time, all the weak bonds are split open so that the efficiency of the cell stabilizes itself.

One measure to increase the cell efficiency is to use tandem cells (see Fig-
ure 5.5.13). Here, an additional a-SiGe layer is applied on top of the a-Si absorber
layer. Depending on the portion of germanium atoms, this alloy can possess a band
gap between 1.4 and 1.7 eV. Also depending on the wavelength, incident light is
absorbed at different depths: Short-wavelength light (“blue”) above 1.7 eV only
manages to reach the first pin cell. The upper pin cell is transparent for long-
wavelength (“red”) light; it is, therefore, only absorbed in the lower cell. As both
cells are switched in series, the weaker cell determines the overall current. For this
reason, the thickness of the individual absorber layers must be selected so that
the two cells achieve approximately the same current (“current matching”). Even
the tandem cells show efficiencies of below 10% which is significantly lower than the

Figure 5.5.11: Structure of the a-Si thin-film cell: The overall thickness of the deposed material is
less than 2 μm.

Figure 5.5.12: Depiction of the Staebler-Wronski effect: with incident light, the weak bonds in the
crystal are split open [9].
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ones of c-Si or other thin-film technologies. Therefore, a-Si cells nowadays are almost
completely vanished from the power marked. However, special consumer applica-
tions like solar watches, solar pocket calculators or solar lamps are still using this
technology.

5.5.3.2 CIS cells
CIS cells use materials of the chalcopyrite group that are generally summarized
under the abbreviation of CIS or CIGS. What they have in common is that they crys-
tallize in the structure of the mineral chalcopyrite (copper pyrites – CuFeS2). Re-
search on CIS cells has been carried out since the 1970s. In 1978, ARCO Solar was
successful in the production of CIS cells with 14.1% [11]. But disappointment soon
followed: The efficiency sank drastically in the transfer to larger areas. Already in
the 1990s, efficiencies rose above 10%, rising again to 15% as the material knowl-
edge had improved. In the last years, again a variety of improvements were intro-
duced in the cells structure. Figure 5.5.14 shows the setup of such a modern CIGS
cell. The color variation visualizes the “grading” of the band gap. To the bottom,
the gallium content is enhanced, resulting in an increasing band gap of up to
1.1 eV. This leads to the generation of a “back surface field” which again reduces
the recombination in the cell. Other means are an additional buffer layer of un-
doped zinc oxide to reduce leakage currents and a post-deposition treatment (PDT)
to improve the crystal structure of the absorber.

The combination of the different improvements has drastically enhanced the ef-
ficiencies of CIGS cells in the last years to up 23% (lab cell).

Figure 5.5.13: Example of a superstrate tandem cell [10].
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5.5.3.3 Cells from cadmium telluride
Cadmium telluride (CdTe) is a compound semiconductor of Group II and VI ele-
ments. It is a direct semiconductor with a band gap of ΔWG = 1.45 eV. A great advan-
tage of this material is that it can be deposited in various ways with good quality as
a thin film. The usual method is thermal evaporation over a short distance (CSS –
close-spaced sublimation). In this process, the semiconductor sources are heated to
approximately 500 °C. At this temperature, the semiconductors vaporize and de-
posit on the somewhat lower temperature substrate. Figure 5.5.15 shows a modern
cell structure.

Figure 5.5.14: Setup of a modern CIGS cell: Significant efficiency gains compared to precedent
cells result from the “graded absorber” and the additional i-ZnO intermediate layer, according to [12].

Figure 5.5.15: Setup of a modern CdTe cell: Significant efficiency gains compared to precedent
cells result from the “graded absorber” and the additional Mg0.2Zn0.8O intermediate layer,
according to [13].
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Also with CdTe, it is possible to vary the band gap of the absorber. This is done
with the ternary material CdSe(1–x)Tex. In the upper part of the absorber the band
gap can be reduced by the addition of selenium to 1.35 eV and then increases again
to the 1.45 eV of the CdTe [13]. As in the case of CIGS, this leads to an improvement
in absorption in the near infrared. In addition, the crystal quality rises resulting in
the increase in the lifetime of the charge carriers. This in turn leads to an increase
in the open-circuit voltage of the cell [14].

The record efficiency of CdTe cells is 22%; the company “First Solar” nowadays
offers large modules (2.5 m2) with an efficiency of 18%.

5.5.4 Conclusions

Since the invention of the first solar cell in the bell labs in 1954, solar cells have
made tremendous progress. Starting with an efficiency of 6% on a cell with 2 cm2,
the technology has come of age. Figure 5.5.16 presents the efficiency of various cell
types over the last 45 years. Modern solar cells show efficiencies clearly above 20%
with the outlook for further increase.

A relatively new and promising technology is perovskite cells, which can drive
the efficiencies to higher values. Here however, the stability is still a mayor ques-
tion which has to be solved.

At the same time, the cost of solar cells and solar modules has been drastically
reduced: Starting at a price of about 30 Euro/WattP in the 1980s, the price has been
reduced to 25 Ct/WattP, a reduction auf less than 1/100! Already nowadays, photo-
voltaic plants in many countries are the cheapest energy sources. This technology
can therefore be a strong support to face the climate crisis.
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5.6 Thermal energy storage materials

Thomas Bauer

Heat or cold is a form of energy and can be stored in various ways and for many
different applications. There are several ways to classify thermal energy storage
(TES) materials and systems. In general, three types of TES systems are distin-
guished on the basis of the physical or physicochemical principle:
– Sensible heat storage results in an increase or decrease of the storage material

temperature, stored energy is proportional to the temperature difference of the
used materials. Either solids, liquids or a solid-liquid mixture is utilized (the
storage density of gases is typically too low).

– Latent heat storage is connected with a phase transformation of the storage
materials (phase change materials; PCM), typically changing their physical
phase from solid to liquid and vice versa. Stored energy is equivalent to the
heat (enthalpy) for melting and freezing.

– Thermochemical storage (TCS) is based on reversible thermochemical reac-
tions. The energy is stored in the form of chemical compounds created by an
endothermic reaction and it is recovered again by recombining the compounds
in an exothermic reaction. The heat stored and released is equivalent to the
heat (enthalpy) of reaction. Ad and absorption processes are also utilized. Sorp-
tion can be considered as a physical process. Nevertheless, it is common for
sorption TES to be classified as thermochemical storage.

Further distinguishing features of thermal energy storage are discussed below. The
most important property of a thermal energy storage device for material selection is
its temperature. The temperature range extends from below 0 °C (e.g. ice as a la-
tent heat storage medium) to over 1000 °C (e.g. regenerator in the high-temperature
process industry). In the medium temperature range (0 to 120 °C), water is the dom-
inant liquid storage medium (e.g. heating and cooling of buildings).

TES systems differ also in terms of the heat transfer fluid (HTF). HTFs may be
of single-phase type (e.g. water, air, thermal oil) or two-phase type with a conden-
sation and evaporation process in the system (e.g. water/steam). The storage mate-
rial and HTF may be one single medium (direct storage concept, e.g. water as HTF
and storage medium). Some HTFs cannot be stored directly; the energy must be
transferred from the HTF to a separate storage medium (indirect storage concept,
e.g. air as HTF and a ceramic as storage medium).

Another classification criterion is the duration of thermal energy storage be-
tween charging and discharging. The range extends from minutes (thermal buffer-
ing of processes), to hours and days (e.g. water storage for space heating; molten
salt storage for electricity generation), to months (e.g. seasonal storage with water
for space heating).
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The following list contains further distinguishing features of TES [1–9]:
– Thermal capacity or size in kWh (e.g. pocket warmer 0.01 kWh, water storage in

a single-family house for daily demand 2–60 kWh, molten salt storage in solar
thermal power plants up to 4000000 kWh).

– Thermal power in kW for the charge and discharge process; multiplying the
thermal power by the characteristic charging and discharging duration gives
the thermal capacity.

– Properties of the storage material and other materials of the storage system
(e.g. suitable thermal properties, availability, corrosivity, toxicity, environmen-
tal impact, flammability, durability, thermal stability, vapor pressure).

– The number of tanks or storage units. They are characterized by different zones
with charged and discharged storage material.

– Efficiency and heat losses of the storage system.
– The associated energy conversion processes for charging and discharging (e.g.

heat-to-heat, power-to-heat, heat-to-power generation).
– Stationary (e.g. hot water tank) and mobile (e.g. latent heat pocket warmer)

use.
– The technological readiness level of thermal energy storage systems (e.g. re-

search, precommercial, commercial).
– The energy density in terms of size (kWh/m3) and weight (kWh/kg).
– Operational costs in €/(kWh ·year) and investment costs in €/kWh.

Table 5.6.1 lists typical TES materials with the associated storage principles. It also
indicates the intended use of the material (see Table S, E, C, F). Low-cost inorganic
materials are mainly used for TES. Hydrocarbons are sometimes used as TES media
(e.g. paraffins in buildings as PCM) and as container materials, but are not consid-
ered further here. Furthermore, materials that are still in research and development
or precommercial phase and metallic container materials are not discussed further
(see gray text in the table).

Zeolites (see also Chapter 7.3) are crystalline, microporous, hydrated alumino-
silicate compounds for thermochemical storage. The general formula is Mw[AlxSiyO-

z] ·nH2O, where M is an alkali metal or alkaline earth metal cation and the number
of adsorbed water molecules. Zeolites have a high specific inner surface area of ap-
proximately 1000 m2 g–1. Water can be reversibly adsorbed on this surface. For ther-
mochemical storage, their high heat of adsorption and their ability to hydrate and
dehydrate while maintaining structural stability are used. Applications include, for
example, self-cooling beer kegs, efficient dishwashers and temperature control in
logistics (e.g. transport boxes) [8].

The following text refers to the commercial use of inorganic heat storage mate-
rials (see black text in the Table 5.6.1) with the following three subsections: solids,
water and salts. A more comprehensive overview of the field of thermal energy stor-
age can be found in the literature [1–9].
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5.6.1 Solids

Geothermal or underground thermal energy storage (UTES) systems refer to sys-
tems that use buried devices designed to exchange heat with the surrounding
ground. The storage medium is the surrounding ground, e.g. soil, rock or water con-
taining layers. UTES systems are typically subdivided as follows [10, 11]:
– Aquifers thermal energy storage (ATES): storage in natural enclosed water-

saturated soil structures.
– Borehole thermal energy storage (BTES): near-surface use of geothermal probe

fields.

Table 5.6.1: Overview of the four thermal energy-storage principles with utilized materials. The
letters have the following meaning: S = storage material; E = material to extended heat transfer
surface, C = container material, F = filler material. Materials or letters marked gray are non-
commercial, organic or not utilized as storage material. These materials are excluded in this work.

Sensible heat
storage in
solids

Sensible heat
storage in liquids

Latent heat
storage
(PCM)

Thermochemical heat
storage and sorption

Natural stones
(e.g. packed bed)

S F

Soil/ground S

Concrete S

Ceramics S F

Metals S, C S, C S, E, C E, C

Graphite S E E

Metal oxides,
slag

S F S

Water S S

Thermal oil S

Salt anhydrous S S S

Salt hydrates S, C S

Salt solutions S

Polymers (e.g.
paraffins)

C S, C C

Metal hydrides S

Zeolites S

Silica gels S
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– Cavern thermal energy storage (CTES): storage in natural caverns or artificial
caverns (e.g. reuse of gas caverns or mines).

– (Technical systems in basins such as tanks and pits are not considered as UTES
here).

Geothermal probes use soil as storage medium (e.g. rock and also water-bearing
strata). Locations with high groundwater flow are avoided in the application. Geo-
thermal probe storage systems can be used as both heat and cold storage facilities.
They are most efficient at low temperatures (e.g. 35 °C for underfloor heating). Com-
pared to probe storage systems, geothermal ground collectors are installed near the
surface in loose soil at depths ranging from about 1 to 2 meters. As a result, they are
subject to seasonal temperature fluctuations [8].

In buildings, the thermal mass of the building components is used as TES.
The thermal mass of the building can passively stabilize the temperature in the inte-
rior spaces by absorbing and releasing heat via the surfaces. In addition to passive
temperature control, there are also active systems with integrated pipes in parts of
the building. The thermal conductivity of building materials (e.g. concrete) is typi-
cally relatively low, which limits the heat transfer rates. Integrated pipes are there-
fore usually used for faster charging and discharging. A heat transfer fluid (e.g.
water) flows in the pipes (e.g. plastic) to absorb and release heat. Systems with
pipes integrated into the (structural) concrete are also used. Concrete foundation
storage systems with integrated pipes in piles, base plates and walls, for example,
are commercially available. Not only in the foundation area of buildings, but also
in the buildings themselves, thermally active components can be used to store ther-
mal energy. For example, underfloor heating with pipes is common, but ceiling and
walls can also be used [8].

Concrete is an attractive sensible heat storage material, because of its low cost
due to inexpensive aggregates, the availability throughout the world and the simple
processing route via casting. Concrete is a composite material consisting of fine ag-
gregates (e.g. sand) and coarse aggregates (e.g. gravel, crushed rocks) bonded with a
cement paste (e.g. Portland cement). Typically, a water-based liquid cement paste is
used, which hardens (cures) over time. In the hydraulic binding process, free water
reacts with the cement paste minerals to form stable hydrated mineral phases. The
cement paste “glues” the aggregate together. Special concretes with hydraulic bind-
ers up to 500 °C have been developed for TES in the high-temperature range. These
concretes lose part of their hydrated phases and release steam at high-temperatures.
Special care should be taken during initial heating when pressure builds up in the
concrete block [12].

Storage heaters are used for space heating. They are directly charged with sur-
plus electricity. In the past, this was done with base-load electricity at night (night
storage heater) and today charging with surplus regenerative electricity from photo-
voltaics and wind is becoming attractive. The discharging process takes place either
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passively via an appropriately designed thermal insulation or actively via an air
blower. Iron oxide bricks (e.g. magnetite Fe3O4) heated to about 600 °C are often
used as storage media (sometimes called feolite bricks) [7, 8]. The gravimetric heat
capacity values of iron oxides, given in J kg–1 K–1, are moderate. On the other hand,
iron oxides have high density values (e.g. given in kg m–3). This results in a high
volumetric heat capacity (e.g. given in MJ m–3K–1) compared to other inexpensive
solid materials.

Regenerators, also called regenerative heat exchangers, comprise a storage in-
ventory (e.g. ceramics) that is heated and cooled through an intermittent heat trans-
fer between a hot and a cold fluid (e.g. air, flue gas). The storage is operated typically
with a gas in counterflow: during charging, the hot gas enters the storage module at
the “hot” end and during discharging the flow direction is reversed and the cold gas
enters at the “cold” end. During discharging, heat is transferred from the solid to the
gas and during charging, the gas releases the heat to the solid. Existing industrial
examples include solutions in the steel industry (Cowper), the glass industry and in-
dustrial air purification systems (e.g. regenerative thermal oxidizer systems). This
type of TES typically uses ceramic bricks as a storage media and allows the highest
storage temperatures of up to 1600 °C. The maximum application temperature de-
pends on the specific material. The surface-to-volume ratio of the bricks is adapted to
the required charging and discharging power demand. For example, ceramic bricks
with a large surface area (e.g. extruded ceramic honeycombs) can be used for short
charging and discharging times, while bricks with a smaller surface area (e.g. ceramic
checker bricks) are used for longer time periods. In practice, oxides (e.g. silica, alu-
mina, magnesia and iron oxide), carbonates (e.g. magnesite) and their mixtures are
usually used as refractory materials for regenerators [1, 6–8].

5.6.2 Water

The most widespread storage medium for liquid TES is water. Water has the follow-
ing advantages [7, 8, 13]:
– It is abundant and inexpensive.
– It has a high heat capacity and latent heat of melting/solidification.
– It has a density that decreases with temperature and a relatively low thermal con-

ductivity, which is an advantage for thermal stratification to separate the hot
charged and cold discharged zone; or even several zones on top of each other.

– It can be easily stored in all kinds of containers.
– Experience with water and related components is common.
– It can be used also as HTF (no heat exchanger required).
– It is easy to handle (e.g. non-toxic, non-combustible).
– It is easily mixable with additives (antifreeze, anticorrosive).
– It is easy to dispose.

5.6 Thermal energy storage materials 73



Water has also some disadvantages, which can be summarized as follows:
– It only provides a limited operation range from 0 °C (freezing) to 100 °C (boil-

ing) without pressurizing.
– It can be corrosive.
– It has high vapor pressures (e.g. about 10 bar at 180 °C).

The type of water storage and the scope of application are very different. Applica-
tion fields include human comfort (e.g. hot-water bottle), space heating and cool-
ing, domestic hot water, local/district heating networks and industrial process
steam. Table 5.6.2 shows the different areas of application for sensible heat storage
in water [8, 9, 11, 13]. Below room temperature, cold storage is utilized for space
cooling. If the heat source allows sufficiently high temperatures, it is often cost-
optimal to select the maximum storage temperature around 100 °C. The maximum
operation temperature is limited by the critical point of saturated water (374 °C,
221 bar). At high temperatures and pressures, the cost for the pressure vessel often
becomes disproportionately high. Hence, typical systems operate at a maximum
temperature of 250 °C with an upper pressure limit of 40 bar [7, 8]. Pressurized
water-storage systems are used for high-temperature heating networks and indus-
trial process steam supply. It can be seen that also the size (capacity) varies in a
wide range. The storage duration between charging and discharging is mostly in
the range of hours to days. Seasonal storage (e.g. with temporal shift from summer
to winter) requires large dimensioned systems with a low surface-to-volume-ratio to
avoid large heat losses. Water-storage system also differ widely in terms of the con-
tainer materials. They include steel, concrete (e.g. reinforced concrete, prestressed
concrete), plastic (e.g. fiber reinforced plastic) and earth basins (e.g. with liners).

Table 5.6.2: Overview of the applications for sensible heat storage in water with characteristic
properties. They are sorted by max. temperature.

Temperature Size Duration Application

Cold storage
tank

– °C – m Hours (daily) Space cooling, cooling
networks

Hot water bottle max.  °C . m typ. < h Human comfort

Water gravel
(WGTES)

max.  °C – m Months Heating networks

Pit (PTES) max. – °C max.  m# Months Heating networks

Seasonal tank
(TTES)

max.  °C§ – m Months Heating networks
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Figure 5.6.1 shows a large-sized pit storage in the construction phase to supply
a heating network.

Table 5.6.2 (continued)

Temperature Size Duration Application

One-zone flat-
bottom tank

max.  °C max.  m ✶ Hours-days Heating networks

Two-zone flat-
bottom tank

max.  °C max.  m ✶ Hours-days Heating networks

Single-house
tank

max. – °C .– m Hours-days Space heating/domestic
water

Medium size
tanks

max. – °C up to  m Hours-days Space heat & heating
networks, process heat

Displacement
pressure tank

max.  °C max.  m $ Hours-days Heating networks

Sliding pressure
(Ruths)

typ. max.  °C max.  m $ typ. < h Process steam

✶= in Germany in 2020; $ = approx. max. size per storage tank; # = in Denmark Vojens; § = higher
values with steel liner feasible.

Figure 5.6.1: Pit storage in the construction phase in Toftlund Denmark in 2019. Visible is the plastic
liner. The storage is filled with 80000 m3 water and connected to a heating network (Source Ramboll).

5.6 Thermal energy storage materials 75



In addition to sensible TES, water is also used as a phase change material
(PCM), also known as ice storage. In the past, blocks of ice were cut to size from a
frozen lake and stored in cellar vaults until summer to keep food cold. Today, there
are only a few test facilities for seasonal storage with natural snow or ice. A typical
application today is the cooling of large buildings using artificially produced ice (e.g.
offices). Examples with smaller amounts of ice are the cold transport of food, drinks
and medicines (e.g. transport boxes, cooling bags). The heat transfer from ice (solid)
to the heat sink is typically limited. Therefore, there are different concepts to improve
the heat transfer for ice storage. Concepts include pumpable ice slurries, ice-on-coil
and macro-encapsulation with polymers [5].

5.6.3 Salts

For TES, several inorganic single salts and salt mixtures are utilized. A salt (e.g.
NaCl) consist of a cation (e.g. Na+) and anions (e.g. Cl–), mostly with ionic binding.
Typically, the salt chemistry is determined by the anion and therefore anions mark
the salt classes (e.g. chlorides, nitrates, sulfates). For TES and HTF salt media, the
water amount and type of binding plays a major role on the utilized temperature
level and TES type. It can be distinguished between: salt solutions (1), salt hydrates
(2) and anhydrous salts (3) and their mixtures as shown in Table 5.6.3 [14]. They are
utilized in all three types of TES (sensible heat, latent heat with PCMs and thermo-
chemical storage). Some approaches are in a research and development phase. The
following discussion focuses on commercial applications.

Table 5.6.3: Overview of salts utilized in TES and HTF systems. They are sorted by max.
temperature [14].

Temperature
level

Salt type process TES type, HTF
usage

Development
status

< °C Water-salt mixtures (e.g. brines) PCM slurry, HTF Commercial

– °C Melting of salt hydrates in crystal
water

PCM Commercial

– °C Dehydration of salt hydrates TCS R&D

– °C Absorption in concentrated salt
solutions

TCS R&D

– °C Solid-liquid conversion in anhydrous
salts

PCM R&D

– °C Anhydrous molten salts Sensible, HTF Commercial
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For refrigeration below 0°C, solution of water-salt (brine) and water-glycol can
be utilized. Applications for brines are industrial processes and space cooling. For
example, the mixture NaCl (22 wt%)-H2O has an eutectic freezing point at –21 °C. The
heat capacity can be increased in a narrow temperature window with the help of a
PCM. These pumpable liquids with a PCM are called phase change slurries (PCSs).
PCSs can be used both as HTF and as TES medium. Solutions with water itself as
PCM are most commonly used. In such so-called ice slurries, part of the water in the
water-salt solution freezes [5].

Salt hydrates are solid compounds which contain water. The water is integrated
into the crystal structure. Characteristic for this crystal structure is a certain ratio of
water molecules to the salt. The general formula for a salt hydrate is MxNy·nH2O,
where M is the cation, N is the anion and the number of crystal water molecules. Due
to this stable crystal structure of salt hydrates, the melting temperature is higher
than that of water. The solid hydrate crystals release their water of crystallization
at a certain temperature (or a temperature range) and the anhydrous salt dissolves
in this water and forms a liquid (in some cases only part of the crystal water may
be released). PCMs based on salt hydrates utilize the enthalpy of this “melting”
process. The PCM is “charged” when heat is added and the salt dissolves in the
released crystal water. This process is reversed when heat is withdrawn [5, 15].
Some typical materials with their phase change temperature and melting enthalpy
are the following:
– Calcium chloride hexahydrate; CaCl2·6H2O; 29 °C; ~170 kJ kg–1

– Sodium sulfate decahydrate (Glauber’s salt); Na2SO4·10H2O; 32 °C; ~250 kJ kg–1

– Sodium acetate trihydrate; Na(CH3COO)·3H2O; 58 °C; ~230 kJ kg–1

Typical advantages of salt hydrates compared to other PCMs include the low price,
low toxicity, small changes in volume during phase change, high thermal conductiv-
ity and high melting enthalpy. As PCMs, salt hydrates can have disadvantages in
terms of incongruent melting, vapor pressure and supercooling. For these disadvan-
tages, measures have been developed to eliminate or minimize them which are de-
scribed in detail in literature [5, 15]. Incongruent melting can lead to phase separation

Table 5.6.3 (continued)

Temperature
level

Salt type process TES type, HTF
usage

Development
status

– °C Anhydrous solid salts Sensible Minor R&D

– °C Solid-solid conversion in anhydrous
salts

PCM Minor R&D

– °C Dissociation of anhydrous solid salts TCS R&D
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(precipitated solid) and thus reduced cycling stability. The vapor pressure of salt hy-
drates is usually slightly lower than that of water. Salts hydrates at or above 100 °C
usually have a considerable vapor pressure and require closed containments. Super-
cooling occurs during cooling (heat discharge) when no sufficient nucleation sites are
available. The liquid is cooled below the melting temperature, no crystallization oc-
curs and the stored heat is not discharged. For most applications, subcooling is unde-
sirable, but for pocket warmers, for example, subcooling is a desired phenomenon.
Typically, sodium acetate trihydrate is heated in a plastic bag in hot water above the
melting temperature of 58 °C. During cooling below the melting temperature to room
temperature, the PCM remains liquid (supercooled melt). The pocket warmer is dis-
charged by bending a metal clip that triggers crystallization and immediate heat re-
lease (Figure 5.6.2). In addition to the example of a pocket warmer shown, other
applications of salt hydrates are in the temperature management of buildings. In ad-
dition, there are also other markets such as functional textiles, temperature stabiliza-
tion of mechanical/electrical equipment and logistic temperature control (e.g. food
and medical transport boxes) [5, 16, 17].

For TES at high temperature, mainly anhydrous salts are used as liquid sensible
heat storage medium, which is known as “molten salt” storage [14, 18]. Molten salt
is attractive as a heat transfer and a heat storage medium above 100 °C. The major
advantages of molten salts are high heat capacity, high density, high thermal stabil-
ity, relatively low cost, high viscosity, non-flammability and low vapor pressure.
The low vapor pressure results in storage designs without pressurized vessels. Mol-
ten salts have a characteristic lower and upper temperature operating limit. The
lower limit is defined by the melting temperature (or liquidus). The minimum oper-
ating temperature is usually chosen a few tens of degrees higher than the melting

Figure 5.6.2: Pocket warmer with sodium acetate trihydrate in a plastic bag. Bending the metal
clip triggers rapid crystallization and heat release.
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temperature to safely avoid solidification of the salt during operation. The maxi-
mum operating temperature may be limited by different factors. Typical limitations
are thermal salt decomposition, high salt vapor pressure and a high corrosion rate
of construction materials. Mixtures of different salts have the advantage that they
have lower melting temperatures compared to their single salts, but can have simi-
lar thermal stability limits. Therefore, salt mixtures can have a wider temperature
range and a lower risk of freezing compared to single salts.

The most important salt class of commercial interest for TES are nitrates with a
certain amount of nitrites. Chlorides and carbonate anhydrous salts are at the R&D
stage. In commercial concentrating solar power (CSP) plants, almost exclusively a
non-eutectic salt mixture of 60 wt% sodium nitrate and 40 wt% potassium nitrate is
utilized. This mixture is commonly referred to as Solar Salt with an operation tempera-
ture range from 290 to 560 °C. For a temperature difference of 250 K, the volumetric
heat capacity, or also called storage density, of the medium reaches a value of about
200 kWh m–3. The commercial CSP plants utilize a two-tank storage system. This tank
system works with two constant tank temperatures. One tank is “hot” (e.g. 385 or
560 °C) and the other is “cold” (e.g. 290 °C). During discharge, the salt is pumped out
of the “hot tank”, cools down in the steam generator and is returned to the cold tank.
Therefore, the filling levels change during charging and discharging. Figure 5.6.3
shows a typical installation with 28500 tons of molten solar salt and 7.5 h storage dura-
tion for a 50 MWel CSP plant. Several such storage systems are in commercial operation.
By the end of 2019, the worldwide dispatchable power generation from molten salt stor-
age in CSP plants was about 3 GWel with an electrical storage capacity of 21 GWhel.
These storage facilities thus make an important contribution to grid stabilization.

Figure 5.6.3: Example of a 1000 MWhth two-tank molten salt storage system of a concentrating
solar power plant in Spain (Source: Andasol 3).
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5.7 High-energy materials

Thomas M. Klapötke

Energetic materials are defined as being compounds or mixtures of substances
which contain the fuel and oxidizer and which react readily with the release of en-
ergy and gas. However, although energetic materials release a lot of energy, it is
still magnitudes less than that produced by a typical nuclear reaction in which a
process occurs that changes the nucleus of an atom. In fact, for comparison, the com-
bustion of ethane (producing CO2 and H2O) releases 1560 kJ/mol – which is almost
twice the energy that CompB releases on detonation! Although the lower energy re-
leased on explosion of CompB is perhaps surprising, in energetic materials, the perti-
nent point is that the considerable amount of energy which is released on detonation,
is released in an extremely short period of time. A comparison of the energies released
in different types of processes is given in Figure 5.7.1.

High-energy materials can be classified according to their properties and uses
as shown in Table 5.7.1 [1–3], and can be used either as pure substances, or, more
commonly, as part of an explosive formulation. Explosive formulations, such as the
commonly used CompB, consist of 59.5% RDX, 39.5% TNT and 1% wax, in addition
to the high-energy (explosive) material.

The accidental discovery of black powder in China (∼220 BC) signaled the be-
ginning of energetic materials. The composition of blackpowder is in fact inorganic:
75% KNO3, 10% sulfur and 15% charcoal. Despite this, it was only as late as the thir-
teenth and fourteenth centuries before the properties of black powder were investi-
gated in Europe, and at the end of the thirteenth century, black powder was finally
introduced into the military world. Finally, in 1425, as a result of greatly improved
production methods, black powder (or gunpowder) was then introduced as a pro-
pellant charge for smaller and later also for large caliber guns. Despite this very
long history, even today ca. 100,000 pounds of black powder are still used in the
US military per year, for example, in “time blasting fuses”. Another important land-
mark in the history of energetic materials was the commercialization of nitroglycer-
ine (NG) in the form of dynamite in 1867 by Alfred Nobel. Since then, great efforts
and strides have been made in developing energetic materials which are not just
explosive, but which show increased performance, while exhibiting a marked lower
sensitivity to external stimuli.

Although black powder is an inorganic mixture, nitroglycerine (NG) (like most tra-
ditional high-energy materials, especially high explosives, also called secondary explo-
sives), is generally classed as belonging more to organic chemistry (see Table 5.7.2).
However, a closer look at primary explosives and many rocket propellants shows that
many can be considered as inorganic compounds (see next chapter).

https://doi.org/10.1515/9783110798890-007

https://doi.org/10.1515/9783110798890-007


0

1000

2000

4000

3000

1 x 109

2 x 109

en
er

gy
re

le
as

ed
(k

J/
m

ol
)

process

ph
as

e
ch

an
ge

H
2O

(g
)

-->
H 2

O
(l)

-500

ph
as

e
ch

an
ge

H
2O

(l)
-->

H
2O

(g
)

ch
em

ic
al

re
ac

tio
n

(e
.g

.c
om

bu
st

io
n)

C
H

4
(g

)+
2

O
2

(g
)-

->
CO

2
(g

)
+

2
H

2O
(l)

ex
pl

os
iv

e
de

to
na

tio
n

re
ac

tio
n

(e
.g
.C

om
p.

B)

nu
cl

ea
rr

ea
ct

io
n

5000

5500

Figure 5.7.1: Comparison of the energies released in typical examples of different processes.
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5.7.1 Inorganic explosives

5.7.1.1 Primary explosives
In contrast to secondary explosives (e.g. β-HMX, TNT, RDX), primary explosives are
substances which show a very rapid transition from combustion (or deflagration) to
detonation. In addition, primary explosives are also considerably more sensitive to-
ward heat, impact or friction than secondary explosives [1–3]. Crucially, primary ex-
plosives generate either a large amount of heat or a shockwave enabling transfer of
the detonation to a less sensitive secondary explosive. Consequently, they are used

Table 5.7.1: Classification of high-energy materials.

Energetic materials

High explosives (HEs)
(secondary
explosives)

Primary explosives Propellants Pyrotechnics

HEs cannot simply be
initiated through heat
or shock as primary
explosives can be.
Primary explosive
must be used, which
produces a
shockwave that
initiates the HE;
usually higher
performance than
primary explosives

Show very rapid
transition from
combustion (or
deflagration) to
detonation; are much
more sensitive toward
friction, impact or heat
than high explosives
are; generally lower
detonation velocities,
detonation pressures
and heat of explosion
c.f. HEs; initiators of
HEs, main charges,
propellants

rocket propellants
combust in controlled
manner and don’t
detonate, however,
propellant charge
powders burn much
quicker than rocket
propellants which
results in a higher
pressure for gun
propellants c.f. rocket
propellants; can be
solid or liquid; can be
single, double or triple
base, hypergolic

Substance or mixture of
substances which is
designed to produce an
effect by heat, light,
sound, gas or smoke or
a combination of these
effects as a result of a
non-detonative self-
sustaining exothermic
chemical reaction(s)
which doesn’t rely on
external oxygen to
sustain the reaction

E.g. TNT, HMX
(Octogen), RDX
(Hexogen)

E.g. lead azide,
mercury fulminate,
lead styphnate,
tetrazene

E.g. black powder
(gunpowder),

e.g. SbS/KClO/Pred/
glass

Applications Applications Applications Applications

Civil: initiator of HNS
(hexanitrostilbene) in
deep oil wells

Civil: charge in
pyrotechnic munitions
Military: charge in
pyrotechnic munitions;
from pistols to artillery
weapons; large artillery
and cannons, rockets

Civil: fireworks, signal
flares, matches
Military: smoke
munition, signal flares,
decoy munition
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Table 5.7.2: Historical overview of some important secondary explosives [4].

Substance Acronym Development Application Density
(g cm–)

Explosive
powera

Black powder BP – –today ca. . 

Nitroglycerine NG  Propellant charges . 

Picric acid PA – WW I . 

nitroguanidine NQ  Propellant charges,
airbags

. 

Trinitrotoluene TNT  WW I . 

Nitropenta PETN  WW II–today . 

Hexogen RDX – WW II–today . 

Octogen HMX  WW II–today . (β-form) 

Hexanitrostilbene HNS  Oil exploration . 
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as initiators for secondary booster charges (e.g. in detonators), main charges or pro-
pellants. It is important to note two defining characteristics of primary explosives
(e.g. Pb(N3)2), namely, that despite the fact they are considerably more sensitive
than secondary explosives (e.g. RDX), the detonation velocities typical of primary
explosives are generally lower than those of secondary explosives. Two well-known
primary explosives which are commonly used are lead azide (LA) and lead styph-
nate (LS) (see Table 5.7.3). Despite being less powerful than LA, LS has the advan-
tage of being easier to initiate.

Mercury fulminate (MF, see Table 5.7.3) was initially used as the primary explo-
sive in blasting caps, however, it was replaced by LA and LS by Alfred Nobel, since
both LA and LS were found to be safer to handle than MF (Table 5.7.3). However, the
long-term use of LA and LS has caused considerable lead contamination in military
training grounds, resulting in the current worldwide activities searching for heavy
metal-free replacements to LA and LS. These ongoing investigations into lead-free
alternatives are important, since in 2016, the US military still used ca. 2000–3000 kg
LA per year.

In the hunt for lead-free replacements for primary explosives, one compound,
namely copper(I) 5-nitrotetrazolate has been the most extensively investigated and
tested (Table 5.7.3). Copper(I) 5-nitrotetrazolate has been developed under the
name of DBX-1 by the company Pacific Scientific EMC, and has been shown to be
thermally stable up to 325 °C (DSC). The impact sensitivity of DBX-1 is 0.04 J (ball-
drop instrument) and therefore similar to the value of 0.05 J for LA. Other factors

Table 5.7.2 (continued)

Substance Acronym Development Application Density
(g cm–)

Explosive
powera

Triaminotrinitrobenzene TATB  Nuclear weapons . 

HNIW CL-  Under evaluation . (ε-form) 

TKX-  Under evaluation . 

arelative to picric acid.
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Table 5.7.3: Overview of some important primary explosives and promising heavy metal-free
alternatives [4].

Substance Acronym and
structure

VoDꝉ

(m/s)
PC-J

†

(kbar)
IS†

(J)
FS†

(N)
ESD†

(J)
ρ
(g/cm)

Mercury fulminate MF 

(calcd.)


(calcd.)
. . . .

Lead azide LA
Pb(N)



(calcd.)


(calcd.)
. .– . .

Lead styphnate
monohydrate

LS

.

H2O



(calcd.)


(calcd.)
.– . .

Copper(I) -
Nitrotetrazolate

DBX-1   . . . .

Calcium
nitriminotetrazolate

    . .

[NH][Cu
II

(NT)(HO)]
(NT = -
Nitrotetrazolate)

NHFeNT   >. .

Diazidodinitrophenol DDNP 

(calcd.)


(calcd.)
.  . .

Tetrazene 

(calcd.)


(calcd.)
 . .

(-H-Tetrazol--yl)
triaz--en--ylidene

MTX-1 

(calcd.)


(calcd.)
. – mJ .
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are also important for future primary explosives, such as a high thermal stability
(DBX-1 is stable at 180 °C for 24 h in air and for 2 months at 70 °C) and simple
preparation. DBX-1 can be obtained from sodium nitrotetrazolate (NaNT) and
CuCl2 in HCl/H2O solution at a higher temperature, but the best preparation for
DBX-1 in yields of 80–90% is shown in the following equation where sodium
ascorbate, NaC6H7O6, is used as the reducing agent:

CuCl2 + NaCN4NO2��!NaC6H7O6 as reducing agent, HCl=H2O solution, 15 mins, elevated T
DBX− 1

5.7.1.2 Secondary explosives
The most common applications for energetic materials are either as high explosives
(secondary explosives) or in propellant formulations. In terms of propellant formu-
lations, there are certain factors which are important in determining the effective-
ness of new energetic molecules in these formulations. For example, a high density
(ρ), good oxygen balance (ΩCO2, see below), high detonation/combustion tempera-
tures and a high specific impulse (Isp) is vital for rocket propellant formulations,
while lower combustion temperatures combined with a high force and pressure, as
well as a high N2/CO ratio of the reaction gases is crucial for gun propellants.

Secondary explosives (HEs) differ from primary explosives since HEs cannot be
initiated simply through heat or shock [1–3]. In fact, in order to initiate a secondary
explosive, it is necessary to use a primary explosive, since the shockwave of the pri-
mary explosive initiates the secondary explosive. Although primary explosives are
more sensitive to external stimuli, the performance of a secondary explosive is usu-
ally higher than that of a primary explosive. Typical secondary explosives which
are currently used on a large scale are TNT, RDX, HMX, NQ and TATB (Table 5.7.2),
as well as HNS and NG (e.g. in dynamite form) for civil applications.

Table 5.7.3 (continued)

Substance Acronym and
structure

VoDꝉ

(m/s)
PC-J

†

(kbar)
IS†

(J)
FS†

(N)
ESD†

(J)
ρ
(g/cm)

Cyanuric azide TTA, TAT 

(calcd.)


(calcd.)
. . . mJ .

† VoD corresponds to the detonation velocity, PC-J to the detonation pressure at the Chapman-
Jouguet point, IS to the impact sensitivity, FS to the friction sensitivity and ESD to the electrostatic
sensitivity
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Current trends in the research of modern secondary explosives can be arranged
into three branches (Figure 5.7.2), with the overall emphasis being placed on insen-
sitive munitions which demonstrate lower toxicity (also for the detonation and bio-
logical degradation products) while achieving higher explosive performance.

A higher performance for secondary explosives is of fundamental importance and al-
ways desired. The main performance criteria are: 1. heat of explosion Q (in kJ kg–1), 2.
detonation velocity VoD (m s–1), 3. detonation pressure PC-J (in kbar), and less impor-
tantly, 4. explosion temperature T (K) and 5. volume of gas released V per kg explo-
sive (in L kg–1).

Although CL-20 (see Figure 5.7.2) has been investigated to an enormous extent
over the recent past, it has the great disadvantage of a multistep, complicated and
expensive synthesis, and in addition, it also has a very high impact sensitivity (4 J, ε-
CL-20), which classifies it as sensitive under the UN classification for the transport of
dangerous goods (UN classifications for IS: <4 J = very sensitive, 4–35 J = sensitive).
The considerable cost of CL-20 production is highly problematic for its large-scale
production, especially since established secondary explosives such as RDX are rela-
tively cheap to produce. CL-20 is also a good illustrative example of the problems
which can arise if phase transitions occur in a secondary explosive in relevant tem-
peratures ranges, since several polymorphs of CL-20 are known (β, γ, ε, high-pressure
polymorph ζ as well as the hydrate CL-20 · 1/2H2O which is often incorrectly referred
to as being the α-polymorph of CL-20 in the literature). Only the ε-polymorph of
CL-20 is used for applications. Unfortunately, however, the γ-polymorph – and not

Figure 5.7.2: Current trends in the research and development of new, modern secondary
explosives.
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the ε-polymorph – is the thermodynamically most stable one, and the ε to γ-phase
transition occurs in the 157–176 °C temperature range. Other reports in the literature
state that both the β and ε-phases slowly convert to the γ-phase at elevated temper-
atures, meaning that elevated temperatures have to be avoided in order to preserve
phase purity of the ε-CL-20, otherwise the ε-CL-20 is contaminated with other phases.
The issues of phase purity are further complicated by solvents and the method of
crystallization having a considerable effect on causing phase changes. Ideally, a sec-
ondary explosive shows only one polymorph in the temperature range relevant for
applications, since this would eliminate the considerable issues which can arise if
phase purity isn’t present.

In contrast to the concept of cage-strain which is the concept behind the in-
creased energy of the CL-20 molecule, a new approach involving nitrogen-rich (also
referred to as high-nitrogen) compounds is a particularly interesting modern method
for synthesizing new energetic materials with improved performance. In addition to
high nitrogen contents (>60%), oxidizing groups can also be included to improve the
oxygen balance (ΩCO2). The basis for adopting a nitrogen-rich approach is that these
nitrogen-rich molecules are endothermic and it is possible to exploit the fact that the
element nitrogen is unique among the period 2 elements in that the bond energy per
two electron bond increases in the series single – double – triple bond. Since the
N≡N triple bond in elemental nitrogen (N2) is so strong, the formation of N≡N
bonds (bond order of 3) generated from compounds containing N–N bonds with
bond orders of 1–2 results in the release of a lot of energy. However, incorporating
N–N bonds with low bond orders into energetic compounds can result in a reduction
of the stability. One approach which has proven particularly successful in achieving
compounds with nitrogen contents, but which are also energetic, has been the syn-
thesis of compounds which incorporate triazole or tetrazole rings. In this context, tet-
razole (five-membered rings containing only 1 carbon atom) compounds have been
particularly well-investigated since they constitute a compromise between the usu-
ally less energetic triazole rings and usually kinetically too labile pentazole rings
(five-membered rings consisting of only N atoms) (Figure 5.7.3).

Out of the numerous energetic tetrazole compounds that have been extensively
investigated and reported in the literature in recent years in attempts to find new ni-
trogen-rich secondary explosives, TKX-50 is one of the most exciting, since it shows
great promise for future application as a secondary explosive [5, 6]. TKX-50 combines
low IS, FS and toxicity with high thermal stability, density and detonation velocity
(Figure 5.7.4). In addition to these excellent properties, it can be prepared in a facile,
inexpensive synthesis. TKX-50 is a future generation, high-performance explosive
with increased safety without compromising in explosive performance (Figure 5.7.4).

The interest in TKX-50 has been considerable since its first report in only 2012,
and many varied aspects of its chemical and physical properties have been reported
by groups from all over the world. TKX-50 can be prepared on a >100 g scale starting
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from the reaction of 5,5′-(1-hydroxytetrazole) with dimethyl amine, according to the
pathway outlined in Figure 5.7.5.

The future of secondary energetic materials will undoubtedly involve further in-
vestigations into nitrogen-rich compounds – including triazoles and tetrazoles and
their corresponding derivatives, for example, N-oxides such as TKX-50, as well as
those in which nitrogen-rich rings and chains are combined within a molecule.

Future research will lead to even more powerful, high-nitrogen high-oxygen ex-
plosives with enhanced and superior detonation parameters to fulfill the lethality
requirements of all forces. New energetics will provide vastly increased energy con-
tent over RDX, up to several times the energetic performance. In addition, these ma-
terials will have a high energy density with high activation energy.
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Figure 5.7.3: General connectivities of triazoles (1,2,3-triazole (left), 1,2,4-triazole (right)) (left),
tetrazole (middle) and pentazole (right).

Figure 5.7.4: Performance of conventional explosives (D = VoD = velocity of detonation).
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5.7.2 Inorganic rocket fuels

Generally, rocket propellants can be categorized as being either for solid propellants
or for liquid propellants (Figure 5.7.6). Solid propellants can be further categorized as
being either double-base (homogeneous) or composite propellants (heterogeneous).
Homogeneous propellants are generally based on NC, whereas heterogeneous propel-
lants are generally based on AP. Double-base propellants are homogeneous NC/NG
formulations, whereas composite propellants are mixtures of a crystalline oxidizer
(e.g. ammonium perchlorate, AP) and a polymeric binder, which has been cured with
isocyanate (e.g. hydroxy-terminated polybutadiene, HTPB/diisocyanate) and which
also contains the fuel (e.g. Al). The purpose of the polymer matrix (the binder) is to
form a solid, elastic body consisting of the propellant ingredients with suitable me-
chanical properties. The binder also acts as a fuel, since it contains mainly hydrogen
and carbon [1–3].

5.7.2.1 Solid propellants
The solid propellants of almost all solid rocket boosters are based on a mixture of alu-
minum (Al) acting as the fuel and ammonium perchlorate (AP) acting as the oxidizer
[1–3]. In addition to its applications in munitions – primarily as an oxidizer for solid
rocket and missile propellants – AP is also used as an airbag inflator in the automotive
industry, as well as being a component in fireworks. Unfortunately, a consequence of
its large-scale use combined with its high aqueous solubility, chemical stability, and

Figure 5.7.5: Synthesis of TKX-50.
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persistence is that it has become widely distributed in surface and ground water sys-
tems. Despite limited information being available about the effects of perchlorate on
aquatic life, it is known that perchlorate disrupts the endocrine system and interferes
with normal thyroid function, impacting both growth and development in vertebrates.
In order to reduce the detrimental effects resulting from perchlorate competition for
iodine binding sites in thyroids, investigations into adding iodine to culture water to
mitigate perchlorate effects has been undertaken.

In attempts to move away from halogen-containing oxidizers, one of the current
most promising chlorine-free oxidizers is ammonium dinitramide (ADN, Figure 5.7.7),
first synthesized in 1971 in Russia (Oleg Lukyanov, Zelinsky Institute of Organic
Chemistry) and currently being commercialized today by EURENCO.

While ADN shows the best oxygen balance (ΩCO2 = 25.8%, cf. AP 34.0%) of all presently
discussed AP replacements, it still has some stability issues in terms of its compatibility
with binders, as well as possessing only a low thermal stability (Tdec· = 127 °C). The
oxygen balance ΩCO2 (in %) is defined as follows:

ΩCO2 = d -ð2aÞ- b
2

� �� �
× 1600

M

Figure 5.7.6: Classification of rocket propellants.

NH4 N

NO2

NO2 Figure 5.7.7: Structure of ammonium dinitramide (ADN).
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After undergoing melting at 91.5 °C, the thermal decomposition of ADN occurs at
127 °C. The main decomposition pathway is reported to be based on the formation
of NH4NO3 and N2O, followed by the subsequent thermal decomposition of NH4NO3

to N2O and H2O at higher temperatures. In addition, side reactions forming NO2,
NO, NH3, N2 and O2 have also been described.

5.7.2.2 Liquid propellants
Liquid rocket propellants can be differentiated as being either monopropellants or bi-
propellants [1–3]. Monopropellants are endothermic liquids (e.g. hydrazine, N2H4),
which show exothermic decomposition in the absence of oxygen. This usually in-
volves a catalyst, such as e.g. Shell-405; Ir/Al2O3.

N2H4�!cαtαlyst N2 + 2H2 ΔH = − 51 kj=mol

Since monopropellants have relatively small energy contents and low specific im-
pulses, they are usually only used in small missiles and small satellites (for correct-
ing orbits), where no large thrust is necessary.

In a bipropellant system, the oxidizer and the fuel are transported in two sepa-
rate tanks and are injected into the combustion chamber. Bipropellants can be sep-
arated in two different ways. One approach is to categorize them as cryogenic
bipropellants (which can be handled only at very low temperatures and are there-
fore unsuitable for military applications, e.g. H2/O2) or storable bipropellants (e.g.
monomethylhydrazine/HNO3). A second approach is to classify them in accordance
with their ignition behavior as being either hypergolic or non-hypergolic mixtures.

The term “hypergolic” describes rocket propellants whose components react
spontaneously with one another (in less than 20 ms) and ignite partly explosively
when they are mixed or are in contact with each other. Hypergolic propellants are
always combinations of oxidizers and reducing agents. The immediate reaction of
the fuel on contact with the oxidizer by burning at the time of injection into the
combustion chamber ensures that it is not possible for too much fuel to accumulate
in the combustion chamber prior to ignition. This is important, since such a sce-
nario could lead to an explosion and damage of the rocket engine. A further impor-
tant advantage is that the ignition definitely occurs, which is important for weapon
systems such as intercontinental rockets, pulsed engines and upper stages of launch
vehicles (re-ignition in space) for example. (Note: Hypergolic systems are also used in
incendiary devices e.g. for mine clearance.) The combination of a hydrazine deriva-
tive (hydrazine, MMH (Figure 5.7.8) and UDMH (Figure 5.7.8)) as the fuel with HNO3

or NTO (dinitrogen tetroxide) as the oxidizer are practically the only hypergolic pro-
pellants used today. It is worthwhile to point out the presence of the weak N–N single
bond in each of these molecules.
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Table 5.7.4 shows a summary of different possible liquid bipropellant mixtures
and the corresponding relevant performance parameters. As can be noted from
Table 5.7.4, in addition to oxygen-containing oxidizers such as dinitrogen tetroxide
(N2O4, dimer of NO2), hydrogen peroxide (H2O2) or liquid oxygen (LOX), elemental
fluorine or a mixture of elemental fluorine and elemental oxygen (FLOX) can also
be used as oxidizers. However due to the technical difficulties in handling liquid
fluorine and the formation of highly corrosive and toxic HF as a combustion prod-
uct, it is usually not the oxidizer of choice for such systems.

Figure 5.7.8: Connectivities of hydrazine, MMH (monomethylhydrazine) and UDMH (unsymmetrical
dimethylhydrazine) – examples of fuels which can be used in hypergolic propellant systems.

Table 5.7.4: Examples of bipropellant systems. Tc = temperature in the
combustion chamber and Isp = specific impulse.

Oxidizer Fuel Tc (°C)
a Isp (s)

b

LOX (liquid O) H  

LOX CH  

LOX NH  

F (l) H  

NH  

FLOX (mixture of F (l)
and O (l), /)

H  

NO MMH, CHHN-NH  

HO NH  

HO MMH, CHHN-NH  
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5.8 Nuclear materials

Nils Haneklaus

Nuclear material is a term commonly used when referring to uranium, plutonium
and thorium. Natural uranium including uranium ore concentrate and depleted
uranium are further characterized as “source material” and uranium enriched in
235U, 233U and 239Pu is called “special fissionable material” [1]. Uranium that is the
most relevant nuclear material is a naturally occurring element (99.284 wt% 238U,
0.711 wt% 235U and 0.0055 wt% 234U) with an average concentration of 2.8 ppm in
the Earth’s crust, making it more abundant than gold, silver or mercury and slightly
less abundant than cobalt, lead or molybdenum [2]. The present chapter provides a
brief overview of nuclear fuels, the most common application of nuclear materials
as well as nuclear batteries and nuclear waste, two topics that recently received in-
creased attention.

5.8.1 Nuclear fuels

Nuclear reactors require special fissionable material or in fewer cases natural ura-
nium as nuclear fuel for their operation. Today and for the foreseeable future (at least
until 2050), uranium enriched in 235U is the most important nuclear fuel. All of the
roughly 450 commercial nuclear reactors operating worldwide today use uranium
fuel [3]. Low-enriched uranium (usually 3–5 wt% 235U) as uranium dioxide (UO2) is
the predominant fuel for nuclear power reactors used today. Uranium dioxide (UO2)
to be used as nuclear reactor fuel can be produced from enriched uranium hexafluor-
ide (UF6) through reaction with ammonia to form ammonium diuranate (NH4)2U2O7

that is calcined to form UO3 and U3O8. Heating with hydrogen or ammonia results in
the desired uranium dioxide (UO2) that is mixed with an organic binder, pressed into
pellets and sintered to form the characteristic fuel pellets used in nuclear fuel rods
that ultimately provide the heat to warm water used to directly (boiling water reactor)
or indirectly (pressurized water reactor) produce steam that turns a turbine connected
to an electric generator that ultimately converts this mechanical energy into electrical
power. The process from uranium conversion to nuclear waste storage is referred to
as the nuclear fuel cycle, although it can hardly be considered a cycle. Uranium ex-
ploration, mining and milling are important processes that are needed prior to ura-
nium conversion. Uranium conversion from ore concentrate to gaseous uranium
hexafluoride (UF6) is required for enrichment. Some nuclear reactors with excellent
neutron efficiency such as the heavy-water reactors primarily used in Canada called
CANDU (Canada Deuterium Uranium) reactors can directly use natural uranium skip-
ping the enrichment process. Spent nuclear fuel still contains slightly more 235U than
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natural uranium, so that reprocessing to separate the available 235U from spent light
water reactor fuel is done by some countries and the recycled uranium is again used
for fuel fabrication (Figure 5.8.1).

5.8.2 Nuclear batteries

Nuclear batteries, sometimes referred to as atomic- or radioisotope batteries, are de-
vices that use the energy from radioactive decay to generate electricity. Unlike nu-
clear reactors that rely on a nuclear chain reaction and are thus critical, nuclear
batteries operate in subcritical mode without the occurrence of a nuclear chain re-
action. Nuclear batteries are thus much simpler and the idea was first demonstrated
by Henry Moseley in 1912 when he showed that he could generate a current by
charged particles. In comparison the first (artificial) nuclear reactor, Enrico Fermi’s
Chicago Pile-1, reached criticality in 1942 and it would take another six years until a
first nuclear reactor, Oak Ridge’s X-10 Pile, produced enough electricity to power a
light bulb. From these humble beginnings nuclear reactors provided some 10% of
globally produced electricity in 2020. Nuclear batteries on the other hand turned
out to be rather expensive and find application in niche markets for power sources
that must be able to operate unattended for longer periods of time as they are
found in spacecrafts, pacemakers, deep underwater systems and automated scien-
tific stations in remote parts of the world [4]. These nuclear batteries can be further
categorized in thermal and non-thermal converters (Figure 5.8.2).

Figure 5.8.1: Overview of the nuclear fuel cycle from exploration to waste disposal.
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Thermal converters use decay heat to produce electricity while non-thermal con-
verters extract energy from emitted radiation before it is degraded into heat. Non-
thermal generators can further be classified according to the type of particle used and
by the mechanism by which the particles energy is converted [4]. The device first
tested by Henry Moseley in 1913 for instance can be characterized as a direct-charging
generator. A charged radium particle created electricity here. Recently, radiovoltaic
conversion and here particularly betavoltaics, devices that use betavoltaic conversion,
are of increased interest in the scientific community [5, 6]. A betavoltaic battery gener-
ates electric current from beta particles emitted from a radioactive source, such as tri-
tium or promethium. In a non-thermal conversion process nuclear radiation generates
electricity by producing electron-hole pairs. They are formed by the ionization trail of
the beta particles traversing a semiconductor. Betavoltaic power sources are useful in
low-power electrical applications where a durable energy source is needed.

5.8.3 Nuclear waste

Nuclear waste or radioactive waste is a hazardous waste material that contains radio-
active material. Although radioactive waste is largely associated with nuclear power
production, it is actually accumulated by a number of activities outside nuclear
power production such as nuclear medicine and particularly mining such as rare-
earth element mining that probably generates the largest quantities of nuclear waste
by weight and volume today. Classifying nuclear waste is notoriously difficult as na-
tional regulations vary from country to country and can further vary from state to
state. In this context, the International Atomic Energy Agency (IAEA) differenti-
ates between six categories of materials: (1) exempt waste (EW), (2) very low-level

Figure 5.8.2: Basic differentiation of nuclear batteries in thermal and non-thermal converters.
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waste (VLLW), (3) very short-lived waste (VSLW), (4) low-level waste (LLW), (5) inter-
mediate-level waste (ILW) and (6) high-level waste (HLW). Figure 5.8.3 provides a
conceptual illustration of the waste classification scheme proposed by IAEA [7].

Besides the six material categorizes offered by IAEA, two other classifications are
important and particularly relevant in mining: naturally occurring radioactive ma-
terial (NORM) and technically enhanced naturally radioactive material (TENORM).
Both NORM and TENORM show low levels of radioactive materials. A common ex-
ample would be natural uranium or thorium that can be associated with phosphate
rock (relevant for mineral fertilizer production) or monazite (relevant for rare-earth
element mining). When NORM materials are mined their tailings are considered
TENORM if the radioactive constituents have not been isolated and could be be-
come very low-level waste (VLLW), very short-lived waste (VSLW), low-level waste
(LLW) or even intermediate-level waste (ILW) that require special disposal as indi-
cated in Figure 5.8.3.

Figure 5.8.3: Conceptual illustration of the nuclear waste classification scheme proposed by IAEA.
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6 Ionic solids

6.1 Resources: minerals, recycling and urban mining

Martin Bertau, Peter Fröhlich, Sandra Pavón

Raw material supply can be safeguarded by different means. The most reliable one
is mining. Though regarded critically, mining products offer raw materials in pri-
mary product quality and as such their specifications conform to the needs of in-
dustry. It has to be emphasized here that mining is not done for the sake of digging
into the earth’s crust. Mining is indispensable for securing raw material supply of
an economic area, the European Union for instance. Particularly in view of the rap-
idly growing world population along with the rapidly growing needs for food and
consumer goods, raw material cycles today need to be fed with additional material,
the only source of which is mining. In order to meet the challenges of a safe future,
any industrial production has to obey the rules of being
1. climate friendly
2. zero waste
3. low carbon footprint
4. energy and resource efficient and
5. water saving

As pointed out in Chapter 2.1, one reasonably does not differentiate between raw ma-
terials of primary and secondary origin (circular resources chemistry). Moreover, one
has to recognize that all the challenges of a secure raw material supply can be solved
only through actors free of ideological mindsets. One such is the fairy tale of modern
mining being dirty, another one is recycling being environmentally benign. Recycling
means restoring primary product quality. In contrast to what is being encountered in
ores, i.e. primary raw materials, there is a plethora of differently composed EoL and
EoU products with each of which constituting a complex polymetallic mixture where
the respective elements are present in minimal amounts, i.e. in maximal dilution.
Ores in contrast display a limited set of elements to be treated where the respective
elements are present in maximal amounts, i.e. in minimal dilution. It was for that rea-
son why the term urban mining was coined for anthropogenic or technical deposits
in which certain elements are concentrated locally. Yet, when considering a mobile
phone, it is still in economically unattractive amounts. Consequently, recycling in it-
self is the most energy consuming way to recover elements. But it is part of the truth,
too, that secondary raw materials are an important brick stone for raw material sup-
ply, although it is in reality downcycling what commonly is perceived of as recycling
as mentioned in Chapter 2.1. On the longer run, though, we will not be in the situa-
tion to afford parallel industries that produce either primary product quality which
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meets the specifications of producing industry or secondary products of whatever
quality for which in the worst case a market needs to be created. Frankly spoken, the
time of this early era of secondary raw material treatment is over.

It is for all those reasons stated above that industrial raw material production
has to look ahead. Politics, stakeholders and decision-makers need to be open to
entirely new processes, even when running danger of completely ignoring present
and past technological solutions. To put it into one word, future challenges are
solved best with future approaches. Any solution to push raw material supply for-
ward inevitably has to bear in mind that solving the problems of tomorrow will not
succeed with the toolbox of yesterday. What sounds like a truism is a serious issue,
since on global scale national economies appear not prepared for the challenges of
the forthcoming thirty years. It is obvious that Europe relies on and depends on raw
material imports from producing countries. And it is well known, too, that Europe
is struggling hard for securing its raw material base. In a nutshell, the story is
about getting access to the required amounts and qualities of raw materials. The
way is not the goal, but the goal determines the way.

Future proof approaches will have to work differently from traditional ones. In
fact, one solution lies in the circular resources chemistry approach according to
which there is no more distinction between primary, secondary or regenerative ori-
gin of raw materials. Future processes will be origin independent, i.e. they are ro-
bust enough to tolerate a broad input material variability (Chapter 2.1, Figure 2.1.6).
One can compare this with a funnel, where the upper part, the opening, collects
and pretreats the input streams until on a very early stage a common intermediate
is produced which then is processed along one single process (the funnel’s chim-
ney). As a consequence, the result cannot be worse than primary product quality.
The following chapters present such technologies that address the future simply ad-
hering to the five-point agenda from above. The door to true recycling is open, and
the message is clear: we already do have these processes, and these processes do
work economically.

6.1.1 Lithium recovery from mineral ore and lithium batteries: a selective
approach via the COOL process

The lithium issue is clearly a textbook example how the topics raised in Chapter 2.1
and above can be realized.

The COOL process (CO2-leaching) is an example for such a future-directed pro-
cess. The core step (and name giving) is leaching of the lithium-bearing material
with supercritical CO2 (sc-CO2). In fact, it is suitable for both, primary feedstock
(mineral ores) and secondary raw materials (lithium batteries). It consumes no
chemicals in contrast to established routes, works with regenerative energies and
produces no waste. At the same time, it is the most cost-efficient production process
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for bg-Li2CO3 so far [1]. This fact is important as much as it shows that novel ap-
proaches may well combine superior technology and economic efficiency.

From Figure 6.1.1, it is easily conceivable that lithium demand cannot be met
by classic mine production. Lithium recycling is de facto not in operation world-
wide [2]. This situation is aggravated through competing markets such as light-
weight alloys [3]. As a consequence, there has been a significant price push to
61500 USD/t Li2CO3 in mid-June 2022 (Figure 6.1.1) [4]. The price for LiOH·H2O was
even higher with 75000 USD/t [5].

6.1.1.1 Lithium deposits and extraction processes
Li2CO3, which is the trade form of lithium, was first produced on an industrial scale
in 1923/1924 at the Hans-Heinrich smelter in Langelsheim (Harz) [6, 7]. The starting
material was the lithium-iron mica zinnwaldite, which was mined in the Zinnwald/
Cínovec deposit on the German-Czech border. Later, deposits were developed in the
USA, Australia, Africa and South America.

The fact that lithium is not a scarce raw material is shown by the worldwide
reserves of ~21 million t Li and resources (approx. 86 million t Li). With a global pro-
duction volume in 2020 of ~82000 t Li, this corresponds to a static range of 256
(1198) years [2]. Figure 6.1.2 shows the geographic distribution of global lithium
resources.

About 53% of the mineable lithium resources are located in South America, par-
ticularly in Chile, Bolivia and Argentina. Another 1.3 million t Li reserves are in
North America (USA, Canada) and 1.5 million t Li in China, while Europe pos-
sesses only ~4% of the world’s lithium reserves, while 4.7 million t Li reserves
(22%) are located in Australian pegmatites.

The primary lithium resources are distributed with ~70% predominantly in salt
lakes (which in South America are called salars) and lithium-bearing minerals.
Currently, the most significant salar lithium deposit is Salar de Atacama in Chile

Figure 6.1.1: Lithium price chart 2009–2021.
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(6.3 million t Li) which is situated in 2300 m altitude and encompasses 3200 km2,
where lithium concentrations of more than 4000 ppm are found. An even larger
lithium deposit of 10.2 million t Li is described for the Salar de Uyuni in Bolivia,
although the altitude (3650 m), the lower lithium content of 320 ppm on average, a
much less favorable Li/Mg ratio compared to the Salar de Atacama, and poorer cli-
matic conditions for concentration by evaporation have so far resulted in no large-
scale lithium production [9–11]. Other large lithium deposits in the form of salt
lakes are located in Argentina and in China [11, 12].

Due to low production costs and low technological complexity, lithium com-
pounds are currently mainly extracted from salt lakes or salt pans. The economi-
cally most important salt lake is again the Salar de Atacama in Chile.

The basic process steps for the extraction of lithium derivatives from salt
lakes always include the concentration of the lithium-containing solution in artifi-
cially created evaporation basins (solar ponds) with separation of crystallizing
salts, precipitation of by-products and impurities and the extraction of the lithium
compounds. In the following, the process steps are explained in more detail using
the example of large-scale lithium carbonate extraction at the Salar de Atacama
(Figure 6.1.3) [7].

Figure 6.1.3: Process steps for the extraction of lithium carbonate from the Salar de Atacama
(Chile). The time required is 12–18 months during which the Li concentration increases from
<0.2% to 4–6%. The process consumes 10–18 t chemicals per t Li2CO3 and produces 38–130 t
waste per t Li2CO3, while causing severe environmental impact through extensive groundwater
use in the Atacama Desert.
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First, the brine is concentrated from ~0.15% Li to ~6.0% lithiated brine using
solar energy in shallow evaporation ponds. During concentration, a series of crys-
tallizations begins due to increasing salt concentrations. First, precipitation of gyp-
sum (CaSO4·H2O) and halite (NaCl) occurs, followed by sylvinite (NaCl·KCl) and
sylvite (KCl). Potassium chloride represents a marketable product in this process
and is recovered from the deposits by flotation.

At ~4.5% Li, crystallization of carnallite (KCl·MgCl2·6H2O) and then bishopite
(MgCl2·6H2O) sets in. When the brine is further concentrated to about 5.5–6.0% Li,
lithium carnallite (LiCl·MgCl2·6H2O) may crystallize under certain circumstances,
which reduces the lithium yield in the brine. In those cases, the crystallized lithium
carnallite is mixed with fresh brine and brought back into solution. In addition to
lithium chloride (35–40%), the concentrated lithium brine also contains magnesium
(1.0–4.0%) and boron (0.5–1.5%) in the form of magnesium and lithium borates.

The separation of boron is essential, as it interferes with electrolysis processes
(e.g. for the production of metallic lithium), particularly due to its accumulation in
the electrolyte. For this purpose, a mineral acid, such as hydrochloric acid or sulfuric
acid is added to crystallize boron as boric acid in the pH range 0–4. The separated
boric acid crystals are washed with cold water, dried and represent a marketable by-
product.

The remaining boron (<0.5%) is separated by liquid-liquid extraction to below 5
ppm. To the boron-free crude solution, the mother liquor of the lithium carbonate
precipitate (0.1–0.3% Li) from the previous batch, is added and thereby diluted
from approx. 6% Li to a lithium content of 0.9–1.5% Li. The lower lithium content
minimizes lithium losses during the subsequent two-stage separation of magnesium
and calcium.

At this point, it also becomes apparent why the Li/Mg ratio plays an important
role, because due to the diagonal relationship in the periodic table, both metals
have similar properties. It becomes particularly critical when, as here, magnesium
is separated from lithium by carbonate precipitation; in this case, the process pa-
rameters must be selected in such a way that the target metal lithium is not af-
fected. On a technical scale, the problem is solved by precipitating and separating
poorly soluble magnesium carbonate at pH = 7–9 by adding sodium carbonate. This
separates up to 95% of the magnesium contained. To obtain lithium carbonate in
high purities (>99%), milk of lime and sodium carbonate are then added to the fil-
trate and magnesium hydroxide and calcium carbonate are precipitated. After sepa-
ration again, the lithium-containing solution (0.8–1.2% Li) is heated to 70–90 °C
and 80–90% of the lithium contained is precipitated as lithium carbonate by add-
ing sodium carbonate. By filtration, product washing with hot distilled water and
final drying, lithium carbonate is obtained in purities >99%. The liquid residue
(mother liquor) is recycled into the process and is used to dilute the subsequent
charge.
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In addition to extraction from salt lakes, the processing of primary resources of
mineral origin is also of great economic importance. Lithium-bearing minerals can
be divided into pegmatitic-pneumatolytic deposits, pegmatites and greisen and hec-
torite and jadarite deposits. Table 2.1.1 in Chapter 2.1 summarizes the main repre-
sentatives of lithium-bearing minerals.

The most important representative is the lithium alumosilicate spodumene. The
largest deposits are located in Greenbushes, Australia (0.85 million t Li) and Jiajika,
China (0.48 million t Li) [11, 12]. Spodumene is particularly characterized by the
high theoretical lithium content of 8.0 wt% Li2O. The world’s largest mine is the
Greenbushes mine in Western Australia.

Lepidolite is also mined commercially. There are deposits in China (Jiangxi Prov-
ince), Portugal (Guarda) and Vietnam (Quang Ngai). In addition, lepidolite often oc-
curs together in pegmatites. Of importance are the associations with amblygonite
(Karibib, Namibia, 0.15 mt Li), with spodumene (Bikita, Zimbabwe, 0.06 mt Li) and
muscovite (Gonçalo, Portugal) [11].

Similar to lithium extraction from salt lakes, there is also a whole range of indus-
trially used processes for processing lithium-bearing minerals. The basic process steps
for spodumene, petalite, lepidolite and zinnwaldite are shown in Figure 6.1.4 [13].

Typically, all mined and crushed ores are first subjected to mechanical, physi-
cal or chemical beneficiation processes. The primary objective here is to obtain an
ore concentrate with higher lithium content. This is achieved by separating the
gangue of quartz (SiO2), albite (Na[AlSi3O8]) or muscovite (KAl2[(OH,F)2AlSi3O10]),
among others, by means of flotation processes, magnetic separation or grain size
classification [14].

The most commonly used process for lithium recovery from silicate lithium ores
is pyrometallurgical roast digestion with sulfuric acid. This process is particularly
used for lithium recovery from spodumene concentrate and is therefore also re-
ferred to as the spodumene process (Figure 6.1.4). In the sulfuric acid digestion of
the naturally occurring α-spodumene, only a low lithium mobilization is achieved.
Therefore, the aluminosilicate is first converted to the acid-labile β-spodumene in a
calcination process at temperatures ≥1000 °C. The resulting improved reactivity to
mineral acids is used to transfer >90% of the contained lithium as lithium sulfate
into the liquid phase by roasting the calcined starting material under sulfuric acid
addition at temperatures of 250–300 °C and subsequent water leaching [15].

A base (e.g. sodium hydroxide, slaked lime) is added to separate the digested
minor components that form poorly soluble hydroxides, in particular aluminum,
but also magnesium and iron. Calcium separation is carried out after addition of
sodium carbonate (soda ash) by precipitation as calcium carbonate at pH ~10. The
purified solution containing lithium sulfate is then concentrated to lithium contents
of ~11 g/L by evaporation or via an ion exchanger [16].
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The final product precipitation is performed analogously to lithium carbonate re-
covery from salt lakes. At temperatures close to the boiling point of water (90–100 °C),
sodium carbonate is added. This takes advantage of the solution anomaly of the tar-
get compound and precipitates the lithium carbonate, which is poorly soluble in
heat. After filtration, washing with hot water and drying, technical lithium carbonate
(tg-Li2CO3, >99.0%) is obtained.

An industrially established alternative to sulfuric acid digestion is the so-called
limestone burning. In this process, not only is the phase transformation from α- to
β-spodumene brought about at temperatures of 800–1000 °C with the addition of
limestone (CaCO3), but also the deacidification of limestone to burnt lime (CaO)
brings about an in-situ reaction with the ore. Subsequent water leaching yields an
alkaline solution containing lithium hydroxide [17]. Subsequently, contained cal-
cium carbonate is first precipitated with the addition of CO2 or sodium carbonate
before lithium carbonate extraction is carried out by the spodumene process.

In addition to the two technically relevant processes, sulfuric acid digestion
and limestone burning, a whole series of other processes has been developed for
the mobilization of lithium from spodumene (or petalite). However, what all the
listed processes have in common is that they have not yet been scaled up to com-
mercial scale [14].

Currently, the Zinnwald/Cínovec deposit is attracting new attention after recent
exploration data showed that it is the world’s second largest siliceous lithium de-
posit after Greenbushes (Australia) [8]. The use of domestic resources also has the
advantage that the supply of raw materials can be at least partially decoupled from
geopolitical imponderables; and last but not least, mining is carried out in accor-
dance with the high European standards for nature conservation and environmen-
tal protection.

Figure 6.1.4: The spodumene process. 25–30 t chemicals are consumed per t Li2CO3 and 80–120 t
waste are produced per t Li2CO3.
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With ~652000 t Li (1.40 mill. t Li2O), the deposit in Zinnwald/Cínovec is the
largest silicate lithium deposit in Europe. Of this, 96000 t Li (207000 t Li2O) is dis-
tributed among the German and 556000 t (1.20 mill. t Li2O) among the Czech depos-
its [8, 18].

However, zinnwaldite exhibits some properties that significantly complicate its
extraction compared to the other technically important minerals, especially spodu-
mene or lepidolite. The most significant European lithium ore contains Fe, Al and
F, a deadly mixture, which prevents Li from being recovered under economically
viable conditions.

Therefore, a novel strategy for lithium extraction from enriched zinnwaldite
concentrate had to be developed. The COOL process is a textbook example of how
future-directed processes may work. It is a hybrid approach, which means that it
works origin-independently and as such adheres to the principle of circular resour-
ces chemistry. There is a broad substrate variability (cf. Chapter 2.1, Figure 2.1.6)
where no distinction is made between different ore minerals from different origin,
and it is suited for input material from both primary and secondary origin.

The key step for lithium minerals is a thermal treatment. This step is useful in
two aspects: (i) Fluoride is released as SiF4, which can be recovered in a scrubber
with aqueous HF. The resulting hexafluoro siliceous acid (H2SiF6) is then sold to
the market where it serves as a useful fluorine intermediate in fluorine chemical in-
dustry. To put it in one word, the extremely harmful and toxic environmental pol-
lutant fluoride has been inverted from a costly disposal situation to an income
situation which by the way provides the fluoride for lithium battery conducting
salts, such as lithium hexafluorophosphate (LiPF6), without the need for further in-
terference with nature. (ii) At temperature levels >900 °C, lithium silicates become
unstable and crystal structures break down. As a consequence, the lattice bricks of
lithium silicates rearrange upon thermal decomposition, by which action the origi-
nal mineral gets completely lost in favor of a species, which is the most stable entity
under these conditions. This is β-spodumene. All other siliceous lithium minerals
react to give β-spodumene (LiAl[Si2O6]), silicon tetrafluoride (SiF4) and hematite
(Fe2O3), corundum (Al2O3) and/or leucite (K[AlSi2O6]). Thus, a new structure is
formed, the high-temperature modification, which is stable under elevated temper-
ature. It is a property of the latter to be less dense and mechanically more brittle.
However, under high-temperature conditions this structure type is the most stable
one. The process profits from the fact that β-spodumene is highly susceptible to
acid attack. The reason is that acid digestion is done at a far lower temperature
level, where the high-temperature modification is thermodynamically unstable.
Consequently, acid attack helps to liberate the intrinsic energy stored inside the
crystal body as a result of thermal treatment. At the same time, the exergonic lattice
decomposition profits from a considerable entropic contribution upon dissolving
the ions in the digestion solution. The same applies for sulfate attack. This is why β-
spodumene is so easily digestible in acids, and why it can be attacked so easily
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even by weak acids such as carbonic acid [19]. Figure 6.1.5 displays the COOL pro-
cess. As can be seen there, the lithium from spent batteries is recycled, too. How-
ever, here, in its truest meaning, restoring primary product quality. Since both
material streams are processed along one single, identical process chain, the sec-
ondary input material cannot be recovered in a quality inferior to that of the pri-
mary material stream. As the crude products is obtained already in battery-grade
quality, i.e. a purity of ≥99.5% Li2CO3, battery recycling, too, cannot be worse that
primary product quality, with the additional benefit that no costly and energy in-
tensive refinery to battery grade is necessary.

The solid residue obtained after the leaching step is rich in leucite, an alumi-
num-silicate. In addition, it contains iron oxide and aluminum oxide, which alto-
gether build a perfect base to make geopolymers (see Excursus Geopolymers).

Excursus Geopolymers
Geopolymers are inorganic and calcium-free polymers based on silicon and aluminum oxide.
The prefix “geo” symbolizes the use of mineral inorganic materials and “polymer” the inner
structure. As inorganic polymers, they are free of plastic and benefit from the properties of real
polymers. Their production is CO2-poor or even CO2-free. Geopolymers resemble, to some extent,
classical binder cement, which is a mixture of different calcium silicates, i.e. salts. These uncon-
ventional binders, however, are rapid hardening, shrink proof, have high compressive strengths
and are stable against leaching. Furthermore, they are non-flammable, temperature resistant, di-
mensionally stable and resistant to all inorganic and organic acids (except hydrofluoric acid). As a
binding agent (“cold cement”), they are therefore superior to concrete. Geopolymers can be
foamed and have competitive insulation properties in regard to polystyrene.

Their fabrication is easy as it mostly follows the established route to cement, mortar and con-
crete through stirring a two-component mixture of silicon and aluminum-containing raw materi-
als with an aqueous alkaline solution. The mixing process takes place at temperatures between
20 and 80 °C.

Geopolymers are of utmost interest for the energy and raw material shift since inorganic res-
idues no longer need to be disposed of. As potential construction material, they are particularly
interesting for industry. In this way, the cycle of recyclable materials can be closed, and the
production of waste can be avoided. Geopolymers based on residual materials are no more ex-
pensive than conventional concrete but offer all the advantages of an inorganic polymer. And
there are evident benefits compared to classic cement or concrete. Worldwide, 4.1 bill. t of ce-
ment is produced each year. The downside: with ~8% of global anthropogenic CO2 emissions,
the cement industry is one of the most important single emitters of climate-relevant CO2. Geo-
polymers are a climate-friendly alternative to cement. They can be produced easily and cost-
effectively at ambient conditions with little effort. The use of secondary raw materials avoids
expensive primary raw materials and mining interventions in nature. They also avoid energy-
intensive manufacturing processes such as the high-temperature thermal activation of cement
clinker at 1450 °C. As a result, there is a positive CO2 balance (savings potential of up to 80%)
and an effective contribution to achieving climate-protection goals. The use of residual materi-
als that would otherwise have to be landfilled avoids costs for expensive primary raw materials,
and there are no costs for landfilling. Instead, residual materials are reintegrated into the value
chain. Rather than costs, profits are made.
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Carbon footprint of geopolymers vs. Portland cement.

Technical advantages are their significantly higher temperature stability, which is why they tol-
erate much wider temperature ranges in use. And they offer safety: in case of fire, there is no
cracking or spalling. They do not contain lime, which makes them highly resistant to chemicals
and corrosive conditions. They can develop compressive strengths comparable to high-strength
concrete after just one day. Their rapid setting behavior makes them suitable for mass produc-
tion of precast elements. Leaching-sensitive ingredients, such as those contained in commer-
cially available cement, are firmly chemically bound in the geopolymer and are thus stable
against leaching.

Last but not the least, geopolymers are fully recyclable.

6.1.1.2 Lithium batteries [20]
The global market for lithium-ion batteries (LIB) has been continuously rising since
their inception in 1991. Due to the growing demand for electric mobility, the global LIB
market was valued at $ 36.7 billion in 2019 and is predicted to reach $ 129.3 billion by
2027 [21]. Rechargeable LIB in cordless electronic devices is another rapidly increasing
industry. Although lithium is abundant in the Earth’s crust, the accessible quantities
are insufficient to meet market demands, necessitating efficient recycling methods.
The fact that LIB chemistry and technology are continuing in development exacerbates
the dilemma, resulting in a large range of battery types. On the other hand, the Euro-
pean Union directive 2006/66/EC mandates that at least 50% of all used LIB be re-
cycled [22].

Despite their structural variation, all LIBs have a similar underlying structure
[23]. The anode is usually a copper foil with a graphite coating, and the cathode is
usually an aluminum foil with an intercalated Li compound. A porous polyolefin sep-
arates the anode and cathode compartments, while the electrolyte is a combination
of an organic solvent and a lithium salt. A sealed container constructed of aluminum,
steel, special polymers or highly refined aluminum composite foils encloses these
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cells [23]. Current commercial LIBs can be classified into five categories based on the
lithium salts utilized (Table 6.1.1):

Evidently, any LIB recycling process must be independent of the type of the spent
LIB and necessarily needs to be applicable for mixtures of different LIB from (i) dif-
ferent waste streams and (ii) different generations in past and future.

Pyrometallurgical and/or hydrometallurgical processes are used in most of the
current recycling procedures. Pyrometallurgical approaches are linked to high energy
consumption, high capital expenditures, the possibility of toxic gas emissions and
complicated extraction techniques. Besides that, targeted lithium recovery is at best
challenging and, in fact, either impossible or commercially unviable [25]. Further-
more, plastics and electrolyte cannot be recycled. It is difficult to meet the specified
recycling rate (50 wt%) because both components account for 40–50 wt% of the
wasted battery [26]. Leaching procedures with inorganic or organic acids followed by
precipitation and/or solvent extraction provide the target metals with high efficien-
cies, yet with an unclear process economy on a large scale if lithium is addressed,
too. The established lithium battery recycling processes aim at the more profitable Co
and Ni [17, 27]. However, the high recycling rates can only be achieved by using high
quantities of acid which in turn produce large amounts of wastewater [28]. Already
the costs of the chemicals for acid digestion and subsequent neutralization exceed
the intrinsic metal value by far. Furthermore, the low leaching selectivity, especially
in the case of inorganic acids, necessitates extensive purification steps, which render
the entire process complex and economically not viable.

The COOL process is the third player in the game. It combines moderate thermal
treatment for primary feedstock with smooth lithium-leaching conditions for sec-
ondary feedstock. In fact, the CO2 partial pressure of sparkling water is sufficient to
extract the lithium from the black mass, while leaving cobalt and nickel unaltered.
In a nutshell, the COOL process offers more degrees of freedom, because the delithi-
ated black mass can be treated conventionally both by pyro and hydrometallurgical
methods. This way the COOL process is the door opener to a full recycling of waste
LIB [20].

Table 6.1.1: Lithium battery types and chemical compositions of the
cathode materials [24].

Nr. Cathode material Composition

 LCO LiCoO

 NCM LiNixCoyMnzO | x + y + z = 

 LMO LiMnO

 NCA LiNixCoyAlzO | x + y + z = 

 LFP LiFePO
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6.1.2 Phosphate recovery from phosphate rock and sewage: a selective
approach via the PARFORCE process

Phosphorus (P) is an essential nutrient for all living organisms. With a concentra-
tion of 1200 mg P/kg in the Earth’s crust and 1,050 mg P/kg in the continental
crust, its abundancy is on the fifteenth place [29]. More than 90% of the mined
phosphate ore is used for the production of mineral fertilizers [30]. There are three
types of phosphate ores: (i) sedimentary ore, phosphate rock, which are the most
important P source, (ii) igneous phosphate ore from magmatic origin and (iii) bio-
genic ore, which are known as guano [16]. In phosphate rock, it is apatite, Ca5
(PO4)3(OH,F,Cl), and francolite, Ca5(PO4,CO3)3F, are the actual phosphate bearing
minerals [31].

The main producing countries of phosphate rock are China, Morocco and USA.
The production of phosphate rock in Morocco reached a value of 38 million tons in
2021 (Figure 6.1.6) [2, 32].

For mineral fertilizer production, phosphate rock is processed to phosphoric
acid through the wet phosphoric acid (WPA) process [33].

Fertilizer production is the main application of phosphoric acid next to feed
and food production as shown in Figure 6.1.7.

For the production of phosphoric acid, H3PO4, from phosphate rock, the ore is
subjected to a series of beneficiation steps, among which there is flotation and calci-
nation for organic matter removal. The enriched material is then digested with sulfu-
ric acid (Figure 6.1.8). This final process step before P-fertilizer production can begin,
but must solve all the problems that could not be solved during beneficiation, such
as increasing P grade, elimination of contaminants, etc. It is the successful operation
of this process stage that determines whether the entire process from mining to phos-
phoric acid is economical.

The coproduct, gypsum dihydrate (CaSO4 ·2H2O), results from the reaction of
both the calcium portion of apatite and francolite and the remaining limestone frac-
tion with the sulfate of the sulfuric acid (eq. 6.1.1). There are high procedural re-
quirements for the digestion process in order to obtain phosphate-free gypsum.
Only then can the gypsum be marketed. Otherwise, phosphate-rich gypsum is ob-
tained, the disposal of which is costly (70 USD/t). Between 4 and 6 t of low-
radioactive phosphogypsum per ton P2O5 is produced as relevant by-product/waste.
About 85% of the 5.6–7.0 billion t phosphogypsum produced globally over the life-
time of the phosphate industry are disposed of in wet- or dry stacks in 52 countries
worldwide. The digestion process also leads to the mobilization of transition met-
als, which are removed from the crude phosphoric acid in post-treatment steps [16].
The solubility of gypsum and metal salts in both water and phosphoric acid must
be considered when purifying the acid.

Crude phosphoric acid is very impure and requires cost-intensive purification.
When concentrated and allowed to stand, a considerable part of the insoluble
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impurities settles in sludge form, which is separated and disposed of. Depending
on its use, the acid must be concentrated. For fertilizer production, a H3PO4 with 40
to 54% P2O5 is required, while for shipping the concentration is 52 to 72% P2O5. The
evaporation process is technically complex, not only because of the high corrosive-
ness of the acid and the precipitation of salts and gypsum but also owed to the
acidic exhaust gases containing, released which contain fluorine compounds and
phosphoric acid mist (eq. 6.1.1). The released fluorine reacts with the siliceous com-
ponents from apatite to produce hexafluorosilicic acid as by-product (eq. 6.1.2).
However, technical use has been low so far.

Ca5 PO4ð Þ3 OH, Fð Þ + 5H2SO4 + 10H2O ! 5 CaSO4 · 2H2O + 3H3PO4 +HF (6:1:1)

SiO2 + 6HF ! H2SiF6 + 2H2O (6:1:2)

Since phosphoric acid is strongly hygroscopic, the removal of water is highly en-
ergy intensive. A much more extensive cleaning is possible through precipitation of
the interfering ions followed by multistage liquid-liquid countercurrent extraction
of H3PO4 [34–37].

Apart from the gypsum issue there is another major drawback inherent to sulfu-
ric acid. This is the unfavorable chemical property of the sulfates formed upon digest-
ing P-ores of primary or secondary origin that contain trivalent ions, specifically Fe
and Al. The resulting sulfates interact non-specifically with different chemical entities
in a very broad pH range between 3 and 11, forming slimes and precipitates the re-
moval of which is extremely tedious. In most cases, the technical effort exceeds the

Figure 6.1.7: Application of phosphoric acid, H3PO4.
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value of the contained acid by far. Therefore, any alternative for the wet chemical
process will have to utilize an acid different from sulfuric acid.

In the classical wet chemical process, these undesired chemical interactions of
trivalent metal cations are superimposed by the far more abundant divalent calcium,
for which reason they appear less prominent. But they contribute to the effort that
has to be undertaken during purifying crude phosphoric acid, so-called green acid.
However, alternative processes for extracting impurities from H3PO4 still lack techni-
cal maturity.

The problems associated with gypsum formation do not occur if nitric or hydro-
chloric acid is used instead of sulfuric acid. This can be done analogous to the Odda
process (Nitrophoska) with nitric acid (eq. 6.1.3) or hydrochloric acid (eq. 6.1.4).
Both by-products calcium nitrate and calcium chloride are processed to fertilizer or
road salt.

Figure 6.1.8: The wet-chemical process for phosphoric acid production along the hemihydrate
route. The initially formed gypsum (hemihydrate) is rich in phosphate and as such not marketable.
It is therefore recrystallized in the presence of excess sulfuric acid to well-marketable, almost
phosphate-free gypsum dihydrate, CaSO4·2H2O. Excess sulfuric acid, H2SO4, from the
recrystallization step is refunnelled into the digestion process, thus reducing acid losses to a
minimum. Only the hemihydrate route produces marketable gypsum, but not all processes are
operated this way.
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Ca5 PO4ð Þ3 OH, Fð Þ + 10HNO3 ! 5 Ca NO3ð Þ2 + 3H3PO4 + HF (6:1:3)

Ca5 PO4ð Þ3 OH, Fð Þ + 10HCl ! 5 CaCl2 + 3H3PO4 + HF (6:1:4)

The purification of the crude phosphoric acid can be done according to established
techniques [38].

In order to substitute the established WPA for a process that is characterized by
low carbon emission, zero waste and energy and resource efficiency, a completely
different technology is required. One example for such a technology is the PAR-
FORCE process (“Phosphoric Acid Recovery from Organic Residues and Chemicals
by Electrochemistry”). Once developed for phosphate recycling from sewage sludge
ashes (SSA), it became evident soon that this is a generally applicable approach to
recover phosphate from a broad variety of input materials, such as SSA, phosphate
rock or magnesium ammonium phosphate (MAP), MgNH4PO4, which is also known
as struvite. In addition, PARFORCE is suited for a series of phosphate-containing
secondary raw materials, e.g. production waste, calcium phosphates or bone meal
ashes. It only produces to market-established products, while the use of chemicals,
likewise the generation of waste is kept to a minimum. Unlike other phosphoric
acid production processes, the PARFORCE technology works with electrical energy
and thus can be operated fully on the basis of regenerative energies. This is of par-
ticular interest, where sufficient solar energy as is abundant, such as in Africa [39].

Another highly important issue is acid consumption. Up to now, as soon as a pro-
cess becomes wet chemical, there is the need for excess acid to digest the ore (or sec-
ondary raw material) to complete the process within reasonable, i.e. economically
viable timelines. Typically, this excess acid has to be removed, i.e. the spent chemical
is not only lost, it is even overconsumed by the alkaline substances needed to adjust
the pH to neutrality. This is not only questionable in terms of resource efficiency, but
also typically the economical death blow. In the WPA, this issue has been solved by
reintegrating excess acid in the digestion reactor when sulfuric acid is used as the
digestion medium (Figure 6.1.8).

In the case of hydrochloric acid, the situation becomes even more favorable and
economically more interesting once there is solar energy at hand. In that case, the
formed intermediary, CaCl2, which is of low value and more or less disposed of as
road salt, can be split by means of electrochemistry. One product is Ca(OH)2 (slaked
lime), for which there is a market all over the world (80–90 USD/t). The other product
is HCl, which is reintroduced into the digestion vessel, thus losing no excess acid.
The only amount of acid consumed is the hydrogen chloride required for the diges-
tion step in stoichiometric amounts according to P-ore composition (Figure 6.1.9).

Another crucial benefit is that no freshwater is required. Instead, seawater can
be used. As the digestion process is conducted with hydrochloric acid, HCl, there is
no disturbing interference by the sodium chloride, NaCl, in seawater (c ≈ 35 g/L).
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As mentioned above, other secondary resources like sewage sludge ash, stru-
vite and production residue are equivalent for phosphoric acid production. In order
to develop such processes, the legal requirements for obtaining marketable products
from waste must be established which is already done in some European countries.
One of these sources is sewage sludge which contains between 20 and 55 g P/kg dry
matter. After extracting phosphorus from solid sludge phase into the aqueous phase,
it can be precipitated as struvite (MgNH4PO4). An advantage besides the separation
of phosphorus is the binding of nitrogen as ammonia. In the PARFORCE process stru-
vite from sewage sludge is calcined to separate ammonia for fertilizer production.
Phosphorus is extracted by an acid leaching step using HCl. In addition to ammonia,
a magnesium chloride solution is produced which is recirculated and used again for
struvite precipitation onside the waste water treatment plant. The process impresses
with its diversity of feedstocks and phosphoric acid is also extracted from SSA or pro-
duction waste in this way (Figure 6.1.10).

The leaching residue consists of different silicates and heavy metals from the
waste water which are incorporated in geopolymers (see Section 6.1.1). The next step
involves the separation of Fe3+ and Al3+ by ion exchange or solvent extraction as chlor-
ides to recycle them as precipitation agent for phosphate in the waste water treatment
process. Dissolved impurities like heavy metals ions Ni2+ , Pb2+ , Cu2+ etc.

� �
are sepa-

rated from the phosphoric acid by electrodialysis as an electrochemical membrane
process. The impurities remain together with CaCl2 or MgCl2 in stream from where they
are precipitated. Calcium and magnesium chloride are reused either as road salt or
precipitated salt for struvite. This means that no residual materials remain that have to
be disposed of and the material cycle is closed (zero waste concept). The phosphoric
acid is very pure and becomes concentrated by vacuum evaporation of water to a com-
mercial concentration of 54% P2O5.

6.1.3 Rare earth recovery from end-of-life products

Rare-earth metals (REM) are a group of elements comprising 14 lanthanides, yttrium
and scandium, which have become indispensable in the development of high-tech
technologies in recent years. Because of their growing demand in these advanced
applications and their small and opaque market, they have become a critical com-
modity [40, 41]. About 40% of the total worldwide consumption of REM is in battery
alloys and permanent magnets as high-growth markets (Figure 6.1.11). Neverthe-
less, the use of these valuable metals seems to be the center of attention in modern
and clean technologies in the upcoming years.

Considering that >75% of global reserves of REM are placed in China, the United
States, Vietnam and Brazil, along with the fact that currently ~71% of the annual pro-
duction of these metals is Chinese [2], there is a real risk of supply causing price vola-
tility and geopolitical problems. In fact, China set maximum quotas, introducing
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license allocation, imposed taxes and regulated REM exports due to increased de-
mand and the dominant position of REM production. Trade policy in this country
caused a worldwide price peak for REM in 2011. To secure the world’s RE demand in
Europe reducing import dependencies, many researchers focused their investigations
on the development of recycling processes from preconsumer scrap, industrial resi-
dues, end-of-life (EoL) products and their waste streams. Furthermore, the annual
growth rate for electrical and electronic waste equipment (WEEE) in Europe amount
of 7% with a forecast of reaching 52.2 Mt in 2021 [43]. As a consequence, a WEEE di-
rective has been established with the purpose of promoting recycling and reuse in-
stead of disposal [44]. Dealing with RE recovery from WEEE can not only protect the
environment but also promote the sustainable development of rare earth resources.

Although all REM are necessary and present in such advanced devices, which
are indispensable for a continuing development of modern life, five of them are con-
sidered critical metals (CRM) based on the importance of clean energy and supply
risk. Thus, yttrium, dysprosium, neodymium, terbium and europium are the main
target REM for recovery, contributing to a circular economy. Due to the high REM
content, especially the CRM ones, into permanent magnets (NdFeB and SmCo), fluo-
rescent lamp scraps and NiMH batteries, the REM recovery is mainly focused on
these EoL products. Despite the efforts by the community to develop REM recycling
processes, only a few have been developed to sufficient maturity to operate them on
an industrial scale. Due to the drop-off in prices in recent years along with the non-
uniform waste streams, became these recycling processes cost-inefficient with tech-
nology readiness levels (TRL) are <7 [45].

Figure 6.1.11: Breakdown of estimated REM consumption by sector with the REM utilized
in each application. Data from [42].
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Over the years, hydrometallurgical and pyrometallurgical processes have been
the main routes of REM recovery. A wet chemical EoL recycling for fluorescent lamps
(2008) and NiMH batteries (2011) have already been developed by Solvay Rare Earths
and Umicore on an industrial scale [46]. REMs have been also recovered from fluores-
cent lamp scraps by Osram process, which was patented in 2012 [47]. Hydrometal-
lurgical approaches include the common acid digestion step, which is cost-intensive.
Furthermore, a wet treatment requires working with an acid excess, becoming a high
acidic waste stream, which makes inevitable the neutralization step. Thus, the chemi-
cal consumption by this recycling route is considerably high. Regarding pyrometal-
lurgical processes, the cost-energy became a problem since the temperature required
for REM recovery is >800 °C. To tackle these obstacles from both traditional recycling
routes, an unconventional approach, the so-called solid-state chlorination (SSC) is
emerging for REM extraction and processing since this alternative has been proven to
be more efficient and cheaper [48]. The chlorination process consists of the conver-
sion of the metal content of the raw material into water-soluble metal chlorides. Al-
though different chloride agents can be used, NH4Cl(s) is a promising chloride salt
because the REM recovery is reached using a temperature range of 250–300 °C, thus
reducing the energy consumption process compared to the use of CaCl2(s), NaCl(s) or
Cl2(g). Therefore, SSC offers several advantages compared to acid leaching: (i) reduc-
tion of chemicals consumption, (ii) reduction of chemicals costs, (iii) avoidance of
neutralization step, (iv) no regeneration of acidic waste water streams, (v) a circular
economy step since the unreacted HCl(g) and NH3(g) in the exhaust gasses can re-
combine upon cooling, obtaining NH4Cl(s) for reuse in next runs and (vi) earning
revenue by selling a marketable coproduct like NH3(g) (purity >99.9998% and [Cl−]
<5 ppm[49]) obtained by its excess in the exhaust gas.

According to the circular resources chemistry principle, two recycling processes
have been developed. REM, mainly Y and Eu, were recovered from waste phosphor
by the SSC process and subsequent leaching with water. This route, known as the
Sepselsa process, went into industrial application in 2015 processing 27 tons of
phosphor since then [46]. Following the same chlorination process, REM from
NdFeB and SmCo magnets were extracted within the MagnetoRec project. A first
continuously operated reactor with a performance of a half-ton-per-day capacity is
in operation in Freiberg (Germany) since July 2021.

6.1.3.1 Fluorescent lamps (Sepselsa process)
Since the content of REM in phosphors of lamps can reach 27.9% [50], the process-
ing of their waste streams and therefore, the use of this EoL product as feasible
metal raw materials provides a promising alternative to recover and recycle REM. In
order to reduce the disposal in landfills of such lamps, the development of recycling
processes is mandatory. 0.9 Mt of lamp wastes were produced worldwide in 2019 of
which EoL phosphors (0.2 Mt containing 23% of REM) till now are not recycled and
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were disposed of in landfills in Europe. Although the manufacture of fluorescent
lamps had a constant growth in the last decade, EU regulations regarding energy
labeling and eco-design requirements established that most halogen and traditional
fluorescent lamps will be phased out as of September 2023 [51]. They will be re-
placed by modern lutetium aluminum garnet (LAG) LED lamps. This change will
generate a considerable waste stream that will reach recycling markets and there-
fore largely lack adequate REM recovery processes. Another important issue to be
aware of is the mercury content into the phosphor powder reaching, without which
fluorescent lamps do not work. For instance, ~300 t of Hg-contaminated fluorescent
lamps containing 10% of REM are yearly deposed downhole in Germany [47].

Modern fluorescent lamps, known as tri-band lamps, use a mix of three differ-
ent phosphors (Table 6.1.2) [13, 52].

Although up to six different REM can be found in fluorescent lamps, namely cerium,
gadolinium, lanthanum, terbium, europium and yttrium, the last two are the ones
with the largest amount, up to 55% in the red phosphors [52]. In this sense, many
researchers are focused on recovering both REM.

Mechanical separation is the most common route to remove components such as
glass, plastic and aluminum end caps. Afterward, a physical treatment consisting of
crushing the EoL product is carried out to facilitate the collection of phosphors frac-
tions. Unfortunately, these fractions often contain large amounts of impurities, mainly
glass cullet and metallic parts like the remaining electrodes. The processing of the
phosphor powder fractions has been performed in the aforementioned traditional hy-
drometallurgical mining technologies, being Osram or Solvay processes the most well-
known due to their industrial application. However, it has been demonstrated that the
cost-efficiency for the REM recovery process is increased using the SSC instead of wet
treatments. The Sepselsa process converts the metals contained in the phosphor pow-
der into chloride compounds by reaction with dry HCl(g). These metal chlorides are eas-
ily dissolved with water reaching a REM recovery of 88.6% [46], which can be a
marketable product after precipitation in oxalate form and further calcination stage to
achieve rare earth oxides (REO). Although this approach has been successfully applied

Table 6.1.2: Emission colors and composition of rare earth
phosphors [13].

Phosphor Name Emission color

Y2O3:Eu3+ YOE red
La PO4ð Þ:Ce3+ , Tb3+ LAP green
ðCe3+ , Tb3+ ÞMgAl11O19 CAT green
ðGd3+ ,Ce3+ , Tb3+ ÞMgB5O10 CBT green
BaMgAl10O17:Eu2+ BAM blue
ðCa, Sr, BaÞ5ðPO4Þ3Cl:Eu2+ ScAp blue
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in a real environment by FNE Entsorgungsdienste Freiberg GmbH (Germany), the prod-
uct obtained was a mixture of REO instead of individual oxides. Therefore, an optimiza-
tion of the chlorination route, Sepselsa process 2.0, was achieved by combining the
SSC with the solvent extraction process (Figure 6.1.12). This new approach not only is
able to recover REM from phosphors but also obtain single REO (Y2O3 and Eu2O3) as
products with purities >99% [48].

The Sepselsa process 2.0 considers the Circular Resources Chemistry concept, too,
and implements the zero-waste principle as far as possible. For instance, recirculat-
ing NH4Cl(s) is beneficial from circularity (reduced chemicals consumption) and costs
point of view. The solid residue obtained after the leaching step is rich in aluminum
silicates, which is a perfect base to make geopolymers to be used as paving stones,
paving slabs, canal and tunnel construction, etc. A particular environmental benefit
is the recovery of fertilizer-grade ammonia (NH3), which is the off-product of NH4Cl
decomposition once HCl has been consumed in the digestion step. It can be marketed
directly and thus contributed considerably to covering process costs.

Figure 6.1.12: Industrial flowsheet for fluorescent lamp waste processing to recover RE
as oxides [48].
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6.1.3.2 Permanent magnets (MagnetoRec process)
Permanent magnets demand has been increasing in recent years because of their
strongest magnetic alloys content currently available with magnetic energy densi-
ties ≤450 kJ/m3 [53]. With the focus on the development of clean energies, it is ex-
pected that this sector holds the first place in the priority of REM recycling because
of the difficulty of finding substitutes. Neodymium, samarium, praseodymium, dys-
prosium and terbium are the common REM used in such magnets.

Neodymium-iron-boron (NdFeB) and samarium-cobalt (SmCo) are the two
main permanent magnets. The former are much more frequently used in far higher
amounts because of their magnetic strength and their non-restricted size due to
brittleness problems. As such, NdFeB magnets are able to produce a higher mag-
netomotive force in smaller magnet sizes. Considering their requirement on wind
turbine generators (WTG), this trend seems not to change in the near future, being
the average annual demand growth rate forecast for NdFeB magnet in these
WTGs, +10% in the 2020–2030 period [54]. Regarding SmCo alloys, it can be af-
firmed that they have high stability against demagnetization. Therefore, they are
mainly used in special applications such as high-end engines in motorsports or in
hard disk drive data storage.

Since 2011, when the peak of REM commodity prices had been reached, many
attempts have been undertaken to develop processes for recovering these valuable
metals. In fact, 1 kg Nd2O3 with ≥99% purity achieved a price of 250 USD/t, which
however has dropped to ~66 USD/t today. Despite efforts to develop an efficient
and economical process for recovering REM from permanent magnets to the best of
our knowledge none of them has been realized on an industrial scale because of the
sharp fall in raw material prices. Hydrometallurgical routes have been almost exclu-
sively preferred for NdFeB and SmCo magnets. Pyrometallurgical approaches are
avoided because in these EoL products there is corrosion, plastics, adhesives and
nickel, cobalt and zinc as accompanying elements. As mentioned above for fluores-
cent lamps, hydrometallurgical processes involve an initial acid digestion step,
which is intrinsically cost-intensive. Once again, the SSC process is an alternative
to tackle all the drawbacks of the current hydrometallurgical approaches. In this
sense, a cost-efficient process was developed within the MagnetoRec project, which
allows the REM recovery from both, NdFeB and SmCo magnets.

85% of REM was recovered from EoL NdFeB magnet by using the SSC process with
subsequent leaching with acetate buffer (pH = 3) [49]. The solution obtained after
both steps not only contained REM but also iron as the main component of such
magnets. REF3 and FeCl2 as products were obtained after fluoride precipitation with
HF(aq) (Figure 6.1.13a). Regarding the recovery of REM from SmCo magnets, selective
separation was achieved [55]. Thus, Sm was recovered whereas Co remained in the
solid residue (Figure 6.1.13b).
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When compared with the literature, the MagnetoRec process for REM recovery
from EoL permanent magnets works at less than half the costs of published alterna-
tives. Such has been the success of both processes that in 2021 an industrial-scale
reactor has been installed for the recovery of REM from permanent magnets, regard-
less of whether the magnet is NdFeB or SmCo.
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6.2 Phosphates

Robert Glaum, Thomas Staffel

Hydroxylapatite Ca5(PO4)3(OH) and related mineral resources form the basis for all
phosphate and phosphoric acid production which amounted in the year 2020 world-
wide to an equivalent of approx. 47 Mio. tons P2O5 (forecast FAO [1]). The majority
(approx. 95%) of phosphate/phosphoric acid is used for fertilizer production (see
Chapter 6.6). Yet, there are many further applications of inorganic phosphates mak-
ing use of their particular acid/base, complexing, and redox properties. These appli-
cations range from phosphates as detergents, anti-corrosives, food additives (see
Chapter 6.5), flame retardants (see Chapter 1.6), construction materials, and coatings
(see Chapter 1.7). Applications include also use in dental and health care products.
Eventually, special applications of transition metal phosphates in lithium ion second-
ary batteries, in heterogeneous catalysis and as color pigments will be outlined.

6.2.1 Phosphate reserves/resources, need and recovery

Natural phosphate minerals (“phosphorite” or “phosphate rock” [2]) are either of igne-
ous (magmatic) origin or sedimentary deposits. The former have lower P2O5 content
(approx. 5 wt%) than the latter (up to 30 wt%) [3]. In most cases phosphate rock has
to be enriched in P2O5 content to above 20% (“benefication”) to be suitable for phos-
phate/phosphoric acid production. Phosphate rock consists mainly of hydroxylapatite
Ca5(PO4)3(OH) [4] and related minerals of the apatite family (e.g. Ca5(PO4)3X (X: F [5],
Cl, Br, O2− , CO2−

3 ). Carbonate-apatite like Ca9.75½ðPO4Þ5.5ðCO3Þ0.5�CO3 [6] with hetero-
valent substitution of OH− (A-type) and PO3−

4 (B-type) by CO2−
3 is also frequently oc-

curring and particularly interesting with respect to its crystal chemistry. Apatite-based
minerals can contain traces of uranium and thorium (predominantly as U4+ =Th4+ on
Ca2+ sites [7]). The uranium/thorium content generally is low, nevertheless its recovery
has been discussed repeatedly [8]. Enrichment of U/Th during mineral workup cre-
ates, however, an environmental risk. Ecologically it is also important that for benefi-
ciation of one ton of phosphate rock 8 to 15 tons of water are required [3]. Sufficient
water supply is essential for exploiting phosphate rock deposits.

Besides apatite-type minerals, aluminum-containing crandallite (ideal formula:
CaAl3(HPO4)(PO4)(OH)6, related to alunite KAl3(SO4)2(OH)6 [9]) and wavellite Al3
(PO4)2(OH, F)3 · 5H2O [10] are of some importance. The well-known minerals vivianite
Fe3(PO4)2 · 8 H2O and monazite REIIIPO4 (RE = rare earth element) are of no economic

Note: In preparation of this Section (6.2) consultation of and cross-referencing to the chapter
“Phosphoric Acid and Phosphates” co-authored by one of us (T.S.) in Ullmann’s Encyclopedia of
Industrial Chemistry (6th ed., Wiley-VCH, 2008) is acknowledged.
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relevance for phosphate/phosphoric acid production. In order for a phosphate rock
to be suitable for a wide range of processing options, the M2O3/P2O5 ratio (M2O3: total
content of Fe2O3 + Al2O3) must generally be below approximately 0.10. The ratio M2O3/
P2O5 has to be below 0.12, if MgO is included in the total metal oxide content, to avoid
manufacturing problems, in particular while synthesizing ammonium phosphates
ðNH4H2PO4, NH4ð Þ2HPO4Þ [3].

World phosphate rock production since 1975 is shown in Figure 6.2.1. The produc-
tion is forecast to reach 260 million tons (corresponding to approx. 60 Mio. tons P2O5)
in the year 2024 [11]. Currently (2021), global phosphate rock resources are estimated at
about 71·109 t. Peak phosphorus with the depletion of the phosphate mines in China
and the USA (worlds 1st and 2nd largest producers 2020) is expected within the next
60 years. While the peak phosphorus hypothesis is disputed [12], it is generally ac-
cepted that 70% of global phosphate rock resources are located in Morocco [13, 14].

While there will be no immediate shortage in phosphate rock supply it has to
be kept in mind that phosphate fertilizer is essential for global food production and
without substitute. In future this might lead to an increasing need for recovering
and recycling phosphate from sewage water.

6.2.2 Phosphoric acid

Synthesis of phosphoric acid H3PO4 (monophosphoric or orthophosphoric acid; ap-
prox. 83 · 106 t/a world production in 2015 with est. P2O5 content of slightly above
55%) is accomplished by two different processes which are summarized in reactions
6.2.1 and 6.2.2 [16]. The wet process with digestion of apatite by sulfuric acid leads
to crude phosphoric acid with a rather low P2O5 content of approx. 30 wt% and gyp-
sum CaSO4 · 2 H2O or hemihydrate CaSO4 · 1/2 H2O as further products. The wet pro-
cess is also the main industrial source of hydrogen fluoride which is obtained as a

Figure 6.2.1: Phosphate rock production (global 1900–2020 and by main countries
1970–2020 [1, 15]).
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by-product. By digestion of phosphate rock with sulfuric acid in a smaller reaction
ratio (reaction 6.2.1b), normal superphosphate NSP fertilizer, which is a mixture of
gypsum and calcium bis(dihydrogenphosphate), is produced. Concentration by vacu-
um evaporation of the crude acid to approx. 50 wt% P2O5 is required prior to its
use in triple superphosphate TSP fertilizer production as described by reaction
6.2.1c. About 95% of phosphoric acid production is obtained by the wet process de-
spite the high cost for concentrating, the highly corrosive reaction medium and
some phosphate loss with the precipitated gypsum. Alternatively, phosphoric acid
is produced from elemental phosphorus via combustion and subsequent hydrolysis
of P4O10 (thermal process; reactions 6.2.2a to c). Thermal phosphoric acid contains
only traces of impurities, in particular arsenic, which can be removed by precipita-
tion as arsenic sulfide [16].

Ca5 PO4ð Þ3 OHð Þ sð Þ+ 5H2SO4 lð Þ+ x − 1ð ÞH2O lð Þ !80
� C

5 CaSO4 · x H2O sð Þ+ 3H3PO4 lð Þ x = 0.5 or 2ð Þ (6:2:1a)

2 Ca5 PO4ð Þ3 OHð Þ sð Þ+ 7H2SO4 lð Þ+ x − 2ð Þ H2O lð Þ!
7 CaSO4 · xH2O sð Þ+ 3 Ca H2PO4ð Þ2 sð Þ x = 0.5 or 2ð Þ (6:2:1b)

Ca5 PO4ð Þ3 OHð Þ sð Þ + 7H3PO4 lð Þ!
5 Ca H2PO4ð Þ2 sð Þ + H2O lð Þ (6:2:1c)

2 Ca5 PO4ð Þ3 OHð Þ sð Þ + 10 SiO2 sð Þ + 15 C sð Þ!
3=2 P4 gð Þ+ 10 CaSiO3 lð Þ + 15 CO gð Þ + H2O gð Þ (6:2:2a)

P4 gð Þ + 5O2 gð Þ! P4O10 gð Þ ðΔ rH = − 3053 kJ=molÞ (6:2:2b)

P4O10 gð Þ + 6H2O lð Þ! 4H3PO4 lð Þ ðΔ rH = − 377 kJ=molÞ (6:2:2c)

Orthophosphoric acid is medium strong, triprotic with the dissociation constants
K1 = 7.1 · 10–3 mol/L, K2 = 6.3 · 10–8 mol/L, K3 = 4.7 · 10–13 mol/L. Aqueous solutions
of dihydrogenphosphates are weakly acidic, while those of hydrogenphosphates
and tertiary phosphates show weak or strong alkaline behavior, respectively [16].

6.2.3 Phosphate anions: From isolated orthophosphate to 3D networks

Phosphorus(V) exhibits exclusively tetrahedral coordination by oxygen in contrast to
the octahedral PF−

6 anion and the trigonal-planar NO−
3 . Therefore, the ratio O/P of a

phosphate provides immediate structural information (see Table 6.2.1). Phosphates
with O/P > 4 generally contain O2− ions besides PO3−

4 groups (e.g. Ti5P4O20 which is
better formulated as Ti5O4 PO4ð Þ4 [17]) In contrast, O/P < 4 is found for phosphates
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containing condensed PO4 tetrahedra (Table 6.2.1). In the Qn nomenclature intro-
duced for the structural description of silicates by Liebau [18] n denotes the number
of tetrahedral groups linked to a central tetrahedron. In phosphates 0 ≤ n ≤ 3 is
found. Based on the Qn nomenclature systemizing the wealth of phosphate anions is
straightforward (see Table 6.2.1). For metaphosphates (n = 2) further distinction be-
tween cyclic and chain-like anions is necessary, e.g. cyclo(tetrametaphosphate) for
the P4O4−

12 anion and catena(metaphosphate) for PO−
3 chains. Phosphates containing

chain-like anions with Q1 and Q2 groups are regarded as oligo- and polyphosphates,
respectively. This grouping is based on the analytical distinction by ion chromatogra-
phy [19] and 31P-MAS-NMR spectroscopy with “oligo” being used for chains with less
than 50 phosphate tetrahedra and “poly” for even longer chains. The power of the
latter method for characterizing phosphates in both, the solid and liquid state, is
shown by examples from the more recent literature [20].

In condensed phosphates, one can distinguish between Ob, oxygen atoms bridging
two phosphate groups, and Ot, terminal oxygen atoms. Coordination of phosphate
anions to metals is always through Ot. There are no examples for Ob acting as li-
gands. The geometric structure of orthophosphate groups is generally close to that
of a tetrahedron with d(P–O) = 1.53 Å. In condensed phosphates d(P–Ot) = 1.49 Å is
typically found and can be as short as 1.45 Å. The distance to bridging oxygen

Table 6.2.1: Structure and nomenclature of phosphate anions.

O/P ratio Name Qn Nigglia) Examples

> oxide-phosphate Q and O‒ (PO/)
‒ and O‒ Ca10 PO4ð Þ6O [21],

Ti5O4 PO4ð Þ4 [17]
 ortho- or mono-

phosphate
Q (PO/)

‒ Na3PO4 [22]

. pyro- or diphosphate Q (PO/O/)
‒ Na4P2O7 [23], SiP2O7

[24]

. > O/
P > 

oligophosphate or
polyphosphate

Q and Q (PO/O/)
‒ and

(PO/O/)
‒

Na5P3O10 [25]

 metaphosphate (cyclic
or chain-like)

Q (PO/O/)
‒ NaPO3 [26]

b), Na3 P3O9ð Þ
[27]

 < O/P <
.

ultraphosphate Q and Q (PO/O/)
‒ and

(PO/O/)


CuP4O11 [28], NdP5O14

[29]

. phosphorus(V) oxide Q (PO/O/)


 polymorphic forms of
PO [–]

a) Structured formula according to Nigglis formalism [33]. A terminal oxygen Ot is counted as 1/1,
each Ob as 1/2.
b) Maddrells salt
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atoms d(P–Ob) ranges from 1.58 to 1.63 Å [34, 35]. Angles ffðO,P,OÞ in phosphate
groups follow the VSEPR model with Q1 phosphate being comparable to isolated
ðPO3FÞ2− anions, Q2 to SO2F2 or anionic ðPO2F2Þ− and Q3 to POF3.

The degree of condensation of phosphate groups expressed by the Qn formalism
is not only providing geometric information. In terms of the Lux-Flood acid-base
concept (O2− donating compounds are regarded as bases, O2− acceptors as acids
[36]) reactions in particular (but not only) in phosphate melts changing Qn of the
phosphate anion can be understood as acid/base reactions (e.g. reactions 6.2.3a to
c; note that 6.2.3c represents a combination of Lux-Flood acid-base and redox reac-
tion). Obviously, P4O10 is a strong Lux-Flood acid, while PO3−

4 anions are weak
bases. This concept has been applied successfully to understanding quantitatively
a wide variety of redox and acid-base reactions in (glass) melts. It is also in line
with the classification of oxides in glass chemistry into network builders and modi-
fiers by Zachariasen [37].

6 Na2O sð Þ + P4O10 sð Þ ! 4Na3PO4 sð Þ (6:2:3a)

4PO3−
4 ðmeltÞ + P4O4−

12 ðmeltÞ ! 4P2O7
4− ðmeltÞ (6:2:3b)

4 VIVO PO3ð Þ2 sð Þ + P4O10 gð Þ ! 4VIII PO3ð Þ3 sð Þ + O2 gð Þ (6:2:3c)

6.2.4 Monophosphates

Monophosphates of sodium (Na3PO4, Na2HPO4, NaH2PO4) are usually produced from
phosphoric acid and soda ash (Na2CO3) or caustic soda (NaOH). For production of
food-grade phosphates, very pure thermal phosphoric acid is used. The sodium mono-
phosphates are known as anhydrous salts as well as hydrates with varying amounts of
crystal water [38]. They show high solubility in water. Dilute aqueous solutions (1%) of
NaH2PO4 and its commercially available dihydrate are weakly acidic (pH = 4.5). Due to
their acidity they are used for phosphating of metal surfaces. Coatings on steel may
consist of a variety of mixed-metal phosphates [e.g. Fe3(PO4)2 · 8 H2O (vivianite), (Fe,
Mn)5(HPO4)2(PO4)2 · 4 H2O (hureaulite), Zn2Fe(PO4)2 · 4 H2O (phosphophyllite) and Zn3
(PO4)2 · 4 H2O (hopeite)]. Depending on the bath constituents and the formation condi-
tions, chemical and mechanical stability as well as the porosity of the coating can be
varied [39]. NaH2PO4 is used in acidic detergents and in a mixture with Na2HPO4 as
buffer in the pH range 5 to 8. Monosodium phosphate is also added for lowering the
pH of water purified by ion exchange. Eventually, NaH2PO4 serves as pH stabilizer
(soups, juices) in nutrition products. Disodium hydrogen phosphate Na2HPO4 is used
in similar applications as food additive yet it stabilizes the pH at higher values. A dilute
aqueous solution (1 wt%) shows pH = 9.5. It is also added in the production of milk
powder to prevent coagulation during the evaporation process. Both NaH2PO4 and
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Na2HPO4 are used as starting materials for the production of condensed phosphates
(see Section 6.2.5).

Trisodium phosphate Na3PO4 exhibits a strong alkaline reaction (pH = 11.5;
eq. 6.2.4) in water due to hydrolysis and thus causes saponification of fats. This be-
havior is the basis for its fat- and dirt-solving properties with application as indus-
trial cleansing agent.

PO3 −
4 ðaqÞ + H2O ! HPO4

2 −ðaqÞ + OH −ðaqÞ (6:2:4)

Commercially, trisodium phosphate is available as dodecahydrate which crystalli-
zes with small amounts of NaOH, thus forming a solid solution Na3PO4 · 12 H2O · x
NaOH ð1=7≤ x≤ 1=4Þ [40]. Instead of NaOH, incorporation of NaOCl is also possible,
leading to bleaching and bactericidal properties.

Formal substitution of one O2‒ in Na3PO4 by F‒ leads to sodium monofluorido-
phosphate Na2PO3F for which various types of synthesis are known (eqs. 6.2.5a to d
[16]). Depending on temperature und water vapor pressure, eq. (6.2.5d) can be re-
versed, leading to hydrolysis of the monofluoridophosphate anion. Na2PO3F finds
widespread application in toothpaste, carrying fluoride, which is regarded as a car-
ies prophylactic [41]. In special concrete Na2PO3F is used as a setting retarder [42].

NaPO3 + NaF ! Na2PO3F reaction in ameltð Þ (6:2:5a)

Na4P2O7 + 4 NaF + P2O5 ! 4Na2PO3F (6:2:5b)

Na4P2O7 + 2 HF ! 2Na2PO3F + H2O (6:2:5c)

Na2HPO4 + HF ! Na2PO3F + H2O (6:2:5d)

6.2.5 Condensed sodium phosphates: synthesis and properties

Condensed phosphates are formed by thermal dehydration of two or more hydro-
genphosphate/dihydrogenphosphate units (see reaction 6.2.6). Figure 6.2.2 shows
as an example the phase diagram for the binary system Na2O-P2O5, which includes
several condensed phosphates besides the orthophosphate. For a detailed account
on the crystal chemistry of condensed phosphates, the reader is referred to the book
by Durif [43]. Structurally, the family of condensed phosphates comprises pyrophos-
phates, oligophosphates, polyphosphates, metaphosphates, and ultraphosphates (see
Table 6.2.1). These are all phosphates with 1≤ n≤ 3 for Qn. Most technically relevant
condensed phosphates are obtained by thermal treatment of NaH2PO4 and of inter-
mediates derived thereof as is summarized in Figure 6.2.3.

2 Na2HPO4ðsÞ ! Na4P2O7ðsÞ + H2O gð Þ (6:2:6a)

NaH2PO4ðlÞ ! NaPO3ðlÞ + H2O gð Þ (6:2:6b)
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3NaH2PO4ðlÞ ! Na3ðP3O9ÞðlÞ + 3H2O gð Þ (6:2:6c)

Condensed phosphoric acids, which can be obtained from the corresponding so-
dium phosphates by ion exchange, contain two types of OH groups that differ
greatly in their degree of dissociation. One is strongly acidic while the terminal (Q1)
groups bear a second type that is only weakly acidic. Reliable dissociation con-
stants for di- and triphosphoric acid are given in literature (pyro- or diphosphoric

Figure 6.2.2: Phase diagram Na2O-P2O5 between NaPO3 and Na4P2O7 [44].

Figure 6.2.3: Condensed phosphates that can be prepared from NaH2PO4 by heating and their
interrelationship [47].
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acid H4P2O7: K1 = 1.0 · 10–1 mol/L, K2 = 5.2 · 10–3 mol/L, K3 = 2.0 · 10–7 mol/L, K4 =
4.0 · 10–10 mol/L, triphosphoric acid H5P3O10: K1 = 1.0 · 10–1 mol/L, K2 = 6.3 · 10–3

mol/L, K3 = 5.0 · 10–3 mol/L, K4 = 2.0 · 10–6 mol/L, K5 = 3.2 · 10–9 mol/L [45]). Conse-
quently, long-chain (“poly”) phosphoric acids and cyclo(metaphosphoric) acids be-
have as strong monoprotic acids. This leads to a decreasing pH for aqueous (1 wt%)
solutions along the series of sodium phosphates Na3PO4 (pH = 11.5), Na4P2O7 (10.2),
Na5P3O10 (9.7), Graham’s salt NaPO3 (6.0); see also Figure 6.2.4a.

By reversal of the formation reaction, condensed phosphates undergo hydrolysis
in aqueous solution (e.g. 6.2.7a). The rate of hydrolytic decomposition depends
strongly on temperature, pH, and the type and concentration of metal ions present in
the solution [46, 47]. For sodium triphosphate in aqueous solution (pH = 8, ambient
temperature), the half-life is more than a year, which is reduced to a few minutes at
pH = 3 and 100 °C. Three types of decomposition reactions (two hydrolytic, one rear-
rangement) are reported for condensed phosphates: successive cleavage from the
chain ends (eq. 6.2.7a), cleavage in the middle of a chain (preferably in strongly
acidic solution with formation of tri- and tetraphosphate; eq. 6.2.7b), and rearrange-
ment after intra-chain cyclization (6.2.7c) [47]. According to recent research, intra-
chain cyclization beginning from the chain ends with the predominant formation of
cyclo(trimetaphosphate) is the most important decomposition reaction for water-
soluble polyphosphate anions [20a].

H2P3O3−
10 ðaqÞ + H2O ! H2P2O2 −

7 ðaqÞ + H2PO −
4 ðaqÞ (6:2:7a)

H2P6O6 −
19 ðaqÞ + H2O ! 2H2P3O3 −

10 ðaqÞ (6:2:7b)

H2P12O
12 −
37 ðaqÞ ! H2P8O

8 −
25 ðaqÞ + P4O

4 −
12 ðaqÞ (6:2:7c)

Condensed phosphates of the alkali metals are generally well water-soluble, while
phosphates of cations with higher charge are less or even insoluble. These solutions
are containing cyclic and chain-like, but no branched (Q3) phosphate anions [47].
The catena(phosphates) behave like soluble ion exchangers for cations with higher
ionic charge and prevent these cations from precipitation. Even though the cation
binding is reasonably well described as chelating complexation by the oligo- and
polyphosphate anions, formation of well-defined complexes is not observed. Quite
remarkably, cyclo(trimetaphosphate) and cyclo(tetrametaphosphate) show no cat-
ion exchange behavior and complex formation in aqueous solution. The cation
binding behavior of a condensed phosphate is quantified by its lime binding capacity
[48], which depends on the chain length of the dissolved phosphate (Figure 6.2.4b).
The ion exchange and binding capacity of condensed phosphate solutions is used in
numerous applications (detergents, water softener, setting retarder for gypsum and
cement, cheese processing, . . .) to mask and inactivate interfering cations. Despite
not being surface active by themselves, dissolved condensed phosphates strongly influ-
ence the colloidal behavior and reduce the viscosity of aqueous suspensions. Thus,
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high solid content and low viscosity suspensions of insoluble inorganic solids (e.g.
BaSO4 white pigment particles; kaolinite) are obtained by addition of small amounts
of Graham’s salt (see Figure 6.2.3), which is a water-soluble, true oligophosphate
with chain length up to 25 phosphate groups. In the same way, the soil antiredeposi-
tion effect of polyphosphates in the laundry process can be understood as suspension
stabilization. Polyphosphates are also used to improve homogenization (prevent co-
agulation) during processing of cheese and meat. Polyphosphates are able to partly
dissolve/digest proteins and to convert it to a sol. As shown in Figure 6.2.4c, the dis-
persive activity of polyphosphates depends on the chain length.

Figure 6.2.4: Properties of condensed phosphates vs. chain length (number of phosphate groups).
pH-value (a), lime binding capacity (b), dispersing activity (c).
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6.2.6 Condensed phosphates: applications

Setting of pH, cation binding capacity, dispersing activity, and colloidal effects are
the most important chemical and physical properties which determine technical ap-
plications of condensed phosphates.

Na4P2O7, containing the simplest condensed phosphate anion, is used in de-
tergents and cleansers, in metal surface treatment, and in oil well drilling fluids
for viscosity adjustment [49]. In food production, sodium pyrophosphate is used
in cold puddings and ice cream for controlling their consistency. The stabilization
of toothpaste based on calcium hydrogenphosphate is also facilitated by adding
Na4P2O7. Similar application as detergent, in soaps and cleansers (in particular
for automatic dishwashers) are found for sodium triphosphate, which is commer-
cialized as anhydrous salt and as hexahydrate Na5P3O10 · 6 H2O. These applica-
tions are based on its unique combination of properties, which include water
softening, dispersing behavior for various types of dirt, and fat hydrolysis due to
moderately alkaline reaction in water.

Solid Na2H2P2O7 is used as baking aid. As acid carrier in dry state it does not
react with NaHCO3 and the mixture is stable during transport and storage. Only
upon mixing with water, CO2 is released (eq. 6.2.8). The effect of CO2 release during
baking of profiteroles is shown in Figure 6.2.5.

H2P2O2 −
7 ðaqÞ + 2HCO −

3 ðaqÞ + ! P2O4 −
7 ðaqÞ + 2 CO2 gð Þ + 2H2O (6:2:8)

Figure 6.2.5: Effect of an increased (right to left) amount of Na2H2P2O7/NaHCO3 mixture as baking
aid in the production of profiteroles [50].
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In leather production, polyphosphates act in several advantageous ways. They
prevent coagulation of blood and reduce the hardness of water during soaking of
hides and skins. The liming step becomes shorter and more effective due to stabili-
zation of small solid lime particles, which penetrate quicker the organic structure.
Polyphosphates do also react with proteins in a mild tanning process, similar to
commonly used chromium salts and classical vegetable tannage. Eventually, poly-
phosphates prevent staining of the leather during the washing steps by complexa-
tion of iron and calcium ions.

In paint production, oligophosphates with chain lengths of six to ten phosphate
tetrahedra improve the dispersion of the solid components (color pigment, filler) in
water. Thus, better homogeneity during storage and even better scrubbing resis-
tance of the dried paint is achieved.

In construction industry, small amounts of short-chain oligophosphates are
used as setting retarders for concrete, cement-based mortar and gypsum plaster. In
addition, a positive influence on the fluidity of the mortar is observed. Thus, opti-
mum workability at an increased open time (time prior to setting) is achieved.

6.2.7 Ammonium phosphates

Several phosphates have been identified and crystallographically characterized in
the system NH3-P2O5-H2O [51]. Of these, (NH4)H2PO4 and (NH4)2HPO4, which are ob-
tained by neutralization of phosphoric acid by ammonia, are of economic impor-
tance as fertilizers. In contrast to the corresponding alkali salts, ammonium oligo-
and polyphosphates (NH4PO3)x cannot be obtained by thermal condensation of
monophosphates due to release of ammonia at the required higher temperatures.
Therefore, only slightly above ambient temperature solid sources of ammonia
(urea, melamine; eqs. 6.2.9a and b) are reacted with concentrated phosphoric acid.

xH3PO4ðlÞ + xCO NH2ð Þ2 sð Þ ! ðNH4PO3ÞxðsÞ + xCO2 gð Þ + xNH3 gð Þ (6:2:9a)

xH3PO4ðlÞ + x=6 C3N3 NH2ð Þ3 sð Þ ! ðNH4PO3ÞxðsÞ + x=2 CO2 gð Þ (6:2:9b)

Ammonium phosphates show good flame retarding properties [52] (see also Chap-
ter 1.6), especially for wood and cellulose. This behavior can be traced back to at
least three different types of retarding mechanisms: endothermic degradation (re-
moval of heat from the substrate), thermal shielding (solid phase) by formation of a
thermal insulation barrier due to intumescent properties of phosphate together
with the organic substrate and, third, dilution of the oxygen containing gas phase.
In recent years it was shown that nanocomposites containing zirconium phosphates
like α-Zr(HPO4)2 · H2O possess even superior flame retarding properties [53].
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6.2.8 Phosphates of the alkaline earth metals, boron and aluminum

Digestion of phosphate rock with sulfuric or phosphoric acid leads to moderately
water soluble hydrogenphosphates Ca(H2PO4)2 and insoluble CaHPO4. For both,
several hydrates are known. Calcium hydrogenphosphates are used in fertilizers.
Pure calcium phosphates are predominantly used as feedstuff additives, as anti-
caking additives (e.g. for salt) and as polishing compounds in toothpaste due to
their abrasive behavior. The production of a certain calcium phosphate from
aqueous solution depends strongly on temperature and pH. Complete neutraliza-
tion of H3PO4 by lime leads to precipitation of hydroxyapatite Ca5(PO4)3OH. Trical-
cium phosphate Ca3(PO4)2 can only be obtained via high-temperature processes
(T > 900 °C), e.g. from Ca5 PO4ð Þ3OH and a source of additional P2O5.

BPO4 and AlPO4 in their dense forms require synthesis at temperatures up to
1000 °C with phosphoric acid, boric acid and Al2O3, respectively as starting materi-
als. Aluminum orthophosphate AlPO4 (mineral berlinite [54]) adopts a quartz-like
crystal structure while BPO4 crystallizes as homeotype of the cristobalite structure
[55, 56]. Open-framework structures (“molecular sieves”) based on aluminophos-
phate (AlPO4), silicoaluminophosphate (SAPO) or metal aluminophosphates (MeA-
POs) represent an important group of inorganic materials with large potential as
adsorbents and catalysts. By incorporation of transition metals, the Lewis-acidic be-
havior of nano-porous AlPO4 and of SAPOs can be enhanced. In addition, redox
functionality for selective oxidation of short-chain olefins can be achieved. The
reader is referred to the literature for details [57] and Chapter 7.3.

For aluminum, as for several other trivalent cations, various acid (e.g. Al(H2PO4)3
[58]) and condensed phosphates (e.g. AlH2P3O10, Al2P6O18, Al4(P4O12)3, Al(PO3)3) are
known. These have applications as components in glass production, as hardeners for
water glass and as additives in silicate plaster [59].

6.2.9 Transition metal phosphates

For all transition metals, except technetium, at least one anhydrous phosphate has
been crystallographically characterized up to date. While for some only one is known
(e.g. AuPO4 [60], OsP2O7 [61]), others like titanium [62], vanadium [63] or iron [64]
form many anhydrous phosphates with compositions ranging from oxide-phosphates
(e.g. Fe9O8 PO4ð Þ [65]) to P2O5-rich ultraphosphates (e.g. FeP4O11 [66]). Structurally,
on one side of the compositional range, this reflects in typical “oxide structures” with
an occasional phosphate group strewn in, while for phosphates rich in P2O5, networks
comprising Q2 and Q3 groups with well separated metal cations are observed. Va-
nadium (oxidation states +II, +III, +IV, +V), molybdenum (+III to +VI), and rhenium
(+IV to +VII) show an exceptionally wide variety of oxidation states in phosphate envi-
ronment. This stabilization of high as well as rather low oxidation states reflects the
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redox stability of phosphate anions, which is the prerequisite for their use as cathode
material in lithium ion secondary batteries (see Section 6.2.10). This high electro-
chemical stability goes along with low polarizability of phosphate groups, which
makes phosphates with quite high band gaps suitable for optical materials. Anhy-
drous transition metal phosphates are insoluble in water and even at elevated tem-
peratures, hydrolysis proceeds only slowly (with the exception of ultraphosphates).
Another consequence of the rather high lattice energy of transition metal phosphates
is the kinetic stability of their frameworks. This stability leads to application-relevant
properties: a) frequently encountered formation of thermodynamically metastable
polymorphic forms (e.g. VOPO4 [67], FePO4 [68]; b) requirement of rather high tem-
peratures for recrystallization and equilibration during synthesis (e.g. niobium(V)
phosphates NbP1.8O7 [69], Nb3(NbO)2(PO4)7 [70]). Subsequently, examples will be
given for the industrial application of transition metal phosphates as color pigments,
in heterogeneous catalysis, as cathode material in lithium ion secondary batteries,
negative (or zero) thermal expansion materials, and for second harmonic generation
in laser materials.

6.2.9.1 Phosphates as color pigments
One of the most striking properties related to transition metal ions is their color due
to excitation of d-d electronic configurations. In phosphates, these ions are embed-
ded in a chemically and thermally stable environment. This enables their use as
color pigments (see also Chapter 1.4) in conditions detrimental for organic materi-
als. Furthermore, phosphates allow some compositional variability, in contrast to
the corresponding binary oxides. While there is not much flexibility in the color of
the typical green pigment Cr2O3 [71], various ways of synthesis (eq. 6.2.10) are
known for the green pigment chromium(III) phosphate (historically named Arnau-
don’s, Dingler’s, Schnitzer’s or Plessy’s green). Depending on whether the anhy-
drous compound or one of the two hydrated forms are used, the color ranges from
green over bluish-green to greyish-purple [72]. This variation reflects the variability
of ligand fields that can be created by a phosphate environment. A striking example
for this variability is found with anhydrous titanium(III) phosphates (TiPO4: green,
Ti4[Si2O(PO4)6]: purple-red, Ti(PO3)3: light-blue [73]), even though their molar ab-
sorption coefficients and brightness are not sufficient for application.

2 ðNH4Þ2HPO4 + K2Cr2O7 ! 2 CrPO4 + 2 KOH + 2NH3 + 5H2O + N2 (6:2:10a)

10Na2HPO4 + 5K2Cr2O7 + 3 C4H6O6 ! 10 CrPO4 + 10K+ + 20Na+

+ 12 CO2−
3 + 6OH− + 11H2O

(6:2:10b)

Over the last decades, efforts were made to find environmentally uncritical color pig-
ments. One example is the replacement of cobalt violet (Co3(PO4)2 [74]) by ammonium
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manganese(III) pyrophosphate NH4MnIIIP2O7 [75] (Manganese Violet; Figure 6.2.6). It has
been shown for the solid solution In1–xMnx(PO3)3 that the distortion of the octahedral
chromophore MnIIIO6

� �
(Mn3+, Jahn-Teller active d4 electron configuration) can be

easily modified by second-sphere ligand field effects leading to a color shift from
purple-red (x = 1) to violet-blue (x = 0.6) [76].

In recent years, a whole new class of copper-containing pigments based on Apatite-
type phosphates of the heavy alkaline earth metals was introduced. Formal substitution
of X− by ðCuIOÞ− according to Ca5(PO4)3CuyOy+δ(OH)0.5−y−δX0.5 X = OH, F, Clð Þ yields
blue-violet to pink color hues [77] (Figure 6.2.6). The bright color of these solids sug-
gests that intervalence charge transfer ðCu+ =Cu2+Þ and ligand-to-metal charge transfer
ðO2−! Cu+ =2+Þ rather than d-d electronic transitions are responsible for light absorp-
tion. Strontium Phosphate Violet with the chemical formula Sr5(PO4)3Cu0.3O is a commer-
cially available violet pigment. Incorporation of lanthanum into the copper-containing
apatites Ca10 − xLax PO4ð Þ6O2H1.5− x− y− δCuy x=0 to 1.79; y=0 to 0.57ð Þ leads to colors
varying from pink to pale yellow and blue-grey tints [78].

Figure 6.2.6: Color pigments Manganese Violet (NH4MnIIIP2O7), Ca5(PO4)3Cu0.3O, Sr5(PO4)3Cu0.3O,
and Ba5(PO4)3Cu0.3O. The colors of Mn(PO3)3 and (Mn0.6In0.4)(PO3)3 demonstrate the susceptibility
of the Jahn-Teller elongated [MnIIIO6] chromophore to small changes in the crystal chemical
environment with shifts of the energies of the electronic transitions I: 5B1g →

5A1g,
dðz2Þ ! dðx2 − y2Þ; II: 5B1g ! 5B2g, 5Eg, dðxyÞ,dðxz, yzÞ ! dðx2 − y2Þ; depending on the
compositional parameter x in Mnx In1− xð Þ PO3ð Þ3.
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6.2.9.2 Titanium(IV) phosphates
Titanium(IV) pyrophosphate TiIVP2O7 [79] shows a cubic crystal structure that can be
derived from that of pyrite FeIIS2 by substituting the S2−2 anions by pyrophosphate
groups. Upon heating, the bridging oxygen atoms within the P2O4−

7 anions are oscillat-
ing with increasing amplitude perpendicular to the P–P vector of the pyrophosphate
group. This motion corresponds to a tilting of the two Q1 tetrahedra towards each
other, which in effect reduces the average distance between the terminal oxygen atoms
within the anion (Figure 6.2.7). Overall for TiP2O7 this leads to lower than typically ex-
pected expansion of the unit cell volume with increasing temperature. For bigger tetra-
valent cations, e.g. Ce4+, the octahedra [MIVO6] become more flexible and impose less
restrictions to the tilting of the phosphate tetrahedra (“quasi rigid unit motion” [80]).
Thus, for CeP2O7 above 450 °C, shrinking of the unit cell with rising temperature is ob-
served [81]. This negative thermal expansion (NTE) behavior [82], which is also shown
by other pyrophosphates MIVP2O7, is used in glass ceramics, e.g. CERAN (Schott AG),
to achieve composite materials with zero thermal expansion over a wide temperature
range. In such composites, the normal thermal expansion of the glass matrix is com-
pensated by the negative expansion of the crystalline phase. As a result, materials are
obtained that will not change shape over a wide temperature range and that can sus-
tain repeated and quick temperature changes without thermal strain and fracturing.

A second titanium phosphate of technical importance is the non-linear optics (sec-
ond harmonic generating SHG) material potassium titanyl(IV) phosphate KTiOPO4

(KTP). Its non-centrosymmetric crystal structure (space group Pna21 [83]) comprises
chains of corner sharing, highly distorted octahedra TiIV≡O

� �
O4O

� �
. These show a

short bond within the titanyl-group and a rather long distance to the second oxide ion
(in contrast to four oxygen atoms from coordinating phosphate groups). The anisotropic
Ti–O bond distribution seems to be a prerequisite for the SHG effect. KTiOPO4 crystals
(hydrothermal or oligophosphate flux growth) are used in diode pumped solid state la-
sers [84], which found wide-spread application in green laser pointers. In there, near
infrared light (λ = 1064 nm) of a Nd:YAG laser (neodymium-doped yttrium aluminum
garnet), is up-converted to its second harmonic, thus providing green light of 532 nm
wavelength. KTP has a relatively high threshold to optical damage ~15 J=cm2

	 

, an ex-

cellent optical nonlinearity and high thermal stability. However, it is prone to photo-
chromic damage during high-power 1064 nm second-harmonic generation.

6.2.9.3 Vanadyl(IV) pyrophosphate
Vanadyl(IV) pyrophosphate (VIVO)2P2O7 [85] is a rare example for a chemically
pure, single-phase solid used as catalyst material [86] (see also Chapter 7.2.). In
contrast to the strong Lewis-acidity of zeolite-type AlPO-catalysts used for cracking
of alkanes, here the peculiar redox behavior of (VIVO)2P2O7 provides the basis for its
application. The pyrophosphate as well as active materials derived thereof still rep-
resent the sole example of a commercialized material for the catalytic oxidation of
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an alkane. Since its introduction in 1983 [87], when Monsanto started the world’s
first plant for selective oxidation of n-butane to maleic anhydride (MAN), the annual
production has climbed to approx. 2·106 t/a in 2020. MAN is used as a chemical in-
termediate in the synthesis of resins, poly-thf (polytetramethylene ether glycol), fu-
maric and tartaric acid, certain agricultural chemicals, dye intermediates, and
pharmaceuticals. While the overall oxidation reaction for n-butane to MAN is sim-
ple, the individual steps, and even more so, the importance of the crystallographic
and chemical properties of (VO)2P2O7 for these steps are still disputed. Many re-
views and original papers have focused on the process and the catalyst involved
[88]. The actual catalyst is obtained in situ (within the reactor) either from (VIVO)
HPO4 · 1/2 H2O (Figure 6.2.7) or (VVO)PO4 · 2 H2O. These precursor materials allow
by a process with carefully chosen conditions (T, p(O2), time) synthesis of the active
catalyst with high specific surface area (up to 30 m2/g), a peculiar, lamellar crystal-
lite shape, as well as the setting of the optimum chemical composition of the sur-
face layers (average oxidation state of vanadium slightly above +4; small excess of
phosphorus oxide). SCHLÖGL pointed out [89] that under operando conditions this
amorphous surface layer shows about 1 nm thickness and high dynamics with re-
spect to chemical composition. The projection of the unique bulk crystal structure
of (VIVO)2P2O7 [85] as to the structure of the surface is obviously too much of a sim-
plification. For decades, the vanadyl groups, (VIVO)2+ and (VVO)3+, were regarded as
the catalytically active centers [90], being responsible for the rate determining

Figure 6.2.7: Precursor and vanadyl(IV) pyrophosphate powders as well as impregnated catalyst
carrier (a). Reaction scheme for catalytic oxidation of n-butane (b). Visualization of splitting of the
first C-H bond of n-butane according to the ROA [91] mechanism with formation of a butyl radical (c).
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step, the abstraction of the first hydrogen from a n-butane molecule. The pyrophos-
phate groups were merely seen as spacers between these active centers. In recent
years, based on extensive quantum mechanical studies a much more active role
was attributed to the terminal oxygen atoms of the phosphate group. Though, even
this model (reduction-coupled oxo activation, ROA) relies on enhanced activity of
the phosphate-oxygen by neighboring V5+ ions [91].

6.2.10 Phosphates in electrochemical applications

The rather high electrochemical stability of phosphate ions towards oxidation and re-
duction is the prerequisite for application of solid phosphates in secondary batteries
(see Section 5.1). Since the groundbreaking work of Goodenough [92], the crystal chem-
ical properties and the electrochemical performance of LiFePO4 has been used as a
blueprint for further development of cathode materials [93]. Only recently, phospho-
rus-containing anode materials shifted into the focus, with black phosphorus and tran-
sition metal phosphides attracting most attention [94]. Yet, in addition to the well-
established ternary, spinel-type oxide Li4Ti5O12 [95], even some phosphates are consid-
ered as anode materials (e.g. PNb9O25, which can be lithiated electrochemically to an
approximate composition Li13.5PNb9O25 [96]). For high-voltage secondary batteries,
some multinary phosphates are also considered as solid electrolytes (e.g. Li1+xLaxTi2–x
(PO4)3; see reviews in [97] for details).

Despite their electrochemical stability, oxidation of the various monophosphate
anions is even possible in aqueous solution (eq. 6.2.11a to c). Peroxomonophosphoric
acid H3PO5, peroxodiphosphoric acid H4P2O8, and their respective salts can be ob-
tained in good yields (eq. 6.2.11e and f). Various side reactions, which eventually lead
to the formation of molecular oxygen, can be restricted by the use of boron-doped
diamond electrodes [98]. Even though the reasonably stable alkali metal peroxodi-
phosphates are used as oxidants in organic synthesis [99], as desinfectants, for
bleaching, and in phosphatizing baths for treatment of metal surfaces, they have
been crystallographically characterized only recently [100].

H2PO−
4 ! ðH2PO4Þ· + e− (6:2:11a)

HPO2−
4 ! ðH2PO−

4 Þ· + e− (6:2:11b)

PO3−
4 ! ðPO2−

4 Þ· + e− (6:2:11c)

H2O! OH· +H + + e− (6:2:11d)

2ðH2PO4Þ· ! H4P2O8 (6:2:11e)

ðH2PO4Þ· + OH· ! H3PO5 (6:2:11f)
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The redox behavior of phosphates is relevant for the synthesis of photochromic and
electrochromic glasses [101]. Melts of condensed sodium phosphates can be considered
as consisting of large polymeric oxo-anions (cyclic and chain-like) and mobile Na+ cati-
ons. According to Section 6.2.3, the degree of condensation (average n with respect to
the Qn nomenclature) is given by the O/P ratio of the melt. At 700 °C, electrolysis of
such melts leads to the cathodic formation of gaseous P4 and depolymerisation of the
condensed phosphate (eq. 6.2.12). Apparently, orthophosphate, pyrophosphate, and
triphosphate anions are easier reduced than the pure NaPO3 melt [102].

4 PO3−
4 + 20 e− ! P4ðgÞ + 16O2− (6:2:12a)

P4O4−
12 + 4O2− ! 4PO3−

4 (6:2:12b)
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6.3 Borate applications

Hubert Huppertz, Raimund Ziegler

The following chapter gives a brief overview about the versatility and ubiquity of
borates. The chemical background as well as advantages for specific products will
be addressed. Borates are essential for biochemistry and are applicated in the broad
field of applied inorganic materials from topics like insulation toward batteries.

6.3.1 Adhesives

Due to its empty p-orbital, the trivalent boron atom of boric acid is a good electro-
phile. Therefore, it reacts with many nucleophiles to form borate esters [1]. This
property is useful for various adhesives, like starch-based or dextrin-based ones.
Starch molecules exhibit many hydroxy groups, that can be linked by borate com-
pounds as boric acid (H3BO3), borax decahydrate (Na2[B4O5(OH)4] · 8 H2O) or so-
dium metaborate (NaBO2 · x H2O) (Figure 6.3.1). The addition of borates improves
the tack, increases the viscosity and creates a higher branched chain polymer. Fur-
thermore, it has positive side effects to fire retardancy and wood protection. Borate-
modified starch adhesives are often used by the paper industry to produce grocery
and multiwall paper bags, paper boxes and many more [2, 3].

6.3.2 Agriculture

Boron plays an essential role in today’s agriculture. Since it is a basic nutrient for
plants, it is needed for plant growth and crop quality. The optimum concentration
of boron in soil solution for growth depends heavily on the species of the plant, as
well as local conditions and the availability of other nutrients. For example, the
boron concentration in soil solution for best growth should be less than 0.5 ppm for
raspberry, while for cotton it should be 10 ppm. The exact functions of boron in
plants are still unknown. However, it affects the translocation and the control of
the amount of many organic compounds. Furthermore, it enhances the effect of
sugars on the hormone action, the amount of photosynthesis, the rate of CO2 ab-
sorption and the growth of roots of plants. Boron fertilizers are preferably appli-
cated before planting, during dormant periods or after cutting, but they can be
used as foliar spray too. An example for a boron-containing fertilizer is borax, that
can be applied directly, while boron fertilizers in general can also be mixed with
other nutrients [4].
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6.3.3 Energy storage

Borates are very important for different applications in the battery and capacitor in-
dustry. One of the most important factors in the production of capacitors is the pu-
rity of all used materials, which is crucial for a long durability of the manufactured
devices. Therefore, the implemented electrode materials are often cleaned with a
boric acid solution to guarantee highest quality standards. Besides that, an aqueous
solution of boric acid and ammonium borate is usually taken as an electrolyte in
wet-type capacitors. In dry-type capacitors, the electrolyte mixture commonly used
includes amine borates, ammonium acetate-borates and glycol-ammonium borates
[5]. In the battery industry, lithium batteries play a crucial role. For their produc-
tion, boron oxide (B2O3) is used for many reasons, mostly as reactant or precursor
to prepare other battery compounds. The electrolyte of lithium ion batteries often
comprises LiBF4 and a solvent mixture of different carbonates. Interestingly, the
loss of delivered capacity upon cycling of nonaqueous rechargeable lithium ion bat-
teries can be reduced if the surface of the cathode was treated in the run-up with a
small fraction of lithium borates, like LiBO2 [6].

6.3.4 Glass, fibers and insulation

Borate glasses, fibers and other vitreous products make up more than one half of
the world-wide boron consumption [7]. Pure borate glass has a low chemical dura-
bility and a high water affinity, which limits its use. Therefore, this system is often
combined with other oxides like Al2O3 or SiO2 to gain advantages for numerous ap-
plications [8]. For example, the combination of boron oxide with silicate glasses
leads to the large area of borosilicate glasses. Historically, boron oxide was added
to the melts of silicate glasses to improve their homogeneity and therewith to en-
hance their optical performance [9]. This was followed by the finding that several of
these borosilicate glasses exhibited low coefficients of thermal expansion, making
applications in the area of thermal shock-resistant glasses possible [10].

From a technical point of view, the production of a borosilicate glass gener-
ally starts with silica (SiO2), which is ground to a very fine powder to speed up
the melting process. The additional materials like boric acid, borax, colemanite
(CaB3O4(OH)3 · H2O) or limestone are also ground, blended to the desired composi-
tion and finally added to the silica melt at temperatures of about 1550–1600 °C.
After achieving a homogenous melt, the glass can flow through a submerged throat into
the different channels feeding the various production lines of borosilicate products [4].

From a structural point of view, borosilicate glasses possess so-called network
formers represented by the silicon and boron atoms. On the atomic scale, these
atoms form SiO4 tetrahedra, trigonal BO3 units and BO4 tetrahedra, which are par-
tially connected via common corners (oxygen atoms) to a network. The addition of a
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modifier in the form of alkali cations (M+) to the system (e.g. M2O), leads to an associ-
ation of the cations either to the SiO4 network or to the BO3/BO4 groups. In the first
case, nonbridging oxygen (NBO) atoms are formed, which can be written as SiO−M+.
In combination with boron, a BO3 group is converted to a BO4 group without the for-
mation of an NBO. These insights are originally based on a fundamental NMR (nu-
clear magnetic resonance) investigation of Dell et al., who predicted the fraction of
four-fold coordinated boron atoms (BO4 tetrahedra) as a function of the concentration
of the alkali cations and the ratio SiO2 : B2O3 [11]. The possibility to control the degree
of polymerization via the amount of tetrahedral borate groups and NBO´s (large im-
pact on the local topology of the network) made it possible to influence several physi-
cal properties of borosilicate glasses, namely, the thermal expansion.

Next to others, Corning´s Pyrex and Schott´s Duran are two of the best-known ex-
amples for glasses of the family of borosilicates, which are commercially successful.
E-Glass, an alumino borosilicate glass, is used for electrical applications (hence the
name) and represents the conventional glass type for glass fibers [12]. Table 6.3.1 gives
a view on the approximate composition of commercially available borosilicate glasses.

Glasses with a B2O3 content of 1–34% are commonly applied in laboratories and
kitchen ware, electron tubes, optical fibers and filters, electronical equipment with
seals to metals, vacuum flasks, pharmaceutical applications etc. [4]. Additionally,
there are several applications with glasses that have a higher boron oxide amount like
sodium vapor lamps (up to 36% B2O3) or X-ray absorption glass (up to 83% B2O3) [4]. A
niche but still important utilization of borosilicate glasses is their use in the vitrification
of nuclear wastes to immobilize spent fuel. This is done by several countries with an
estimate of more than 90% of the highly radioactive waste [13]. Generally, the advan-
tages of borosilicate glasses are a reduced thermal expansion, good resistance to vibra-
tion, high temperatures and thermal shocks, as well as improved toughness, strength
and chemical resistance [4]. Another important role of borosilicates is in fiberglass,
that is used for insulation, fabrics and reinforcement. Insulations are used in buildings,
industrial equipment and automobiles. Fabrics of borosilicate fibers are nonflammable

Table 6.3.1: Approximate composition (wt%) of
commercially available borosilicate glasses [13].

Duran, Pyrex E-Glass

SiO . .
BO . .
NaO . .
MgO . .
CaO – .
AlO . .
Misc. . .
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and resistant to sunlight, which make them valuable in higher-temperature industrial
applications, as well as curtains and draperies [4]. Fiber-reinforced plastics are
widely applied from roofing, shingles, electric appliances or components in cars
and aircrafts to sporting equipment. The advantages of fiberglass are light weight,
high tensile strength, high modulus of elasticity and high chemical stability [4].
Last but not least, borosilicates are also found as liquid crystal display (LCD) sub-
strate glasses, as touch screens in electronic applications and as glazes and enam-
els to coat metals or ceramics [7].

6.3.5 Cleaning compounds

Perborates are easily synthesized from borate salts and hydrogen peroxide. The
most important perborate is sodium perborate, often abbreviated as SPB. Industri-
ally it is produced by adding hydrogen peroxide to sodium metaborate, which is a
product of the reaction of borax with sodium hydroxide. Commercially available are the
SPB monohydrate and tetrahydrate, which have the sum formulas Na2[B2(O2)2(OH)4]
and Na2[B2(O2)2(OH)4] · 6 H2O. The crystal structure of SPB shows a chair conforma-
tion of a 1,4-diboratetroxane dianion (Figure 6.3.2).

In solution, the diboratetroxane dianion hydrolyses to the [(HO)3BOOH]
– anion,

that further on decomposes to [B(OH)4]
– and H2O2, which predominates in solution.

SPB acts as an H2O2 source, which is the reason for its use as oxidizing agent. In
organic chemistry, perborates can be used to oxidize thiols, selenols, amines, ox-
imes and many more organic compounds [14]. In the past, borates in general have
been used in many products, like cosmetic creams, hair shampoos, eye drops, bath
salts, as well as in cleaning products and laundry detergents for household and in-
dustry. The functions of these borates comprise stabilizing enzymes, enhancing
stain removal, providing alkaline buffering, softening water, boosting surfactant
performance, controlling viscosity and emulsifying waxes or oils [15]. A great bene-
fit of perborates over a liquid hydrogen peroxide solution is their condition of ag-
gregation, since they are solid. Hence, perborates are safe and convenient to handle
besides their good stability [14]. However, reproductive toxicity of SPB were proven

Figure 6.3.2: Chair conformation of the
1,4-diboratetroxane dianion.
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in recent years. Therefore, it has been banned in the EU for several products. Nowa-
days sodium percarbonate is often used as an alternative.

6.3.6 Protection of fire, fungi and pests

As already mentioned, boron is an essential micronutrient for plants. However,
high concentrations can inhibit the growth of harmful insects, bacteria and fungi.
For this reason, borates are added to cellulose insulation, oriented strand board,
particle board and other wood products. Another reason for their addition is their
beneficial properties as flame retardants. Borates inhibit smoldering combustion,
are char formers and drip suppressants. Zinc borates (like Zn[B3O4(OH)3] or 4 ZnO ·
B2O3 · H2O) are often applied in those cases, because they have an unusually high
dehydration onset temperature. Furthermore, they are only slowly affected by tem-
perature and do not change the color of plastics, where they are also used [4, 7].

6.3.7 Metallurgy

In metallurgy, elemental boron plays an important role in different alloys and strong
permanent magnets, while borates are mainly used during the refining process of dif-
ferent metals (e.g. nickel, aluminium or gold) and alloys. During stainless-steel pro-
duction, a slag is gained as a side product, that forms a dusty powder of Ca2SiO4. By
adding boron sesquioxide, this dustiness is prevented, resulting in a stable rock-like
material. While refining gold, borates are relevant to facilitate the attack of the ore at
a lower temperature, reducing the viscosity of the slag, and therefore easing its han-
dling. Generally, borates are used as cover flux to prevent metal from air oxidation.
Furthermore, they reduce wear and tear of melting equipment and minimize the loss
of metal through association with metal oxide impurities at adequate low tempera-
tures. Last but not least, borates as flux covers exhibit no combustibility and a mini-
mum fuming tendency [16–19].

6.3.8 Nuclear applications

Boron has two natural isotopes namely 10B and 11B with an isotopic signature of
about 20% and 80%, respectively. 10B has a large neutron capture cross-section,
which is nearly one million times higher than that of 11B [20]. Therefore, boric acid
solutions are used at nuclear power plants for different applications. One of them is
in PWRs (pressurized water reactors) as neutron absorber to control the reactor re-
activity. Another one is in used fuel pools, where used fuel rods are stored to decay,
before they get processed further (e.g. vitrification). Besides that, reserved water for
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emergency situations also contains boric acid [21]. This storage was and is impor-
tant for emergencies as it could be seen at the Fukushima Daiichi nuclear disaster,
where boric acid solutions were used to retrieve stable reactor conditions.

6.3.9 Medicine

Although boron is an essential micronutrient for plants, in 2004 the European
Food Safety Authority (EFSA) classified boron neither as an essential nutrient for
higher animals or humans, nor did EFSA state a recommended intake [22]. How-
ever, there are publications that disagree with EFSA`s opinion, pointing out the
need of further research and discussion of this topic [23, 24]. From a chemical
point of view, metabolism of borates is not feasible due to strong boron–oxygen
bonds, since they require much energy to be broken. However, low concentrations
of inorganic borates react at physiological pH in the aqueous layer of mucosal sur-
faces to boric acid, which is subsequently absorbed. Animal and human studies
show that over 90% of the administered inorganic borate is excreted as boric acid
[25]. Because of that, animal studies with boric acid are also relevant for inorganic
borates. In 2009, the European Union classified boron compounds as toxic to re-
production [26]. Hence, nowadays boric acid and borates are rarely used as exci-
pients and as active substances in applications. As excipients they are added as
antimicrobial preservatives, pH buffers or tonicity-adjusting agents in ophthalmic
preparations, ears drops and homeopathic dilutions [27]. As active agent, crisa-
borole (a benzoxaborole with a boronic acid hemiester) is used in an ointment
against eczema (atopic dermatitis), where it blocks the release of certain cyto-
kines. One of them is the tumor necrosis factor alpha, which is involved in the
inflammation process. Blocking it eases the inflammation, subsequently relieving
the symptoms [28]. Another active compound is bortezomib, that is given during
cancer therapy with other medicines. It is used to treat multiple myeloma and cell
lymphoma, two types of blood cancer. Bortezomib is a proteasome inhibitor. Pro-
teasome is a system in cells, that breaks down no-longer-needed proteins. There-
fore, cells die caused by a build-up of unwanted proteins. This inhibition has a
greater impact on cancer cells than on normal ones [29].

6.3.10 Oilfield chemical applications

Borates play an important role in oilfields around the globe. They are widely used
as set retardants in oil-well cement. Drilled well bores are stabilized with a steel
casing that is reinforced by cement. This cement must have the right properties to
be pumped into place without setting previously. Borates adsorb onto the surface,
where they react with calcium ions to calcium borates, which delay grain hydration
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and cement setting. However, they usually are combined for example with sugars,
phosphonates or synthetic polymers [30].

Lost circulation is a problem encountered during drilling. To solve the problem,
borate cross-linked polymer gels with similar properties to fracturing fluids are used
to plug lost circulation zones. Another important use of borates, especially sodium
perborates, is as H2S scavenger. H2S is a toxic gas that also causes pitting and corro-
sion of drilling equipment. It originates from pyrite rock or sulphide-producing bacte-
ria that feed from organo-sulphur compounds of the crude oil. When H2S is present,
it can be oxidized by sodium perborates to elemental sulphur and sulphates. Further-
more, the bacteria are also killed by the borate [30].

6.3.11 Industrial fluids

Corrosion of metals is a ubiquitous phenomenon and is classified as an electro-
chemical reaction. Every electrochemical process can be split into an anodic and a
cathodic reaction. To prevent corrosion, one of them needs to be stopped. For ca-
thodic inhibition, a barrier film is usually deposited from solution, while anodic in-
hibition can be achieved by growing an oxide layer on the surface. The anodic
passivation is a controlled corrosion, that, if it persists without a flaw, prevents fur-
ther unwanted corrosion. Aqueous borate solutions, besides others (like chromate,
nitrate, molybdate, silicate or phosphate solutions) are suitable to create those pro-
tecting oxide films [31].

Borates are also present in automotive fluids like engine coolants, where they
are added to act as buffer to prevent corrosion. As a matter of fact, the most impor-
tant automotive fluid, the brake fluid, contains borates. Brake fluids require a high
boiling point and should tolerate moisture, while keeping the boiling point high.
Generally, their main components are triethylene glycol monoalkyl ethers, which
are moisture sensitive and therefore have a significantly reduced boiling point in
the presence of water. Today, the borate esters of the glycol ether (triethylene glycol
monoalkyl ether borate esters) are the main components of brake fluids. That is,
because moisture converts the borate ester into boric acid and the glycol ether,
which keeps the effect on the boiling point low [31].

To conclude, borates are added to many industrial fluids like lubricants, metal-
working fluids, water treatment chemicals or fuel. Their benefits are buffering ca-
pacity, reduction of freezing point, increase of boiling point, lubrication, thermal
oxidative stability, low sludge formation and low moisture sensitivity [31].
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6.3.12 Optical applications

Based on the rich structural chemistry and the characteristic physical properties of
borates, it is self-evident that these substances play a decisive role in the area of
phosphor materials and modern optoelectronic applications [32]. Especially the wide
optical transparency windows of these compounds including high polarizabilities, to
realize the simultaneous existence of birefringence and suitable second-order NLO
(nonlinear optics) coefficients, make this class of compounds highly interesting for
applications in the field of laser materials. In the following, representative examples
for applied borates in the fields of phosphors, nonlinear optical materials, laser mate-
rials and birefringent materials are given.

6.3.12.1 Phosphors
Borates were applied in various fluorescent lamps and plasma display panels as
host for luminescent ions. In this context, an important compound is YBO3, which
can be doped with Eu3+, Ce3+, Tb3+ and Bi3+ to obtain efficient phosphors. In detail,
YBO3:Eu, was one of the best red phosphors applied in various fluorescent lamps
with a high VUV (vacuum ultraviolet) transparency and an exceptional optical dam-
age threshold. Unfortunately, the characteristic emission results from almost equal
parts of the 5D0-

7F1 and
5D0-

7F2 transitions, leading to an orange-red emission,
where a pure red one was desired [33]. Further phosphors with a relatively high
color rendering index are Ce3+,Tb3+:GdMgB5O10 and Ce3+, Mn2+:GdMgB5O10. In the
first example, the energy transfer (Gd3+→Tb3+) results in the emission of green light
(545 nm) and in the Mn2+-doped compound a broadband red emission centered at
620 nm is observed [34].

6.3.12.2 Nonlinear optical materials
A basic requirement for an implementation of a borate as a nonlinear optical material
(see also Chapter 8.6) is the presence of a noncentrosymmetric structure in combination
with a preferably high chemical, physical, mechanical and thermal stability. For a high
efficiency in frequency doubling, the material has to have large NLO coefficients. They
can be determined on sizeable single crystals or on powders via the Kurtz and Perry
method [35]. For an application in an optoelectronic device, it is necessary to grow large
single-crystals with a compound-specific crystal-growth technique. These large crystals
are indexed, cut and polished to receive reasonable plates for the specific device. Under
operating conditions, these crystals must stay free of cracks and are not allowed to melt
or decompose. From the large number of borates investigated with respect to NLO prop-
erties, selected examples (commercially available) are given in the following.

One of the best characterized NLO materials is the alkali metal borate LiB3O5

(LBO). The noncentrosymmetric structure (Pna21) shows ten-membered channels
built up from fundamental building blocks [B3O7]

5– in which the Li+ ions are located.
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Crystals of LiB3O5 are grown by the flux method in the system Li2O-B2O3-MoO3. Long-
lasting development led to crystals with dimensions of 160 × 150 × 77 mm3 and a
weight close to 2 kg [36]. The high quality of these as grown crystals enables applica-
tion for second harmonic generation (SHG) of high-intensity laser radiation, deep-UV
sum-frequency generation (SFG), optical parametric oscillation (OPO) applications and
ultrafast laser systems. Another important material from the area of alkali metal bo-
rates is CsLiB6O10 (CLBO) possessing a three-dimensional network of connected
three-membered [B3O7]

5– rings (space group: I�42d). The metal cations are located
in [CsO8] and [LiO4] polyhedra. Due to the fact that CsLiB6O10 melts congruently,
large single crystals can be received from the stoichiometric melt (Figure 6.3.3),
e.g. by the Kyropoulos method [37]. With this material, it was possible to realize
fourth and fifth harmonic generations of a Nd-YAG laser (1064 nm) via type I phase
matching, so more possibilities are now given in the generation of UV radiation with
short wavelengths. From the field of alkaline-earth metal borates, the commercially
available compound β-BaB2O4 (BBO) is a well investigated NLO material. The low-
temperature phase crystallizes in the noncentrosymmetric space group R3c possessing
isolated [B3O6]

3– rings and Ba2+ in an eight-fold coordination [38]. For crystal growth,
the top-seeded solution growth method with a NaF flux is most appropriate to receive
large sized β-BaB2O4 crystals without inclusions [39]. One of the main applications of
β-BaB2O4 is to double the frequency of the 532 nm laser light, which is produced, for
example, by an intracavity frequency-doubled Nd:YVO4 laser [40]. From the class of
rare-earth-metal borates, crystals of the compounds YCa4O(BO3)3 and GdCa4O(BO3)3
can be grown by Czochralski and Bridgman procedures. By using YCa4O(BO3)3
(YCOB), one of the highest conversion efficiencies of about 73% could be achieved
from the fundamental source [41]. This compound maybe one of the future materials

Figure 6.3.3: Photograph of large CLBO crystal with dimensions of 14 × 11 × 11 cm3 for three weeks
growth. Reprinted from Mori Y, Kuroda I, Nakajima S, Sasaki T, Nakai S. New nonlinear optical crystal:
Cesium lithium borate. Appl Phys Lett 1995,67,1818–20, with the permission of AIP Publishing.
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in high-power laser systems. From the field of halide-containing metal borates, the
compound KBe2BO3F2 (KBBF) is important to be mentioned, which crystallizes in the
space group R32 possessing optimally aligned BO3 groups, which is beneficial for a
high optical anisotropy and hyper-polarizability, leading to high NLO coefficients
and a large birefringence. KBe2BO3F2 is currently one of the best NLO materials in
deep-UV applications [32].

6.3.12.3 Laser materials
Borates can act as multifunctional materials, e.g. in so-called self-frequency-doubling
(SFD) laser crystals (see also Chapter 8.5). In these crystals, the NLO process of fre-
quency doubling is effectively combined with the laser effect. Precondition therefore is
that the SFD crystal is in the first instance a good NLO crystal and secondly a good
laser crystal, which has to accept luminescent doping with Yb or Nd [32]. Furthermore,
the material must have a broadband absorption for the emission of the diodes, a long
luminescence lifetime, large emission cross sections, a high radiative quantum effi-
ciency and a quite good thermal conductivity to extract the heat from the host material.
In 1981, Dorozhkin et al. discovered with the compound Nd:YAl3(BO3)4 the first bo-
rate, which could be used as a SFD laser crystal [42]. An optimized ratio Nd:Y led
to the development of the first green laser (from 1060 to 530 nm) by Lu et al. [43].
With the compound Nd:GdCa4O(BO3)3, the SFD output power was increased to
17.91 W at a wavelength of 545.5 nm [44]. This compound can be found as the cen-
tral device in the green laser pointer on the market in China substituting the cur-
rently used combination of Nd:YVO4 and KTiOPO4 realizing the function of laser
and SHG [32].

6.3.12.4 Birefringent materials
Birefringent materials are important components to modulate the polarization of
light. So, they find application in optical materials like beam displacers, prism polar-
izers and phase compensators. From the commercially available materials, α-BaB2O4

is one of the few early materials that can be used for the polarization of light in the
deep-UV region. The coplanar arrangement of the [B3O6] groups in α-BaB2O4 leads to
an enhanced optical anisotropy, which is the reason for the substantial birefringence.
However, this borate has several drawbacks, so there exists an urgent need for new
materials. As already mentioned in the NLO-paragraph, the birefringent crystals also
need high stabilities (high laser-damage threshold) including mechanical stability
and chemical inertness. From a crystallographic point of view, compounds crystalliz-
ing in the cubic crystal system are not suitable, because their isotropic nature leads
to a birefringence of zero. Recent developments describe Glan-Taylor polarizers with
crystals of Ba2Mg(B3O6)2 and Ba2Ca(B3O6)2 being competitive birefringent materials
for practical applications [45, 46].
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6.4 Slags as materials resource

Oliver Janka, Martin Bertau, Rainer Pöttgen

Most large-scale processes in basic inorganic industry for metal production and re-
cycling (pyrometallurgical processes) as well as incineration processes for the treat-
ment of domestic and industrial waste produce considerable amounts of slags. A
convenient way for slag disposal is dumping. This was practiced in many branches
over long periods; however, dumping has two severe disadvantages: (i) toxic ele-
ments from the slag have an impact on water pollution (heavy metal leaching) [1]
and (ii) many slags still have valuable metal contents that call for recycling pro-
cesses [2]. The diverse slags are usually regrouped into the categories of ferrous and
nonferrous slags as well as slags originating from incineration processes. The sum
of all these slags is not only large in terms of volume but also with respect to the
economic value. Industry as well as basic and applied research has learned quickly
how to generate an additional value with these materials with respect to their use
as secondary resource for recycling. The generation of well-adapted slag-treating
processes is still an active research field. Every slag type has its own composition
range (depending on the raw materials used in the process) and requires its tailored
treatment. In view of the broad field, herein, we can only present some representa-
tive examples from the three slag categories. In times of scarcity of resources, the
energetic and ecological evaluation of slags for secondary use is becoming an in-
creasingly important research field.

6.4.1 Ferrous slag

The largest group of slags certainly derives from the iron and steel producing industry:
(i) slag from the blast furnace, (ii) slag from the basic oxygen furnace (e.g. the Linz-
Donauwitz process) and (iii) slags from electric arc-melting processes. The importance
of ferrous slag is tied to the association FEhS – Institut für Baustoff-Forschung
(www.fehs.de), an institution with a network across Europe, with respect to slag
research and construction materials. Other important associations are Euroslag
(www.euroslag.com) and National Slag (www.nationalslag.com).

Clearly, the blast furnace (for the basic inorganic blast furnace chemistry, we
refer to standard textbooks [3]) slag concerns the by far largest amount. For one ton
of raw iron, depending on the composition of the raw materials, approximately
300 kg of slag is produced. Keeping the annual worldwide iron production of
around 1280 million tons in 2019 [4] in mind, one can estimate the large amount of
ferrous slag produced.

Blast furnace slag contains about 38–41% CaO, 34–36% SiO2, 10–12% Al2O3 and
7–10% MgO besides small amounts (<2%) of S, TiO2 and FeO (when not otherwise
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stated, weight-percentages are listed). Since the residual iron content is negligible,
blast furnace slag is not important with respect to iron recovery and is mainly used
with respect to its mineral content. If liquid blast furnace slag is quenched in water
or air, one obtains a glassy, granular product, the so-called ground-granulated blast
furnace slag (Figure 6.4.1). It mainly finds application in cement industry (see Chap-
ter 1.1). A niche application of ground-granulated blast furnace slag with a defined
particle size concerns blasting abrasives. Slags with high CaO and MgO contents can
be re-used as flux materials in sintering processes or as partial substitutes for dolo-
mite and limestone (conserving natural resources) in the blast furnace.

If blast furnace slag is cooled in large quantities, the melt cake can mechanically be
broken, and the resulting artificial stones can be sorted according to their grain
size, similar to the usual process in natural quarries. Depending on the grain size,
these slag fractions find application in road, track and water way construction, as
landfill building materials or filling material for gabion baskets. Depending on the
raw materials used in the blast furnace, the slag might contain toxic heavy metals.
These are usually tightly bound in the slag matrix and not released.

Typical composite materials with added granular slag are asphalt and concrete.
Slag addition to bitumen (blast furnace slag has excellent binding behavior to bitu-
men) leads to very abrasion-resistant road surfaces. For concrete, the slag grains
are an equivalent substitute to natural stones. Given the large quantity of these slag
grains, the secondary use of slag in the form of artificial stones strongly minimizes
the consumption of natural stones. In total, today, around 95% of blast furnace slag
is re-used in different fields, and only the remaining 5% are deposited.

Slag that derives from electric arc furnaces (so-called EAF slag) has a higher re-
sidual iron content, and iron recovery from the slag might be economically relevant
[5]. A typical work-up of such slags is grinding followed by a magnetic separation in

Figure 6.4.1: Ground-granulated blast furnace slag as educt in cement industry.
©HeidelbergCement AG/Steffen Fuchs.
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order to produce iron concentrates that can be fed back to the blast furnace process.
One of the harmful elements in such slags is chromium. Careful analyses of the raw
material with respect to the Cr0, CrIII and CrVI content are thus necessary. An efficient
way to reduce highly toxic CrVI is reduction with FeII salts mainly FeSO4 and FeCl2
[6]. Further heavy metal contaminations result from Mn, Cu, Zn, Cd and Pb.

EAF slag might find application as agricultural fertilizer [5]. The high CaO con-
tent buffers acidity, and P, K, Mn and Fe sustain plant growth. However, such fertil-
izers can only be used in the absence of Cd and Pb as heavy metals.

The third point concerns converter steel slag [7] that is produced in the so-
called basic oxygen furnace and during the Linz-Donauwitz process. Liquid pig iron
or steel is directly treated with oxygen, and the iron accompanying elements are
directly oxidized. The slag composition depends on the iron ore used. The following
phases occur in different content: Ca2SiO4, Ca2(Al,Fe)2O5, (Fe,Mg)O, Fe3O4, Ca3SiO5,
CaO, MgO, Ca3Mg(SiO4)2, Al2O3, MnO, P2O5 and TiO2 and eventually Cr2O3 and V2O5.
Carbon and sulfur are released from the furnace as gaseous CO and SO2. One ton of
iron or steel leads to approximately 100 kg of converter slag.

The converter lime that is free of hazardous metals can be used as mineral sup-
plier in agriculture. In former times, phosphate-rich iron ores were used in the blast
furnace process, and consequently, the basic oxygen furnace slag was phosphate-
rich and sold under the trade name Thomas phosphate as fertilizer (see Chapter 6.6).

6.4.2 Aluminum salt slag

Aluminum salt slags are formed during the recycling of aluminum, so-called second-
ary aluminum (see Chapter 2.3). It mostly contains aluminum oxide, various halide
salts, metallic aluminum and impurities such as carbides, nitrides or phosphides. De-
pending on the feedstock, 200 to 500 kg of salt slag is produced per tonne of second-
ary aluminum [8].

Two main furnace types are employed for the recycling of scrap aluminum: re-
verberatory and rotary melting furnaces. While the advantage of the latter one is
that also highly contaminated scrap can be used, the reverberatory furnace can
handle up to 45 tons of material at once. The furnaces also produce, besides the
desired molten metallic aluminum, two side products. The first being off-gas and
the second being a semisolid layer of skim on top of the melt. The skim can be fur-
ther separated into salt and non-salt skim, the latter being referred to as dross [9,
10]. Non-salt dross is produced in processes that do not employ protective salt
layers, and it is called white or gray dross in the US and black dross in Europe [11].
Here, the oxidation of the molten aluminum leads to the formation of the skim and
in processes handling secondary aluminum, the oxide often originates from the
scrap itself. Since the formation of dross is equivalent with a loss of the desired
product, this must be reduced by any means possible. One of the key aspects is to
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avoid any surface disruptions both by handling the melt and by e.g. the reduction
of the temperature to reduce convection inside the crucible. The non-salt dross
manly consists of Al2O3 with metallic aluminum encapsulated in the porous mate-
rial with an Al content varying between 15 and 80%. Na3AlF6 can be found in the
dross from the primary Al generation, and MgO and MgAl2O4 are observed when
recycling Mg-containing scraps [11].

Usually, the oxidation of the aluminum is suppressed via a salt flux that floats
on top of the molten metal generating the so-called salt dross. Typically, NaCl/KCl
mixtures along with CaF2 are employed here. Besides the oxidation protection, the
salt flux enables an enhanced heat transfer, and contaminants such as oxides, ni-
trides or carbides readily dissolve in the flux, thus cleaning the metal melt [12]. Fur-
thermore, the molten salt disrupts the Al2O3 framework in which molten Al is
entrapped, leading to the formation of Al droplets that sink to the molten metal
phase [13].

One significant problem with these slags is that they are classified as toxic and
hazardous waste and are considered to be highly flammable, irritant, harmful and
leachable. The Al content within the salt slag reaches up to approx. 24%; however,
only roughly 7% of them are metallic Al. Due to its amphoteric nature, metallic alu-
minum can be dissolved by both acids and bases, always leading to the formation
of highly flammable hydrogen. Since about 50% of the slag are soluble salts, the
reaction with water can furthermore leach toxic metal ions from the slag and e.g.
metal nitrides or phosphides can form NH3 or PH3 that get released [2]. Therefore,
in contrast to the other types of slags, a disposal is not easily possible, leading to
the need for a comprehensive recycling strategy [14].

To properly treat and recover the respective valuable components of the salt
slag, a five-stage process, similar to the B.U.S. process (Berzelius Umwelt Services
AG, Germany), is employed. In the first step, a dry process, the metallic Al is sepa-
rated from the oxides and salts by crushing. Afterwards, a leaching step takes
place in which the salt is dissolved while the insoluble oxides remain followed by
a separation of liquid and solid in the third step. The two final steps are the treat-
ment of the evolved gases like NH3, CH4, PH3 and others followed by a final crys-
tallization step. The gases are neutralized using H2SO4 followed by a multi-stage
absorber treatment. The oxide-free brine solution finally gets heated in order to
grow halide crystal seeds, enabling precipitation from solution. Interestingly, the
separated oxidic compounds are not separated further; however, Al2O3 and MgAl2O4

can be obtained via a heat treatment step [2].
As an example, we present the processing scheme (Figure 6.4.2) for salt slag em-

ployed by K + S. Figure 6.4.3 shows the raw slag and the recycled product fractions.
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6.4.3 Copper slag

Like for almost all other metals, elemental copper is produced from primary sources
(ores) as well as scrap parts, the so-called secondary sources. The ores get separated
into oxidic and sulfidic ones, which are subsequently processed differently. While
the oxidic ores are treated by a liquid-based process, the sulfides are handled by a
thermal process. In this step of the copper production, the copper slags are formed

Figure 6.4.2: Process scheme for salt slag treating.

Figure 6.4.3: Fractions of the salt slag processing. The samples were kindly provided by K + S.
Fotos by Thomas Fickenscher.
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[15]. It is interesting to note that for one ton of elemental Cu, between 2.2 and 3 tons
of slag are produced [2, 16]. The slag consists of oxidic compounds that float on top
of the sulfide melt, called copper matte (Cu2S), which occurs during the pyrometallur-
gical production of copper. The produced slag contains remaining Cu concentrations
between 0.5 and 3.7% [2]. In order to minimize the Cu concentration in the slag, the
oxidic copper components can be converted to Cu2S, enriching the copper concentra-
tion in the melt even further. In order to achieve the conversion, FeS is added leading
to the reaction shown in eq. (6.4.1), leading to an enrichment of FeO in the slag.

FeS + Cu2O ! FeO + Cu2S (6:4:1)

In order to get a better separation of slag and melt, SiO2 is added as slag formation
aid while CaCO3 and Al2O3 are added as stabilizers for the slag structure [16]. The
separation of slag and melt takes place between 1000 and 1300 °C.

The subsequent thermal treatment of the slag determines the respective physi-
cal properties. While slow cooling leads to a hard and crystalline, basalt-like mate-
rial, fast cooling by quenching in water results in an amorphous and granular,
glassy obsidian-like product. The melt consists of Fe2SiO4 (fayalite), Fe3O4 (magne-
tite), Ca(Fe,Mg)(SiO3)2 along with Cu, Cu2S and CuS inclusions [16]. Depending on
the feed, sometimes, Co and Ni are also found in the slag. Due to the large amount
of slag produced in the copper refinement process, different recycling strategies are
employed. The remaining metals can be obtained by different processes, e.g. a car-
bothermic route, or a leaching after flotation. Alternatively, the slag can directly be
processed if a metal recovery is not feasible. In the carbothermic process, the slag is
heated with carbon, leading to the formation of a metal alloy that contains Cu and
Fe along with other constituents of the slag, e.g. Co or Ni. The produced alloy can
be treated with hot concentrated H2SO4, leading to a Co and Fe-containing solution
from which Co can be precipitated as CoS using H2S [16]. However, the slag can also
directly be treated with sulfuric or hydrochloric acid, ammonia or even cyanide in
order to leach the metals. Increased efficiency has been reported by the addition of
hydrogen peroxide or pressure leaching with elemental chlorine [2]. Finally, the hy-
drometallurgical route, based on flotation, has been successfully employed. Here,
high recovery rates (>80%) have been reported for a two-stage process [17].

In cases where metal recovery is not profitable, still a direct use of the slag is
possible. Due to the high hardness of the material, it can be utilized in ceramic
abrasive tools [15]. Also, its addition in the form of fine powders to asphalt pave-
ment mixtures is utilized in California (USA), while granulated copper slag is used
in Georgia (USA) [15]. Finally, there are reports on copper slag as construction mate-
rials. The ones with higher CaO content have been reported to exhibit cementitious
properties similar to the ones of Portland cement [15].

As an example, in Figure 6.4.4, we present slag samples that derive from the differ-
ent steps of copper processing. The three slag fractions were studied by powder X-ray
diffraction and X-ray fluorescence (XRF) analyses. Since such slag fractions differ from
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batch to batch, we only list the main features (neglecting the side products). An addi-
tional problem of the solidified slags concerns amorphous fractions that express them-
selves only as background bumps in the X-ray powder patterns.

The slag that forms directly in the anode furnace (Figure 6.4.4, top) shows
Bragg reflections of a cuprite (Cu2O)/magnetite (Fe3O4) mixture. The reddish color
indicates the residual copper content. XRF data show a Cu: Fe ratio of ≈2, calling
for copper recycling. In the first step towards the converter slag (Figure 6.4.4, mid-
dle), the Cu: Fe ratio is reduced to ≈1.2. The much lower copper content is expressed
in the dark anthracite color of the slag piece.

The final residual, granulated iron silicate slag contains almost no residual cop-
per (Cu: Fe ≈ 0.02). The powder X-ray diffraction pattern shows an iron-rich spinel
besides iron silicate. The residual iron silicate slag is comparable with materials ob-
tained from mining; however, with a much lower ecological footprint – an excellent
recycling of raw material [18]. It finds application for road construction and additive
for concrete as well as in cement industry.

An example where copper slags have found application as road construction mate-
rial is the theatre square in Dresden, Germany. These paving stones are called slag
stones, and the term copper slag stone is used too. They are produced through
pouring molten slag into the desired shape and allowing the melt to cool. Slag

Figure 6.4.4: (top) Copper slag of an anode furnace,
(middle) converter slag and (bottom) granulated iron
silicate slag. The samples were kindly provided by
Aurubis AG. Fotos by Thomas Fickenscher.
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stones are produced in the dimensions 160 × 160 × 160 mm and 240 × 160 × 160 mm,
of which the cube-shaped ones are far more common. Their surface properties can
be adapted to road construction use through roughening, which is done by sprin-
kling them with grit. Slag stones have a dark gray to almost black coloration and
achieve high strength values, which is the reason why they are particularly suited
for traffic areas with high wheel loads. In addition, their defined shape predesigned
them for use in urban architecture, where they are in use not only as paving but
also as wall coatings. Mansfeld copper slag stones have been used widely because,
in the former GDR, there was intensive mining for copper shale in the South Harz
Mansfeld mining district in today’s Saxony-Anhalt. The large amounts of copper
slag were made through producing copper slag stones, which were installed in the
entire country.

The chemical composition of Mansfeld copper slag varies slightly: 45–50% SiO2,
18–22% CaO, 16–19% Al2O3, 4–9% MgO, 3–5% FeO, 3–5% (Na2O + K2O), 0.2–0.3% Cu
and 0.2–0.4% S. With almost 50% SiO2, the slag is highly acidic, for which reason its
properties come close to those of glass. In fact, upon rapid cooling, the slag solidifies
purely glassy to give obsidian-like masses. The outstanding chemical and physical
properties of the Mansfeld slag, however, were obtained by varying the cooling rate,
which allowed for using it in numerous applications. Upon tempering, pyroxene is
produced as the predominant crystalline phase. Where there is a controlled cooling
of the slag, a porcelain-like structure with very small crystallite sizes (<1 µm) is ob-
tained. Molded parts made from this copper slags are highly resistant to wear, with a
compressive strength of approx. 290 MPa. These properties rendered them a highly
demanded wall and road construction material as of 1875 [19–24].

The sometimes bluish color of the copper slag stones is attributed to cobalt; yet
with average concentrations <1%, there is no technical use. Nevertheless, Mansfeld
copper slag intermediary has been considered as potential cobalt source for lithium ion
battery production. Presently, the major application for copper slag is cement industry.

Despite its generally recognized properties, the other side of the medal is the
high procedural efforts to be taken to shape the slag stones which demands consider-
able manual labor. In addition, the high-quality specifications for road construction
use allow for a maximum of 50% of the overall slag production to be used for con-
struction purposes, which resulted in the need for stockpiling of the residual slag.
The last 50 years of Mansfeld mining suffered from geological deposit changes in the
copper shale composition, which resulted in quality problems of the slag. For that
reason, and in view of its suitability as a cement additive, slag utilization increasingly
changed its use in cement industry, for which copper slag is in use till present [25].
Eventually, Mansfeld copper slag stone production ceded as a consequence of the
economic upheavals in the course of the German re-unification in 1990.

As a peculiarity of Mansfeld copper slag stones, there had been newspaper re-
ports on a radioactive pollution originating from this material in the early 1990s. In
fact, the mined copper shale contained on average 5 g/t of uranium and other
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radioactive elements. During metallurgical processing for the extraction of copper,
these elements partially accumulated in the slag. However, the sum value of natural
radionuclides in the slag is rather in the middle range compared to other building
materials such as granite, clay, loam, bricks, clinker and concrete. The radiation
emitted is within the legal limit values [26, 27].

6.4.4 Lead slag

Slag formation in the lead production process [28] strongly depends on the educts.
Lead ore smelting from galena ores (mainly PbS) produces around one tonne of slag
per tonne of pure lead, while lead recycling (mainly from lead-acid batteries) has a
significantly lower slag amount of around 300 kg per ton [29]. The primary lead pro-
duction starts with galena that is roasted to PbO, followed by coke-reduction in a blast
furnace. The melting temperature reduction is achieved by an addition of lime, silica
and ironstone. In the production of secondary lead from batteries, PbSO4, PbO and
PbO2 are reduced with carbon and iron, and limestone is used as flux. The relevant
reactions are:

PbSO4 + 2 C! PbS+ 2 CO2

PbS+Fe! Pb+FeS

PbO2 +C! Pb+CO2

2 PbO + C! 2 Pb+CO2

Lead slag from both processes mainly contains iron, zinc and residual lead as valu-
able metals that can be recovered. The iron mainly occurs as Fe2SiO4 (fayalite),
Fe3O4 (magnetite) and Fe2AlO4 (hercynite) in the slag. A possible workup (pyromet-
allurgical route) is the direct reduction followed by a magnetic separation while
lead and zinc are volatized and condensed. This process requires high amounts of
energy. An alternative is the hydrometallurgical process with a leaching of the slag
with (i) chloride, (ii) acetic acid or (iii) nitric acid. The leaching in concentrated
NaCl-FeCl3 solutions proceeds as follows:

PbS + 2Fe3+ + 2Cl− ! PbCl2 + 2Fe2+ + S

PbCl2 + 2Cl− ! PbCl4½ �2−

The tetrachloridoplumbate(II) solution can subsequently be precipitated with so-
dium oxalate, and PbC2O4 is thermally decomposed to PbO. A flow chart for this
process is presented in [30]. The acetic acid leaching process leads to PbSO4. Leach-
ing with nitric acid proceeds in combination with Fe3+, leading to PbSO4 and Zn(II)/
Ni(II)/Cu(II) mixtures. The slag composition decides on the method used. Many of
the hydrometallurgical work-ups are still on the laboratory scale.
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After metal recovery, the final lead slag needs to be treated. One possibility is
controlled landfilling/deposition. Similar to the ferrous blast furnace slag (vide
ultra), lead slag has also been discussed as substitute for natural stone in concrete
and cement clinkers; however, the problem of leaching of heavy metals remains.
This also applies for the potential use in road construction. A more sophisticated
and energy-consuming process is the formation of stable glass ceramics which
strongly reduce the leaching process.

6.4.5 Further metal slags

Many other slags from primary metal production contain valuable contents of by-
products which make slag work-up an economic process. The first step of the work-
up is usually flotation (concentration of the metals). A typical example is pyrite slag
which is used as a source for Ag and Au.

The rare metals Nb and Ta can be recovered from tin slag [2]. Leaching of the
tin slag leads to separation of soluble metals (e.g. aluminum, calcium, manganese
and iron) and a concentrate with niobium and tantalum. Similar to the primary pro-
duction, this concentrate is chlorinated at high temperature (500–1000 °C) in Cl2/
N2 or Cl2/N2/CO mixtures. The resulting chloride mixture can then be separated by
fractional extraction, similar to the primary niobium and tantalum production [3].
Other tin slags are strongly acidic with glassy properties. They contain only trace
amounts of tantalum, but significantly more chromium. Major constituents are
55–56% SiO2, 14–16% (Na2O + K2O), 9–10% Al2O3, 5% CaO, 5% Fe2O3, 4% MgO, 1%
ZnO, 0.9–1.0% Cr2O3 and 300 ppm Ta2O5. However, owed to the low chromium con-
tent, they are not interesting for exploiting economically, and a utilization as an ad-
ditive fails through the chromium content being too high [31].

A non-conventional iron slag is obtained from pyrometallurgical recycling of
zinc from flue dust originating during the metallurgical work-up of galvanized steel
for car bodies. Its chemical composition was found to be: 54% Fe2O3, 14% CaO, 10%
SiO2, 5.1% MnO, 3.7% MgO, 3.7% (Na2O + K2O), 3.6% ZnO%, 3.5% SO3, 1.1% Al2O3

and 1.7% others. The crystalline fraction slag is made up from iron, FeO (wuestite),
CaFeSiO4 (kirschsteinite) and Mn3Si. These slags are interesting for recovering the
iron content, yet presently for economic reasons with no activities.

6.4.6 Incineration slag

Municipal solid waste (MSW) is probably the broadest mixture of waste – biomass,
metals, plastics, paper and many more. The largest amounts of MSW are incinerated.
The incineration process (i) recovers part of the energy bound in the waste (thermal
power plant) and reduces the waste volume from one ton of MSW to approx. 300–350
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kg of incineration slag. The further use/treatment of the slag strongly depends on its
composition which, in most cases, is hardly predictable. The total amount of solid
waste from these incineration processes is the sum of the bottom ash, the filter dust
and flue-gas residues.

Incineration slags with low metal content and especially with heavy metal con-
tamination can be used for landfilling or might find application as partial replace-
ment for cement in mortar and concrete [32]. The second use concerns the metal
contents. These vary from several milligrams to more than 100 g (iron). The most im-
portant metal contents in the bottom ash are mainly Fe, Al, Pb, Cu, Sn, Zn and Ti.
Iron recovery is the best-developed technique and proceeds through grinding with
subsequent magnetic separation and work-up of the iron concentrate. All other ele-
ments build a multi-component mixture. Separation strategies are mostly still on the
lab scale, but will play an important role in the future since the chemical value of the
incineration slags increased in recent years. The total amount of valuable metals is
large; however, the dilution is a severe problem. The up-concentration processes con-
siderably consume energy and chemicals [33].

6.4.7 Perspectives: bioleaching

Bioleaching [34] is currently studied under mild laboratory conditions as technique
for metal recovery from slags. The strategy of bioleaching is (i) the extraction of haz-
ardous metals from slag in order to release clean slag for deposition or further use
and (ii) the recovery of residual, valuable metals from slag.

As compared to chemical leaching, bioleaching is a very complicated process
with a high number of parameters: (i) the pH value of the leaching solution and
eventual pH changes during the leaching process, (ii) the leaching temperature,
(iii) the grain size of the leached suspension and (iv) the use of autotrophic or het-
erotrophic bacteria. In a final step, the recovered metals from the leached slag are
precipitated (hydroxides or sulphides), electrochemically treated (electrolysis),
treated by solvent extraction, by ion exchange or biosorbed. Well understood, all
these processes are energy consuming since many successive separation steps are
required. In addition, bioprocesses are much more time-consuming and require
large reactor volumes if not conducted as heap leaching. On the other hand, where
the micro-organisms produce the leach-acid themselves, the biotechnical route may
be economically superior. At present, there is no general process available, and
whether or not bioleaching comes into play is an individual decision.

Tests on the laboratory scale revealed that Zn, Cd and In can be leached in suf-
ficient yield, while there is poor extraction efficiency for Pb, As and Ag. Given the
large absolute amount of metal-containing slags, including MSW slags, such alter-
native strategies might be a solution for future metal recovery.
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6.5 Salts in nutrition products

Heiko Hayen

Mineral salts have multi-faceted properties in foodstuff. Human mineral supply de-
pends not only on the total intake of an element but also primarily on its bioavailabil-
ity. The latter is essentially related to the chemical species, i.e. the specific form of an
element defined by the isotopic composition, electronic or oxidation state, and/or
complex or molecular structure. Thus, the redox potential and pH value determine
the valence state, solubility and, consequently, the absorption. A multitude of food
constituents, like proteins, peptides, amino acids, polysaccharides, sugars, lignin,
phytin and organic acids, bind minerals, enhance or inhibit their absorption. The im-
portance of minerals as food ingredients depends on their nutritional and physiologi-
cal roles. They affect the texture of food and contribute to flavor and activate or
inhibit enzyme-catalyzed and other reactions. Consequently, inorganic salts can be
utilized both as additives to modify food properties and for nutrient fortification. In
addition, they are nowadays increasingly used in food supplements. Naturally occur-
ring food ingredients are not discussed, whereas inorganic salts intentionally added
to foods are described in detail.

6.5.1 Food additives

A food additive is a substance (or a mixture of substances) which is intentionally
added to food. Perhaps, the oldest in history is the addition of salt (NaCl), which
was used both to enhance flavor and to preserve food. In general, food additives
are involved in food production, processing, packaging and/or storage without
being a major ingredient. The main applications are:
– Nutritive value of food: Additives such as minerals, vitamins and amino acids

are utilized to increase the nutritive value of food.
– Sensory value of food: Color, odor, taste and texture may diminish during

processing and storage. Such decreases can be addressed by additives, for ex-
ample, by curing and reddening of meat. Development of off-flavor resulting
from lipid oxidation can be suppressed by antioxidants or even unintentionally
promoted by the addition of metal ions like iron. Furthermore, food texture can
be stabilized by adding minerals or polysaccharides.

– Shelf life of food: The extension of shelf life involves protection against micro-
bial spoilage and suppression or retardation of undesired chemical and physi-
cal changes in food. The latter is achieved by pH stabilization using buffer
additives and the former by antimicrobial agents like nitrites or sulfites.

– Practical value: The general trend towards foods, which are easy and quick to
prepare, i.e. convenience foods, also broadens the use of food additives.

https://doi.org/10.1515/9783110798890-013
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In general, food additives at recommended use levels must be non-toxic and have
no adverse effects on human health. Furthermore, food additives are only allowed
when required for the nutritive or sensory value of food or for its processing or
handling. The use of additives is regulated by Food and Drug or Health and Welfare
administrations in most countries. In this context, “GRAS” is an important acronym
for the phrase “generally recognized as safe” [1].

There are also international institutions that deal with the safety and regulation
of food additives. Initially, the Joint FAO/WHO Expert Committee on Food Additives
(JECFA) was established as an international scientific expert committee to evaluate
the safety of food additives. JECFA serves as an independent scientific expert com-
mittee, which performs risk assessments and provides advice to FAO, WHO and the
member countries of both organizations as well as to the Codex Alimentarius Com-
mission [2]. As a result, an international numbering system for food additives was
implemented by the Codex Alimentarius committee [3]. The Codex Alimentarius or
“Food Code” is a collection of standards, guidelines and codes of practice adopted
by the Codex Alimentarius Commission. Only part of their food additive compilation
is approved for use in the European Union (EU), and others are forbidden [4].

Within the EU, food additives must be approved separately and may only be
used if they fulfil the criteria laid down in Regulation (EC) No. 1333/2008. “They
must be safe when used and there must be a technological need for their use. Use
of food additives must not mislead the consumer and must be of benefit to the con-
sumer. Misleading the consumer includes, but is not limited to, issues related to the
nature, freshness, quality of ingredients used, the naturalness of a product or of the
production process, or the nutritional quality of the product, including its fruit and
vegetable content” [4].

This regulation sets maximum levels for several food additives for the specific
foods. Furthermore, the principle “quantum satis” is applied for a large number of
additives. “Quantum satis” indicates that no maximum level is specified. However,
additives must be used in accordance with good manufacturing practice at a level
not higher than necessary to achieve the intended purpose, provided that they do
not mislead the consumer. The safety assessment in the EU is the responsibility of
the European Food Safety Authority (EFSA) [5].

Regardless of the concentration, food additives must be clearly indicated for
the consumer. E-numbers are usually found on food labels throughout the EU, a
number code for food additives, where the ‘E’ prefix stands for Europe.

Please note that naturally occurring food ingredients such as ascorbic acid (vita-
min C) are also listed. Ascorbic acid (E 300), sodium ascorbate (E 301) and calcium
ascorbate (E 302), for example, are approved as antioxidants by EFSA in the EU.

The most important groups of inorganic food additives are outlined in the fol-
lowing sections.
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6.5.1.1 Sodium chloride
Common (table, cooking or kitchen) salt occupies a special position among all
spices. It is used in greater amounts to enhance the flavour and taste of food. In
addition, some foods are preserved when salted with large amounts of NaCl. Hu-
mans require a constant level of intake of sodium and chloride ions to maintain
their vital concentrations in plasma and extracellular fluids. The daily requirement
is about 5 g of NaCl; an excessive intake is detrimental to health. The salty taste is
stimulated together by cation and the anion. In comparison, the sour taste is in-
duced solely by the cation. The pure salt taste is only produced by NaCl. Interest-
ingly, the very next chemical relative, KCl, has a sour/bitter aftertaste. KCl can be
used to replace up to about 30% of sodium chloride in many foods, but beyond that
concentration, foods may become unsavory [6].

Common cooking salt is nearly entirely NaCl. Impurities are moisture (up to
3%) and other salts, not exceeding 2.5% (MgCl2, CaCl2, MgSO4, CaSO4 and Na2SO4).
Special salt is also available. Iodized salt (Figure 6.5.1) is established as a preven-
tive measure against goiter, a disease of the thyroid gland. It contains 5 mg kg–1 of
sodium-, potassium- or calcium iodide (NaI, KI, CaI2). In addition to iodine, fluorine
(e.g. as NaF or KF) can also be added to cooking salt due to its caries-preventive
effect [7].

Figure 6.5.1: Example of cooking salt fortified by iodine and fluorine. Ingredients are evaporated
salt (NaCl), potassium fluoride (NaF), potassium iodate (KIO3) and anticaking agent sodium
ferrocyanide (tetrasodium [hexacyanoferrate(II)], Na4Fe(CN)6).
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6.5.1.2 Sodium nitrite and sodium nitrate
The additives, sodium nitrite (NaNO2) and sodium nitrate (NaNO3), are used primar-
ily in a mixture with cooking salt (NaCl) to preserve the red color of meat, to inhibit
microorganisms and to develop characteristic flavors. For curing, cooking salt is
utilized which is premixed with NaNO3 (1–2%) or NaNO2 (0.5–0.6%) [8]. Nitrite
rather than nitrate is apparently the functional constituent. However, some of the
nitrate present is reduced to nitrite either by salt-tolerant microorganisms in the
brine or by the respiratory enzymes of the muscle tissue.

Nitrites have antimicrobial activity, particularly in a mixture with NaCl. Of im-
portance is their inhibitive action, in non-sterilized meat products, against infec-
tions by Clostridium botulinum and, consequently, against accumulation of its
toxin. Acute toxicity has been found only at high levels of use (formation of methe-
moglobin). A concern is the possible formation of carcinogenic N-nitrosamines, as
recently re-evaluated by EFSA [9]. Consequently, the trend is to reduce or eliminate
nitrate and nitrite content in food.

No suitable replacement has been found for nitrite in meat processing. How-
ever, ascorbic acid or isoascorbic acid can be added to nitrite-containing meats to
prevent the formation of N-nitrosamines. This is accomplished by forming NO and
preventing the formation of undesirable nitrous anhydride (N2O3, the primary nitro-
sating agent) [10]. The proposed reactions are shown here (reaction (6.5.1)):

Ascorbic acid + HNO2 ! 2-Nitrite ester of ascorbic acid
! Semidehydroascorbate radical + NO

(6:5:1)

The formation of NO is intended because it is the desired ligand for binding to myo-
globin to form the cured meat color. Myoglobin is a globular protein that binds both
iron and oxygen. The chromophore component responsible for the color is a porphy-
rin known as heme, which is composed of four pyrrole rings joined together and
linked to a central iron atom. The heme porphyrin is present within a hydrophobic
pocket of the globin protein and is bound to a histidine residue (Figure 6.5.2). The
centrally located iron atom possesses six coordination sites, four of which are occu-
pied by the nitrogen atoms of the tetrapyrrole ring. The fifth coordination site is occu-
pied by the histidine residue of globin, leaving the sixth site available to complex
with electronegative atoms donated by various ligands, primarily O2, NO and CO.

Meat color is determined by the chemistry of myoglobin including its state of
oxidation, the type of ligands bounds to heme and the state of the globin protein.
The heme iron within the porphyrin ring may exist in two oxidation states: either as
the reduced ferrous (Fe2+) or the oxidized ferric (Fe3+) form. This oxidation state of
the iron atom in heme must be distinguished from oxygenation of myoglobin. Oxy-
genation occurs when molecular oxygen binds to myoglobin and oxymyoglobin is
formed. When oxidation of myoglobin occurs, the iron atom is converted from the
ferrous (Fe2+) to the ferric (Fe3+) state, forming metmyoglobin.
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During the curing process, specific reactions occur that are responsible for the
stable pink color of cured meat products. The first reaction occurs between nitric
oxide and myoglobin to produce nitric oxide myoglobin, also known as nitrosyl-
myoglobin. Nitrosylmyoglobin is bright red and unstable. Upon heating, the more
stable nitric oxide myohemochromogen (nitrosylhemochrome) forms. This product
is responsible for the desirable pink color of cured meats. Heating of this pigment
denatures globin, but the pink color persists [11].

6.5.1.3 Ammonium and sodium carbonates
Different carbonates are applied in food production as chemical leavening agents,
also known as raising agents. The mode of action is similar to fermentation with
Baker’s yeast, the release of CO2. Dough consisting only of flour and water gives a
dense flat cake. Baked products with a porous crumb, like bread, are obtained only
after the dough is leavened. This is achieved by the addition of yeast, whereas bak-
ing powders are used for fine baked products.

The interaction of water, acid, heat and chemical leavening agents (baking
powders) releases CO2. The release of gas may occur in the dough prior to or during
oven baking. The agents consist of a CO2-generating source, often sodium bicar-
bonate (NaHCO3), and an acid carrier, usually disodium dihydrogendiphosphate
(Na2H2P2O7). In baking powder, the two reactive constituents are blended with a
filler, which consists of wheat, corn, rice or tapioca starch. The filler content of up
to 30% prevents premature release of CO2 by separating the reaction partners and
by creating a dry atmosphere in the baking powder packaging [12].

Mainly ammonium hydrogen carbonate (NH4HCO3, ammonium bicarbonate,
“ABC”) is used, whereas NaHCO3 alone is applied for some flat shelf-stable cookies.
Ginger and honey cookies are leavened by NH4HCO3, mostly together with potash
(K2CO3). To a small extent, a 1:1 mixture of NH4HCO3 and ammonium carbamate
(H2NCOONH4) is used in some countries. Both decompose above 60 °C to CO2, NH3

and H2O.

Figure 6.5.2: Octahedral environment of Fe(II)-
porphyrin, showing the imidazole ring of globin,
histidine residue and nitrogen monoxide. Please
note that the side chains of pyrrole rings have been
omitted for clarity of presentation.
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6.5.1.4 Ammonium chloride
Salty licorice or salmiac licorice is a variety of licorice flavoured with the ingredi-
ent “salmiak salt” (ammonium chloride, NH4Cl) and is a common confection
found in the Nordic countries, Benelux and northern Germany. Salmiak or sal am-
moniac is a rare naturally occurring mineral composed of NH4Cl, which gives
salty licorice an astringent, salty taste. Extra salty licorice is additionally coated
with salmiak salt or salmiak powder or sometimes cooking salt. Simple licorice
products contain 30−45% starch, 30−40% sucrose and at least 5% licorice extract.
Higher quality products have an extract content of at least 30%. Licorice roots
(generally Glycyrrhiza glabra L., Leguminosae) are main ingredients of diverse li-
corice sweets which are appreciated by consumers all over the world due to their
sweet and typical longlasting licorice impression [13].

6.5.1.5 Sulfites and sulfur dioxide
Sulfur dioxide (SO2) and its derivatives, sodium sulfite (Na2SO3) and sodium hydro-
gen sulfite (sodium bisulfite, NaHSO3), are used as general food preservatives, in-
hibiting the growth of yeasts, molds and bacteria [14]. The activity increases with
decreasing pH and is mostly derived from undissociated sulfurous acid H2SO3,
which predominates at pH < 3.

In addition, SO2 and sulfites act as antioxidants and as reducing agents (see
also Chapter 11.2). SO2 gas and the sodium, potassium or calcium salts of sulfite
(SO3

2–), bisulfite (HSO3
–) or metabisulfite (S2O5

2–) are the commonly used forms in
foods. Most frequently, the sodium and potassium metabisulfites are used, as they
exhibit good stability towards autoxidation in the solid phase.

SO2 is used in the production of dehydrated fruits and vegetables, fruit juices,
syrups, concentrates or purée. During wine fermentation, SO2 is used at a level of
50–100 ppm, while 50–75 ppm are used for wine storage. Besides inhibiting micro-
bial growth, SO2 also inhibits discoloration by blocking compounds with a reactive
carbonyl group (Maillard reaction, non-enzymatic browning) or by inhibiting oxida-
tion of phenols by phenol oxidase enzymes (enzymatic browning) [15].

6.5.1.6 Phosphates and phosphoric acid
Phosphoric acid (pK1 = 2.15; pK2 = 7.1; pK3 ∼ 12.4) and its salts account for about one-
quarter of all the acids used in the food industry. The main field of use of phosphoric
acid is the soft drink industry (cola drinks). It is also used in fruit jellies, processed
cheese and as an active buffering agent or pH-adjusting ingredient in fermentation pro-
cesses. An important application field is baking powder. Acid salts, e.g. Ca(H2PO4)2 ×
H2O (fast activity), NaH14Al3(PO4)8 × 4 H2O (slow activity) and Na2H2P2O7 (slow activity),
are used in baking powders as components of the reaction to slowly or rapidly release
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the CO2 from NaHCO3 [12]. Please refer to Chapter “6.2.6 Condensed phosphates –
applications”, and in particular to Figure 6.2.5 and equation (6.2.8), as well as
Chapter 6.5.1.3.

6.5.1.7 Silicates and ferrocyanides
Several inorganic salts are used as anticaking agents (Table 6.5.1). Some food prod-
ucts such as common salt, seasoning salt (e.g. a mixture of onion or garlic powder
with common salt), dehydrated vegetable and fruit powders, soup and sauce pow-
ders and baking powder tend to cake into a hard lump. Lumping can be avoided by
using a number of compounds that either absorb water or provide protective hydro-
phobic films. Anticaking compounds include sodium, potassium and calcium hexa-
cyanoferrate(II), calcium and magnesium silicate, and calcium carbonate [16].

6.5.2 Fortification and enrichment

Fortification of foods with minerals is intended to improve human health. Supple-
mentation of the conventional nutrition has been applied for quite a long time, espe-
cially with iron. For example, various governments have introduced state-sponsored
programs to reduce iron deficiency anemia in their population long ago. In the United
States, for example, fortification of the food supply began in 1924 with the addition of
iodine to salt to prevent goiter, a prevalent public health problem in the United States

Table 6.5.1: List of permitted anticaking agents in the EU in the order of
their E-numbers.

Name Formulae E-number

Calcium carbonate CaCO E 

Natrium ferrocyanide Na[Fe(CN)] E 

Kalium ferrocyanide K[Fe(CN)] E 

Calcium ferrocyanide Ca[Fe(CN)] E 

Silicium dioxide SiO E 

Calcium silicate CaSiO E 

Magnesium silicate, Magnesium trisilicate MgSiO E a

Talcum MgSiO(OH) E b

Natrium aluminium silicate MgAl(SiO) E 

Kalium aluminium silicate KAl(SiO) E 

Calcium aluminium silicate CaAl(SiO) E 

Aluminium silicate (Kaolin) Al(SiO) E 
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at the time. In the early 1940s, food fortification was expanded further, when it be-
came apparent that many young adults were failing Army physical exams due to
poor nutritional status. In 1943, the government issued an order making it mandatory
to enrich flour with iron (along with riboflavin, thiamine, and niacin) [17].

Since the introduction of fortification back in the 1920s, the prevalence of many
nutrient deficiency diseases in the United States has declined dramatically, including
iron, iodine, niacin and vitamin D deficiencies. In the United States today, most
foods containing refined cereal grains (e.g. white flour, white rice and corn meal) are
enriched with iron, niacin (nicotinic acid), riboflavin, thiamine and folic acid [17].

6.5.2.1 Iron
Despite the abundance of iron in the environment, iron deficiency in humans is
widespread due to low concentrations in crops and some farm animals and thus in
the human diet. The WHO estimates that iron deficiency is the most prevalent nutri-
tional disorder in the world [18]. Iron deficiency is a major cause of anemia, which
is characterized by low red blood cell counts and low blood hemoglobin concentra-
tions. Due to the importance of an adequate iron supply, EFSA proposed dietary ref-
erence values of 11 mg/day [19].

The risk of systemic iron overload from dietary sources is mostly negligible
with normal intestinal function. Chronic iron overload may occur in individuals af-
fected by hemolytic anemias, hemoglobinopathies or one of the hemochromatosis
and results in increasing deposition of iron in ferritin and hemosiderin in all tissues
throughout the body [19].

Iron plays many key roles in biological systems, like oxygen transport (hemoglobin
and myoglobin), respiration and energy metabolism (e.g. cytochromes) or depletion of
hydrogen peroxide (hydrogen peroxidase and catalase). Many of the aforementioned
proteins contain heme, a complex of iron with porphyrin (Figure 6.5.2). The involve-
ment of iron in many of these metabolic reactions depends on its ability to readily ac-
cept or donate an electron, that is, to easily undergo a redox cycle between the Fe2+

and Fe3+ forms.
The bioavailability of heme iron is relatively unaffected by composition of the

diet and is significantly higher than that of non-heme iron. The bioavailability of
non-heme iron varies markedly depending on the composition of the diet [20].

Addition of iron to foods is a difficult balancing act because some forms of iron
catalyze oxidation of unsaturated fatty acids and vitamins A, C and E [21]. These oxi-
dation reactions and other interactions of the added iron with food components may
produce undesirable changes in color, odor, taste or even degradation of vitamins. In
many cases, forms that are highly bioavailable are also the most active catalytically,
and forms that are relatively chemically inert tend to have poor bioavailability, mak-
ing balancing even more difficult. In general, the more water soluble the iron com-
pound, the higher its bioavailability and the greater the tendency to adversely affect
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sensory properties of foods. To address these issues, various iron species are offered
for use in food supplements like

Fe(II)-bisglycinate (C4H8FeN2O4),
Fe(II)-carbonate (FeCO3, protected from oxidation by admixture with sugar),
Fe(II)-citrate (C6H6FeO7),
Fe(II)-fumarate (C4H2FeO4),
Fe(II)-gluconate (as Fe(II)-gluconate-2-hydrate, C12H22FeO14 × 2H2O),
Fe(II)-lactate (as Fe(II)-lactate-2-hydrate, C6H10FeO6 × 2H2O or Fe(II)-lactate-3-
hydrate C6H10FeO6 × 3H2O),
Fe(II)-phosphate (Fe3(PO4)2),
Fe(III)-pyrophosphate (Fe(III)-diphosphate, Fe4(P2O7)3 × H2O),
Fe(III)-saccharate (C12H22O11Fe),
Fe(II)-sulfate (Fe(II)-sulfate-7-hydrate, FeSO4 × 7H2O) or
Fe(III)-sulfate (Monsel salt, Fe4(SO4)5(OH)2 × 10H2O) [22].

6.5.2.2 Iodine
Iodine (see also Chapter 13.1.3) is an essential nutrient required for the synthesis of
the thyroid hormones. These hormones, thyroxine (3,4,3′,5′-tetraiodothyronine,
designated as T4) and 3,5,3′-triiodothyronine (T3), have multiple functions in the
body [23]. They influence neuronal cell growth, physical and mental development
in children and basal metabolic rate. Goiter is the most widely known iodine defi-
ciency disorder, but many other disorders may result from iodine deficiency includ-
ing decreased fertility, increased rates of perinatal mortality, growth retardation in
children and impaired mental development. Iodine deficiency occurs mainly in re-
gions where soil iodine content is low due to leaching caused by melting glaciers,
heavy rainfall and flooding, which is favored by the high solubility of iodine salts.
There are only low concentrations of iodine in most foods. Good sources are milk,
eggs and, above all, seafood. Drinking water contributes little to the body’s iodine
supply [24].

Several countries with iodine-deficient areas employ prophylactic measures by
iodization of common salt with potassium iodate (KIO3), potassium iodide (KI), so-
dium iodate (NaIO3) or sodium iodide (NaI). In the United States, a program for iod-
ization of salt was started in 1924. Despite the relatively simple process for adding
iodine to salt and the success of the program in the United States and other devel-
oped economies, salt iodization was not common in many emerging economies.
Therefore, in 1993, the WHO adopted an intervention strategy called Universal Salt
Iodization to tackle the problem [25].

In some regions and for some life stages in Germany and Austria, an insuffi-
cient iodine intake is prevalent. Considering influencing factors such as iodine con-
tent in food or drinking water, it was decided to retain the previous recommended
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value of 200 µg/day for adults below 51 years of age and 180 µg/day from 51 years
onwards [26].

However, also maximum amounts in food supplements are recommended, as
higher amounts of iodine are toxic and, as shown with rats, disturb the normal re-
production and lactation of the animals and can cause diseases of the thyroid gland
in humans [27].

6.5.2.3 Zinc
Given the apparently widespread occurrence of marginal zinc deficiency, zinc fortifi-
cation of foods is advocated as a strategy for addressing this problem. In the United
States, five zinc compounds are listed as “GRAS”: zinc sulfate (ZnSO4), zinc chloride
(ZnCl2), zinc gluconate, zinc oxide (ZnO) and zinc stearate [28]. ZnO is mainly used
for food fortification. It is more stable in foods, in part due to its lower solubility. In
the same study, a fortification level of 20–50 mg Zn/kg is recommended in Mexiko for
corn flour. Following a request from the European Commission, the Panel on Dietetic
Products, Nutrition and Allergies (NDA) derived Dietary Reference Values for zinc for
the EU, considering the inhibitory effect of dietary phytate on zinc absorption [29].
Most dietary zinc is absorbed in the upper small intestine. The luminal contents of
the duodenum and jejunum, notably phytate, can have a major impact on the per-
centage of zinc that is available for absorption. Therefore, estimated Population Ref-
erence Intakes for zinc are provided for phytate intake levels of 300, 600, 900 and
1200 mg/day, which cover the range of mean/median phytate intakes observed in Eu-
ropean populations. Dietary Reference Values for zinc range from 7.5 to 12.7 mg/day
for women and from 9.4 to 16.3 mg/day for men [29].

6.5.2.4 Fluorine
Fluoride performs no essential function in human growth and development, and no
signs of fluoride deficiency have been identified. Although fluoride is not essential
for tooth development, its role in the prevention of dental caries has been known
for many years. Epidemiological studies have shown an inverse correlation between
the presence of fluoride in drinking water and the prevalence of dental caries in
children [30]. The positive effect of fluorine on dental caries is well established. The
addition to drinking water of 0.5–1.5 ppm fluorine in the form of NaF or (NH4)2SiF6
inhibits tooth decay and is applied in some countries. Its beneficial effect appears
to be in retarding solubilization of tooth enamel and inhibiting the enzymes in-
volved in the development of caries. The level of fluoride in drinking water must be
closely monitored as too much fluoride can be harmful. The World Health Organiza-
tion recommends a maximum level of 1.5 mg/L [31]. Therefore, the beneficial effect
of fluoridating drinking water is a controversial topic of mineral supplementation.
In Germany, fluoridating of drinking water is not conducted. As mentioned earlier
in Chapter 6.5.1.1, cooking salts with additional fluoride are also available.

188 6 Ionic Solids



6.5.3 Mineral salts in food supplements

Nutritional supplements play an increasingly important role in the modern diet.
The EU Directive No. 2002/46/EC defines food supplements as “foodstuffs the pur-
pose of which is to supplement the normal diet and which are concentrated sources
of nutrients or other substances with a nutritional or physiological effect, alone or
in combination, marketed in dose form, such as pills, tablets, capsules, liquids in
measured doses, etc.”. A wide range of nutrients and other ingredients might be
present in food supplements, including but not limited to minerals, vitamins,
amino acids, essential fatty acids, fiber and various plant and herbal extracts.

Food supplements are intended to correct nutritional deficiencies, maintain an
adequate intake of certain nutrients or to support specific physiological functions.
They are not medicinal products and as such cannot exert any pharmacological, im-
munological or metabolic action. Therefore, their use is not intended to treat or pre-
vent diseases in humans or to modify physiological functions.

Food supplements are generally available over the counter and are advertised
to the consumer accordingly. However, advertising claims regarding effectiveness
and health benefits are subject to strict constraints in the EU. The EFSA is responsi-
ble for evaluating the scientific proof of such claims. Regulation (EU) No. 1924/2006
sets out the requirements for health claims in detail [32].

In the EU, food supplements are regulated as foods. Harmonized legislation
regulates the vitamins and minerals and the substances used as their sources,
which can be used in the manufacturing of food supplements. For ingredients other
than vitamins and minerals, the European Commission has established harmonized
rules to protect consumers against potential health risks and maintains a list of sub-
stances which are known or suspected to have adverse effects on health and the
use of which is therefore controlled [33].

Several minerals are approved according to the EU Nutrition and Health Claims
Regulation [34]. A public EU Register of Nutrition and Health Claims lists all permit-
ted nutrition claims and their conditions of use, as well as authorized health claims,
their conditions of use and applicable restrictions [35]. The following selection
again shows the importance of inorganic salts in human nutrition and for human
health:
– Blood formation, blood clotting, blood function (Fe, Ca)
– Blood pressure (K)
– Bone health (Ca, Mg, Mn, P, Zn, F)
– Glucose metabolism (Cr)
– Healthy hair (Cu, Se, Zn, I)
– Healthy skin (Cu, I, Zn)
– Immune system (Cu, Fe, Se, Zn)
– Nervous system/mental & cognitive health (Mn, Ca, Mg, I, Fe, Zn, Se)
– Maintenance of tooth mineralization (F)
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– Muscle function (Ca, Mg, K)
– Sexual health/male hormone balance (Zn)
– Thyroid function (I)

As already stated above at example of Fe (vide ultra), the bioavailability of these
elements depends on the chemical species and therefore must be considered when
choosing the administration form.
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6.6 Fertilizers

Robert Glaum

For soil, a typical chemical composition (mass%; without organic matter) of SiO2

57.6, Al2O3 15.3, Fe2O3 2.5, FeO 4.3, MgO 3.9, CaO 7.0, Na2O 2.9, K2O 2.3, TiO2 0.8,
CO2 1.4, H2O 1.4, MnO 0.16, P2O5 0.22 can be assumed [1]. Thus, various types of
silicates form the mineral basis of soil. Among those, layered (alumino-)silicates
(clay) are the most important for plant growth, due to their ion exchange and water
retention properties. As a fertilizer, any material, organic or inorganic, natural or
synthetic, is regarded, and is placed on or incorporated into the soil to supply
plants with one or more of the chemical elements necessary for normal growth. For
many centuries, manure was the most common type of fertilizer, and in nineteenth-
century literature “manure” was used to designate any fertilizer [2, 3].

6.6.1 History

LAVOISIER (1743–1794) realized that malnutrition of livestock is related to limited nutri-
ent supply for plants on infertile soil. He identified a shortage of plant-available nitro-
gen and suggested as action against this deficit crop rotation including leguminous
plants (e.g. beans, soybeans, peas, chickpeas, peanuts, lentils, lupins, clover) [4, 5].
These were left on the fields to decay, thus forming humus and replenishing nitrogen
in the soil. Nowadays, it is well established that most of these plants have symbiotic
nitrogen-fixing bacteria in structures called root nodules [6]. In the early-nineteenth
century, THAER (1752–1828) formulated his humus theory explicitly [7], arguing “plants
can only feed on organic nutrients/decaying plants”. This theory stated that plants
lived on humus-derived extracts containing simple water-soluble compounds of C, H,
O and N, from which they were able to rebuild more complex plant tissue. By
THAER, some fertilizer substances like salts and lime were considered useful for
plant growth, but only because they promoted the decomposition of humus and
the dissolution of organic matter in the soil solution. Eventually, humus theory

Note: In preparation of this Section (6.6) consultation and cross-referencing of three treatises on the
subject is particularly acknowledged: a) Nielsson FT. Manual of Fertilizer Processing, Vol 5, In: Fertilizer
Science and Technology, Taylor & Francis, Boca Raton, 2018, b) Lee RG, Kopytowski JA. (Eds), Fertilizer
Manual by United Nations Industrial Development Organization and International Fertilizer Develop-
ment Center, 3rd ed, Kluwer Academic Publishers, Dordrecht, 1998, c) Amelung W, Blume H-P, Fleige H,
Horn R, Kandeler E, Kögel-Knabner I, Kretzschmar R, Stahr K, Wilke B-M. with contributions by Gaiser T,
Gauer J, Stoppe N, Thiele-Bruhn S, Welp G. Scheffer/Schachtschabel: Lehrbuch der Bodenkunde, 17th
ed., Springer Spektrum, Berlin, 1994. Several Figures have been taken from “Informationsserie Pflanze-
nernährung: Ernährung – Wachstum – Ernte”, Fonds der Chemischen Industrie im Verband der Chemi-
schen Industrie e. V. (FCI), Frankfurt, 2013.
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was in some parts refuted and in others further developed by THAERS’ student and
later assistant SPRENGEL (1787–1859), who realized that the mineral (inorganic) nutrients
including nitrogen (as NH4

+ or NO3
‒), phosphorus (H2PO4

‒, HPO4
2‒) and potassium

(K+) are essential for plant growth and that the least available nutrient will limit plant
growth (series of papers 1826–1829 [8, 9]). This first formulation by SPRENGEL of the law
of the minimum (German: Minimumgesetz; Figure 6.6.1a) was some ten years later
adopted and scientifically promoted by LIEBIG (1803–1873). He systematized all avail-
able knowledge on fertilizers and extended it by the results of his own experiments
and ideas. LIEBIG published his conclusions in the groundbreaking treatise “Die organi-
sche Chemie in ihrer Anwendung auf Agricultur und Physiologie/Application of or-
ganic chemistry in agriculture and physiology” [10]. The insights by SPRENGEL and
LIEBIG can be summarized as follows:
– Plant growth requires, in addition to CO2 and water, further nutrients, in partic-

ular nitrogen, phosphorus and potassium (macronutrients). Calcium, magne-
sium and sulfur are regarded as secondary macronutrients, since they are
essential, however required in lower amounts than N, P and K. These are taken
up as water-soluble inorganic (“mineral”) substances via the roots.

– Plant growth is limited by the least available nutrient (LIEBIG’S law of the mini-
mum [11], see Figure 6.6.1a).

– Nutrient loss by crop harvest has to be replaced to maintain soil fertility.

Eventually, in the early twentieth century, MITSCHERLICH formulated the law of the
decreasing soil fertility as an expansion to the law of the minimum. MITSCHERLICH

found that for each plant nutrient in soil an optimum amount exists, beyond which
crop production will actually decrease (Figure 6.6.1b). For a concise summary of the
historical development in soil science and the use of mineral fertilizers, the reader
is referred to an excellent review [12].

Figure 6.6.1: a) Sprengels/Liebigs law of the minimum visualized by a barrel with staves of different
length (source [13]). b) Mitscherlichs law of optimum fertilizer application (Figures adapted from [13]).
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Beginning in mid-nineteenth century, the limiting-factor paradigm (“law of the
minimum”), which is frequently visualized by a barrel with staves of different length
(Figure 6.6.1a) led to an increasing demand for water-soluble inorganic compounds of
nitrogen, phosphorus and potassium. While an abundance of potassium containing
minerals (see Section 6.6.2.4) was and still is available for fertilizer production, mineral
deposits containing phosphorus (“phosphate rock” see Chapter 6.2 on “Phosphates”)
are in general badly water-soluble and require chemical digestion (see Sections 6.2.2
and 6.6.3.2) prior to their use as fertilizer. Eventually, in the late-nineteenth century,
the biggest problem was encountered in providing sufficient amounts of chemically
reactive (plant available) compounds of nitrogen. Though the beneficial use of guano
and Chile saltpeter (hygroscopic, deliquescent NaNO3) as fertilizer was well estab-
lished, its supply was rather limited and costly. All this prohibited widespread use of
mineral fertilizers at that time, and despite the discovery of some revolutionary indus-
trial processes that solved these problems, it was not until the 1950s that global use of
mineral fertilizer became economically reasonable. Figure 6.6.2 shows global mineral
fertilizer production from 1900 to 2022. The diagram demonstrates impressively how
global population growth during the last 120 years from about 1.6 billion people in
1900 to close to 8 billion in 2022 is directly related to increased fertilizer production. In
fact, it is estimated that synthetic nitrogen fertilizer today secures the nutrition basis of
approximately half of the global population [14–16].

The main chemical and technological breakthroughs that eventually allowed produc-
tion of huge amounts of mineral fertilizers are summarized in Table 6.6.1. These pro-
cesses all represent historic landmarks in the development of industrial inorganic
chemistry. Yet, none of these had a more dramatic impact than the ability to produce
synthetic nitrogen fertilizer [15, 16]. Figure 6.6.3 provides a summary on global fertilizer
production and consumption from 1961 to 2020 distinguished by geographic region.

Figure 6.6.2: Global population and total (N + P + K) fertilizer production 1900 to 2020 (data from
[17, 18]).
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Several facts on mineral fertilizer production/consumption are visualized by
Figure 6.6.3 and should be particularly emphasized:

Table 6.6.1: Scientific and technological achievements as the basis for the development of
industrial fertilizer production.

Year Process Product; fertilizer relevance Ref.

 Solvay Soda NaCO; for potassium nitrate []



/
Contact Sulfur trioxide SO; sulfuric acid for digestion of phosphate rock []

 Linde Air liquification/distillation; di-nitrogen for NH []

 Frank-Caro Nitrolime (Kalkstickstoff) Ca(CN) []

 Ostwald Nitric oxide NO; for nitric acid []



/
Haber-Bosch Ammonia NH; for ammonium salts, nitric acid and urea []

 Birkeland-Eyde Nitric oxide NO; for nitric acid []

 Bosch-Meiser Urea []

 Steam-reforming Hydrogen; for ammonia synthesis []

Figure 6.6.3: World fertilizer production and consumption (data taken from [28, 29]).
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– Total (N + P + K) global fertilizer production had reached 250 million tons in
the year 2020. This is comparable to global sulfuric acid production, but only
about 1/20 of crude oil production.

– Economic reforms during the 1990s in Eastern Europe and Eurasia had a tre-
mendous effect on fertilizer use in these regions. During a short period of time,
fertilizer use decreased by 30%–70% in many countries.

– Debt crises, foreign exchange shortages and balance-of-payment difficulties led
to restricted fertilizer supplies and therefore decreased fertilizer use in many
developing countries, especially in Africa and Latin America.

– Policy reforms introduced under structural adjustment programs such as the
devaluation of domestic currency, subsidy removal and privatization (sudden
withdrawal of governmental organizations) have had a negative impact on fer-
tilizer use in several developing countries.

– Depressed crop prices resulting from grain surpluses and acreage reduction
programs in the developed markets have contributed to a decline or stagnation
in fertilizer use [3].

Among the world’s largest fertilizer producing companies in the year 2021 were Nu-
trien (North America, merge of Agrium and Potash Corp.), The Mosaic Company
(North America), Yara International (former Norsk Hydro; Norway), Israel Chemi-
cals ICL (Israel), Uralkali PJSC (Russia), BASF (Germany), CF Industries (U.S.A),
K&S (Germany) and SAFCO (Saudi Arabia) [30].

6.6.2 Plant nutrients (macro)

The nutrients taken up by plants with by far the highest masses are CO2 and H2O. These
are followed by the primary macronutrients nitrogen, phosphorus and potassium,
which also constitute the major components of fertilizers.1 The secondary macronu-
trients calcium, magnesium and sulfur are essential for plant growth, too, which
means they cannot be substituted by other nutrients. However, the natural supply for
these elements in soil, e.g. due to weathering processes, was sufficient to ensure plant
growth (Figure 6.6.4). With intensified farming and cultivation of agricultural crops of
special nutritional requirements these were to be replenished by mineral fertilizer gifts.

1 Fertilizer grade is used to classify different fertilizer materials on the basis of the content of the three
major nutrients. The nutrient content is expressed traditionally for nitrogen in elemental form (N) and
for most other nutrients in oxide form (e.g. P2O5, K2O). Thus, a fertilizer grade of NPK 7-28-14 contains
7 wt% N, 28 wt% P2O5 and 14 wt% K2O. Note: Even for potassium chloride containing fertilizers the
equivalent content of K2O is given (e.g. pure KCl with 52.4 wt% K and 47.6 wt% Cl is represented by
the grade 0-0-60).
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6.6.2.1 Carbon, hydrogen and oxygen
Carbon, hydrogen and oxygen are provided by the CO2 from air (41 ppm CO2 on av-
erage in air in the year 2021 [31]) and water. Plants transform CO2 and water via
photosynthesis into oxygen and carbohydrates “Cn(H2O)n” (e.g. sugars like glucose
and cellulose; reaction 6.6.1). The energy for this highly endergonic process, which
formally can be compared to splitting of carbon dioxide into the elements, is mainly
taken from solar radiation. Figure 6.6.5 visualizes the carbon cycle in nature. Carbo-
hydrates are used by plants for energy storage and tissue formation. Carbon dioxide
and water are not regarded as fertilizers, yet an interesting aspect lies in the effect of
higher CO2 supplies, in particular in the context of rising average CO2 levels. Recent
research suggests that this will indeed increase biomass formation. However, this
will cause lower nutrient content [32].

nCO2 gð Þ+nH2O lð Þ ! “Cn H2Oð Þn” sð Þ+nO2 gð Þ (6:6:1)

6.6.2.2 Nitrogen
Nitrogen is the critical limiting element for crop production and plant growth in gen-
eral. It is a major component of chlorophyll, the unique pigment needed for photosyn-
thesis. Nitrogen is also required for synthesis of amino acids, the key building blocks
of proteins, and other important biomolecules such as ATP and nucleic acids. Even
though nitrogen is one of the most abundant elements (predominantly in the form of
di-nitrogen gas N2 in the Earth’s atmosphere), plants can only utilize chemically acti-
vated forms of this element, mainly as ammonium (NH4

+) or nitrate (NO3
‒). Plants ac-

quire “active” or “combined” nitrogen by: 1) the addition of ammonia and/or nitrate
fertilizer or manure to soil, 2) the release of these compounds during organic matter

Figure 6.6.4: Plant macro and micronutrients (a) and scheme visualizing nutrient uptake (Figures
adapted from [13]).
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decomposition, 3) the conversion of atmospheric nitrogen into the compounds by nat-
ural processes, such as lightning, and 4) biological nitrogen fixation by bacteria in the
root nodules of leguminous plants [6, 33]. Due to their generally high reactivity, vola-
tility (N2, NH3, NOx) or solubility (NO3

‒), nitrogen compounds in the soil are in rather
short supply, in contrast to other nutrients. Therefore, introduction in mid-nineteenth
century of mineral (“industrial”) nitrogen fertilizers immediately proofed beneficial for
crop yield. At that time, Chilean saltpeter (NaNO3) and ammonia liquor (dil. ammonia
solution) as well as ammonium sulfate as by-product from coking coal were the only
available N-fertilizers and of high cost. The chemical and technological basis for ac-
cess to cheaper N-fertilizers was laid in the late-nineteenth and early twentieth centu-
ries by a series of inventions (see Table 6.6.1).

Calcium cyanamide (CaCN2, nitrolime, “Kalkstickstoff”) was the first industrial
N-fertilizer. Its synthesis (see eqs. 6.6.2a and b) by the Frank-Caro process (1895) [22]
requires limestone (CaCO3) and nitrogen from the Linde process [21, 34] (see also Sec-
tion 4.4) and huge amounts of electric energy [35]. This is the reason why historically
nitrolime production was restricted to sites with ample supply of (hydro-)energy (e.g.
Norway, Tennessee Valley in the U.S.A., Bavaria). Nitrolime shows some peculiar fer-
tilizer properties. It serves as a source for N and Ca, rises the pH of soil (in contrast to
most ammonium salts), shows delayed nitrogen release due to stepwise hydrolysis
and nitrification, and eventually improves soil fertility. The latter follows from bacteri-
cide and fungicide behavior of some of the intermediates during hydrolysis (e.g.

Figure 6.6.5: Visualization of the carbon cycle (graphics adapted from [1]).
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cyanamide CN-NH2, its tautomer carbodiimide HN=C=NH, and its dimer dicyandia-
mide DCD). Due to these intermediates, which are also known to cause alcohol intoler-
ance [36], careful handling of nitrolime is mandatory to avoid health risk.

CaO sð Þþ3C sð Þ ��!
>2200 �C; electric arc

CaC2 sð ÞþCO gð Þ ðΔrH298¼ þ461 kJ=molÞ (6:6:2a)

CaC2 sð ÞþN2 gð Þ ��!
1100 �C

Ca CN2ð Þ sð ÞþC sð Þ ðΔrH298¼�286 kJ=molÞ (6:6:2b)

The Birkeland-Eyde process (“combustion of air” [25, 37]), introduced in 1909,
was another energy-intensive way to activate di-nitrogen from air. In the three reac-
tion steps (eqs. 6.6.3a to 6.6.3d) nitric acid is formed. The first step is highly endo-
thermic and carried out at 3300 °C, at best giving a yield of 5%. The nitric acid is
reacted with limestone to yield calcium nitrate. The hygroscopic nitrate crystallizes
from water as tetra-hydrate Ca(NO3)2 · 4 H2O, which for fertilizer applications is con-
verted into double salts with KNO3 or NH4NO3 (e.g. 5Ca(NO3)2·NH4NO3·10H2O)

N2 gð ÞþO2 gð Þ ��!
>3300 �C; electric arc

2NO gð Þ ðΔrH298 = + 178:5 kJ=molÞ (6:6:3a)

2NO gð Þ+O2 gð Þ �!>50 �C
2NO2 gð Þ ðΔrH298 = − 114 kJ=molÞ (6:6:3b)

2NO2 gð Þ �! N2O4 gð Þ ðΔ rH298 = − 57 kJ=molÞ (6:6:3c)

4NO2 gð Þ + 2H2O lð Þ + O2 gð Þ �! 4HNO3 aqð Þ (6:6:3d)

Due to the high-energy consumption, chemical nitrogen fixation as Ca(CN2) and cal-
cium nitrate was only economically viable where and when electric energy was
available at low cost. Thus, even as late as 1950, many agriculturists advocated that
principal reliance for nitrogen supplies should be placed on leguminous plants
grown in rotation with other crops instead of mineral nitrogen fertilizer [3]. Only
with the widespread availability of cheap hydrogen from steam-reforming [27] (see
Chapter 4.1), oxygen-free nitrogen (Linde process [21], see Chapter 4.4), the optimi-
zation of the Haber-Bosch process (eq. 6.6.4, see Chapter 4.6 for details and [15, 24,
38] for further reading) and improved nitric acid production by combustion of am-
monia (Ostwald process [23, 39], eq. (6.6.5) followed by reactions 6.6.3b–d; see
Chapter 4.7 “nitrogen oxides” for details) various inorganic nitrogen fertilizers be-
came affordable. The importance of the Haber-Bosch process to mankind has al-
ready been emphasized and is underscored by the fact that over a period of 90 years
three Nobel prizes have been awarded with close relation to the synthesis of ammo-
nia: FRITZ HABER (1918, ammonia synthesis from the elements), CARL BOSCH (1931,
mastering high-pressure techniques [40]) and GERHARD ERTL (2007, mechanistic un-
derstanding [38]).
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N2 gð Þþ3H2 gð Þ ��!
500 �C; 300bar
Fe catalyst

2NH3 gð Þ ðΔrH298 = � 92:28 kJ=molÞ (6:6:4)

4NH3 gð Þ + 5O2 gð Þ �!
800 − 900 �C

Pt=Pt − Rh catalyst
4 NO gð Þ + 6H2O gð Þ ðΔ rH298 = − 906 kJ=molÞ

(6:6:5a)

2 NO gð Þ + O2 gð Þ�!< 50 �C
2 NO2 gð Þ ðΔrH298 = − 114 kJ=molÞ (6:6:5b)

2NO2 gð Þ! N2O4 gð Þ ðΔrH298 = − 57 kJ=molÞ (6:6:5c)

2N2O4 gð Þ + 2H2O lð Þ + O2 gð Þ �! 4HNO3 aqð Þ (6:6:5d)

The current importance of hydrocarbon and coal feedstocks for ammonia manufac-
ture should be noted. These perform a dual role in ammonia synthesis, as sources
of both hydrogen and energy and there supply creates approx. 70% of the total pro-
duction costs. Thus, it is not surprising that world ammonia production has shifted
toward regions with abundant, low-cost natural gas (Saudi Arabia, China, India).
Providing sufficient eco-friendly hydrogen and regenerative energy will be the great
challenge for future ammonia production.

Depending on plant nutrition requirements, gaseous ammonia (by direct injec-
tion into the soil) and various ammonium salts (NH4H2PO4 MAP, (NH4)2HPO4 DAP,
NH4NO3, (NH4)2SO4) are applied as N-fertilizers. Ammonium salts are frequently
used as components of compound fertilizers (“Volldünger”, see Section 6.6.4).
Since ammonium salts lead to acidic reaction with water, compensating this effect
in the soil liquor by simultaneous application of limestone is frequently encoun-
tered. Heterogeneous mixtures of NH4NO3 (75 wt%) and CaCO3 (25 wt%) are known
as Nitrochalk (“Kalkammonsalpeter”) and are popular N- and Ca-fertilizers [41].

Apart from liquid, pressurized ammonia (N content 82 wt%) and all other afore-
mentioned N-fertilizers (incl. CaCN2) are low-analysis materials (15–21 wt% N), with
only ammonium nitrate (34 wt% N) at a slightly higher grade. This is one of the rea-
sons why urea (OC(NH2)2, 46 wt% N) has become in recent years world’s leading N-
fertilizer [3, 41]. The high N-content of urea makes it efficient to transport to farms
and apply to fields. In addition, easy handling of solid urea and its pH-increasing ef-
fect on the soil liquor are reasons for its extended use. Urea slowly hydrolyzes in the
soil to give ammonium, which is taken up by the plant. In some soils, the ammonium
is oxidized by bacteria (“nitrification”) to give nitrate, which is also a plant nutrient.

Urea (“Harnstoff”) synthesis: Historically, WÖHLERS urea synthesis from silver cya-
nate and ammonium chloride, with ammonium cyanate, NH4(NCO), as intermediate,
was of high importance since it showed unequivocally that for formation of an “organic”
molecule no peculiar force (“vis vitalis”) was required [42]. The production of urea fertil-
izer involves controlled reaction of NH3(g) and CO2(g) at elevated temperature and pres-
sure. This process, as originally suggested by BASAROFF [43], was first translated into
industrial manufacture in 1922 (BOSCH-MEISER urea process [26]). There are two main
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reactions involved in the synthesis of urea from carbon dioxide and ammonia; the fast
and highly exothermic formation of ammonium carbamate (Tm = 155 °C) from carbon
dioxide and ammonia, and the slow, endothermic conversion of ammonium carbamate
into urea. The molten urea is formed into spheres with specialized granulation equip-
ment or hardened into a solid prill while falling from a tower. The reactions can be rep-
resented by the following eqs. (6.6.6a) and (6.6.6b). In the presence of water ammonium
bicarbonate will also form [44, 45]. Side reactions, which produce biuret (eq. 6.6.6c) and
eventually melamine C3N3(NH2)3 (cyanamide trimer) have to be avoided by thoroughly
controlling the process parameters, in particular temperature, since biuret impairs plant
growth [46].

2NH3 gð Þ þ CO2 gð Þ ��!
110atm; 160 �C

NH4CO2 NH2ð Þ lð Þ ðΔrH ¼ �117 kJ=molÞ (6:6:6a)

NH4CO2 NH2ð Þ lð Þ�!160�180 �C
NH2ð ÞCO sð Þ þ H2O lð Þ ðΔrH ¼ þ15:5 kJ=molÞ (6:6:6b)

2 NH2ð Þ2CO sð Þ �!Δ NH2ð ÞCO NHð ÞCO NH2ð Þ lð Þ + NH3 gð Þ (6:6:6c)

Urea transformation in the soil liquor to ammonium cyanate is very slow, while ure-
ase enzyme catalyzed hydrolysis via the unstable intermediate carbamic acid is
very fast (eqs. 6.6.7a and b) [47]. NH4

+ from urea hydrolysis is subsequently trans-
formed to NO3

‒ (“nitrification”) in most soil conditions by a two-step process via
hydroxylamine and nitrite (eqs. 6.6.8a to c) [48]. Nitrification reactions in soil are
catalyzed by two different types of bacteria (AOB, NOB). Already urea fertilizer addi-
tives are in use to reduce urease and bacteria activities to slow the rate of ammonia
production and nitrification. Under certain conditions, this can help reduce ammo-
nia loss to the atmosphere [48]. The N-cycle in soil is visualized in Figure 6.6.6.

NH2ð Þ2CO aqð Þ+H2O lð Þ �!
urease
enzyme

HC NH2ð ÞO2f g+NH3 aqð Þ (6:6:7a)

HC NH2ð ÞO2f g �! CO2 aqð Þ + NH3 aqð Þ (6:6:7b)

NH4
+ aqð Þ+ 1=2O2 gð Þ �!AOB H2N OHð Þf g + H+ aqð Þ (6:6:8a)

H2N OHð Þf g + O2 gð Þ �!AOB NO2
− aqð Þ + H2O lð Þ + H+ aqð Þ (6:6:8b)

NO2
− aqð Þ + 1=2O2 gð Þ �!NOB NO3

− aqð Þ (6:6:8c)

6.6.2.3 Phosphorus
Phosphorus plays a vital role in photosynthesis, facilitating the capture and trans-
fer of energy into chemical bonds. DNA and RNA are built around a backbone of P
atoms, and P plays a major role in the metabolism of sugars and starches, all criti-
cal to cell division and growth processes [41]. Due to limited solubility of most
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phosphates, the concentration of inorganic phosphate ions (H2PO4
–, HPO4

2–) that
can be used by plants is usually low in soil liquor. Yet, readily, less-readily and
very slowly available P sources are in equilibrium with the soil solution and are
keeping the phosphate concentration at a low, however, constant level. Clay miner-
als can immediately release or adsorb phosphate. Higher phosphate concentration
can lead to precipitation. Such deposits as well as decaying organic matter (humus)
provide less-readily available P. Phosphate minerals in the soil, e.g. hydroxyapatite
are only very slowly available to plants. Phosphate minerals taken from the soil
with the crop harvest (approx. 0.3 wt% P2O5 in plant ash) have to be compensated
by fertilizer gifts. On the other hand, the goal of nutrient management is to avoid
loss of P by soil erosion, runoff and leaching and improve P use efficiency.

Phosphate fertilizers: Digestion of phosphate rock (approx. Ca5(PO4)3(OH); see
Chapter 6.2 for details) with sulfuric acid produces a mixture of calcium sulfate and
calcium bis(dihydrogenphosphate) (molar ratio 7:3; fertilizer grade2 0–20-0). This
mixture is commercially available as single or normal superphosphate (SSP, NSP)
and it contains with Ca and S two further macronutrients. Digestion of phosphate

Figure 6.6.6: Visualization of the nitrogen cycle in soil (graphics from [48]). (1) nitrification
(including comammox), (2) mineralization (ammonification), (3) ammonium immobilization, (4)
nitrate immobilization, (5) dissimilatory NO3

– reduction to NH3 (DNRA), (6) heterotrophic
nitrification, and (7) plant uptake of monomers.
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rock with phosphoric acid leads to gypsum-free triple superphosphate (TSP, Ca(H2-
PO4)2 · H2O, grade 0–45-0 due to by-phases). Phosphoric acid production is de-
scribed in Chapter 6.2 in detail. Neutralization of phosphoric acid by ammonia
yields monoammonium phosphate (MAP, NH4H2PO4, typical grade 11–52-0) and di-
ammonium phosphate (DAP, (NH4)2HPO4, 18–46-0). MAP is frequently used in liq-
uid fertilizer formulations. DAP is currently the most widely used P-fertilizer. By
thermal treatment of MAP condensation of the H2PO4

– yields chain-like polyphos-
phates. Compared to MAP these have a higher P2O5 content, which becomes only
slowly available to plant by hydrolysis. Furthermore, ammonium polyphosphate
supports the uptake of many trace elements. For testing soil for its P2O5 content,
extraction with water, citric acid and formic acid are used. Thus, P availability
under various conditions is determined. Nitrophosphate, a mixture of NH4NO3,
CaCO3 or CaSO4 and CaHPO4 (di-calcium phosphate, DCP) is obtained via diges-
tion of phosphate rock by nitric acid with subsequent addition of ammonium car-
bonate or ammoniuim sulfate [49]. Historically, Thomas flour (“Thomasmehl”), a
basic slag formed in steel making as by-product, was also used as P-fertilizer. This
calcium silicate-phosphate with the approximate formula Ca3(PO4)2 · Ca2SiO4 con-
tains 15 wt%. P2O5 and 45 wt% CaO. It was valued due to its basic properties (rising
pH of soil), its contents of various micronutrients and trace elements (Fe, Mn, Mg),
and its retarded release of phosphate. The presence of toxic chromium/chromate,
however, created some problem. Sintering phosphate rock at around 1200 °C with
limestone and alkali silicate yields Rhenania phosphate (named after the company
that had developed this process) [50], which is in many respects similar to Thomas
flour.

6.6.2.4 Potash/potassium/kalium
Traditionally, extraction from plant ash, which is on average containing approx.
10 wt% K2O, was the source of K2CO3 (“potash”; for the etymology of potassium/
Kalium see [51]). This is approx. ten times the amount of Na2O in plant. Potassium
is, in contrast to all other plant nutrients, almost always present as K+ in cellular
liquids only. There, it facilitates transport of sugars through the plant. Potassium
acts in protein synthesis and in enzyme activation. Sufficient supply of K+ ensures
growths of healthy and strong plant stalks, resistance against plant diseases, and
quality of harvested products. Its concentration in soil liquor is generally rather
low; however K+ is contained in the various inorganic solids in soil in quite high
amounts. Still, by intensified farming, soil is rapidly depleted of potassium. This
loss has to be remedied by the use of mineral fertilizers.

All major mineral deposits containing potassium are of marine origin, formed by
seasonal evaporation of seawater. These deposits are summarized as “evaporite min-
erals” [52]. Potassium is contained in particular in the minerals sylvite KCl, carnallite
KMgCl3 · 6 H2O, polyhalite or polysulfate K2Ca2Mg(SO4)4 · 2 H2O, langbeinite K2Mg2
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(SO4)3, kainite KMg(SO4)Cl · 3 H2O. Besides, the heterogeneous evaporites contain
large amounts of sodium chloride (halite) and magnesium sulfate (MgSO4 · H2O,
kieserite). Significant evaporite deposits for fertilizer production are found in north-
ern parts of Germany. On a global scale, potash mines are mostly concentrated in
North America and Eurasia. These two regions account for over 90% of the existing
potash capacity. Canada, Russia and Belarus are dominant producers.

Separation of suitable fertilizer minerals KCl (muriate of potash, MOP), sulfate of
potash (SOP; chloride-free potash fertilizer) and potassium magnesium sulfate from
halite can be achieved by various processes which are summarized in Figure 6.6.7.
Separation of KCl from NaCl/MgSO4 · H2O is based on the differences in the tempera-
ture dependence of the solubility of these salts in water (Figure 6.6.7a). Subsequently,
the mixture NaCl/MgSO4 · H2O is split into its components by a flotation process
(Figure 6.6.7b).

By applying a strong electrostatic field, the finely milled crude salt NaCl/KCl
can also be separated into its components (ESTA process, Figure 6.6.7c [52, 53]).
The development of these refining methods gradually increased the grade of com-
mercial K-fertilizers from around 20 wt% K2O in late-nineteenth century to high-
grade potassium chloride (60–62% K2O; see footnote 2 for fertilizer grading), which
is today the main product. Potassium sulfate, potassium magnesium sulfate and po-
tassium nitrate are the principal non-chloride potash fertilizers. Their production
from KCl requires additional chemical treatment with sulfuric or nitric acid. Thus,
they are more expensive and hence are used primarily on crops or soils for which
the chloride is unsuited.

6.6.2.5 Secondary macronutrients (Mg, Ca, S)
The essential and beneficial mineral nutrients for plants are summarized in Table 6.6.2.
In contrast to the primary macronutrients N, P, K, which are in soil typically in only
limited supply, the secondary macronutrients Ca, Mg, S required for healthy plant
growth are typically provided in sufficient amounts by soil minerals [54]. Only with in-
tensified crop production, cultivation of special crop or in very nutrient-poor soil, these
elements have to be provided as mineral fertilizers. Nutrient depletion of the topsoil
(“Mutterboden”) and lowering of soil fertility in general is caused by various effects,
namely soil erosion, leaching by excessive rainfall, droughts. Soils in humid tropical
and subtropical climates are more often deficient in secondary and micronutrients. De-
ficiency in Ca, Mg and S can easily be remedied by provision of limestone, dolomite,
gypsum and kieserite. Apart from the latter, these are frequently contained as by-
products in higher-value fertilizers, e.g. sulfur in single superphosphate and Ca/Mg in
nitrochalk. In most industrial countries, millions of tons of sulfur from fuel combustion
escape to the atmosphere and subsequently return to Earth in rainfall. In most such
areas the deliberate addition of sulfur to fertilizer has not proved necessary, but there
are important exceptions. As the removal of sulfur from stack gas becomes widespread
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for the prevention of atmospheric pollution, more sulfur may need to be added to fertil-
izers. In many less-industrial areas, the need for sulfur is already well known [3].

6.6.3 Plant nutrients (micro)

In addition to the macronutrients, there are currently recognized eight essential nu-
trients needed by plants in small amounts, called the micronutrients (see Table 6.6.2).
Cobalt (Co), silicon (Si) and aluminum (Al) are essential, or at least beneficial, to some
plant species, but not required by all [41]. It is a noteworthy consequence of the use
of high-grade (“chemically pure”) fertilizers that more attention has to be given by

Table 6.6.2: Essential and beneficial mineral nutrients for plants [41, 54].

Category Nutrient Primary form of
uptake

Main form in soil
reserves

Relative # atoms
in plants

Macro Nitrogen Nitrate NO
–

Ammonium NH
+

Organic matter 

Macro Phosphorus Phosphate HPO
–,

HPO
–

Organic matter,
minerals



Macro Potassium Potassium ion K+ Minerals 

Macro Calcium Calcium ion Ca+ Minerals 

Macro Magnesium Magnesium ion
Mg+

Minerals 

Macro Sulfur Sulfate SO
– Organic matter,

minerals


Micro Chlorine Chloride ion Cl– Minerals, rainfall 

Micro Iron Ferrous ion Fe+ Minerals 

Micro Boron Boric acid HBO Organic matter 

Micro Manganese Manganese ion
Mn+

Minerals 

Micro Zinc Zinc ion Zn+ Minerals 

Micro Copper Copper ion Cu+ Organic matter,
minerals



Micro Molybdenum Molybdate MoO
– Organic matter,

minerals


Micro Nickel Nickel ion Ni+ Mineral 
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farmers to sufficient supply of micronutrients in soil, since emphasis on high-analysis
fertilizers has “squeezed out” other elements. Thus, better diagnosis of plant nutritional
needs has identified hitherto unsuspected deficiencies in micronutrients [2]. All these
elements are required by plants in rather small amounts only. Yet, their low solubility
leads to very low concentrations in the soil liquor and availability to plants. Plants
have developed strategies to remedy this limitation by: a) lowering the pH around the
roots and b) segregation of chelating agents (e.g. sugars, polycarboxylic acids), which
allows increased solubility of these micronutrients and their uptake by the plant.

Iron [56, 57]: Of all micronutrients, iron is the metal required in largest quantities. Iron
easily changes between its oxidation states +2 and +3, permitting its main function in
the transfer of electrons in cells. Iron is a part of the cytochromes, which perform their
function in cellular respiration in the mitochondria and, during photosynthesis, in the
chloroplasts. As iron plays a vital role in many enzymatic reactions of chlorophyll syn-
thesis, an iron deficiency causes the chlorophyll production to decrease. There is often
a large amount of iron in the soil; however, the major part of it is present only in
almost insoluble forms (e.g. oxides, hydroxides, phosphates). Free iron ions (Fe2+,
Fe3+) that can be absorbed by plants are only found in trace amounts. Some plants
release a chelator (mugineic acid, phytosiderophore “iron carrier”) into the soil,
which forms complexes with iron(III). These complexes allow iron uptake by the
roots and transport inside plant tissues. In fertilizers, iron is bound to stabilizers or
chelators like EDTA, DTPA, HEEDTA (see Figure 6.6.8), EDDHA, EDDHSA, citrate,
gluconate or ascorbate to keep it dissolved and to make it available to plants [57].

Manganese [57–59]: Manganese is absorbed by plants as Mn2+ cation and can also
be bound and carried by chelators, very similar to iron. Its functions within the
plant are mostly related to its redox chemistry with quite high standard redox po-
tential for Mn3+ and Mn4+. Manganese is a co-factor or forms part of many enzymes
that are e.g. needed in the citric acid cycle, the process of water splitting and the
transport of electrons during photosynthesis or during nitrogen assimilation (enzyme
nitrate reductase). As it also plays a role in the formation of aromatic amino acids phe-
nylalanine and tyrosine and thus of phenolic acids and alcohols, manganese is also
important for repelling infectants (e.g. fungi, bacteria). Eventually, manganese is

Figure 6.6.8: Various chelating agents used in stabilizing micronutrients in aqueous solution [55, 56].
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needed for the synthesis of chlorophyll and for protecting chloroplast tissue from free
radicals. The uptake of manganese by plants is higher at lower pH of the soil liquor.
Liming the soil thus may lead to a manganese deficiency. High levels of other divalent
transition metal cations (Fe2+, Cu2+, Zn2+) in the soil might also hinder the uptake of
manganese.

Copper [57]: Copper is widely known as a strong cell poison (see also Chapter 13.1.4).
However, plants need trace amounts as micronutrient. Copper is absorbed as hydrated
Cu2+ cation (e.g. from CuSO4 · 5 H2O added to fertilizer mixtures) or bound by a chela-
tor. In the plant cell, free Cu2+ ions do not occur, they are always bound to proteins.
The slightly oxidizing Cu2+ ions would otherwise harm the cell due to oxidative stress
and denaturation of proteins. Copper is part of a number of enzymes in redox sys-
tems, e.g. it is contained in phenoloxidases, which play a part in the defense against
microorganisms by catalyzing the transformation of phenols to brown colored qui-
nones (which is e.g. visible when apple or potato cuttings turn brown). Copper is
needed during photosynthesis for transportation of electrons between photosystem II
and photosystem I. Ascorbic acid oxidase contains copper, too. It catalyzes the oxida-
tion of ascorbic acid (vitamin C) to dehydroascorbic acid. The copper-based enzyme
diamine oxidase is important for the synthesis of lignine and thus for the formation
of wood in terrestrial plants. Copper is an iron and manganese antagonist in nutrient
absorption; thus, high copper concentrations in the ground may lead to a deficit in
these nutrients in plants.

Zinc: Zinc is absorbed by plants as hydrated Zn2+ cation, bound to chelators, and,
when the pH is sufficiently high, as ZnOH+ ion. This metal forms part of or is a co-
factor in many enzymes involved in important metabolic processes. For example,
Cu/Zn-superoxide dismutase (Cu/Zn SOD) protects the cellular membranes from
damage by free oxygen radicals. In the cell plasma and in the chloroplasts, car-
boanhydrase (CA), which also contains zinc, regulates the reaction of CO2 and
water to carbonic acid. This enzyme thus acts as a buffer and moreover causes an
increase of the CO2 concentration in the chloroplasts. This raises the CO2 fixation
rate of the enzyme RuBisCO during the dark reaction of photosynthesis. With the
help of carboanhydrase, water plants are able to make use of hydrogen carbonate
ions (HCO3

–) as a source of carbon which is fixed during the Calvin cycle [60]. Zinc
plays a decisive role in stabilizing the ribosomes and thus for the formation of pro-
teins. As a part of RNA and DNA polymerases it is also crucial for the reproduction
of RNA and DNA molecules and consequently for cell partition and protein synthe-
sis. Eventually, the most important energy transmitter, ATP, is formed with the help
of the zinc-dependent enzyme hexokinase. High zinc concentrations in the soil can
lead to iron deficiencies in terrestrial plants because too much zinc may have a neg-
ative influence on the reduction of Fe3+ to Fe2+ on the roots.
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Boron: [57, 61] Boron is mainly absorbed by plants as undissociated boric acid
B(OH)3, but also as borate ion B(OH)4

–. In nature, boron is released by withering
rock minerals like glimmer or tourmaline, among others. Acidic rocks like granite are
poor in boron, whereas the boron concentration in seawater is very high (approx.
5 mg L−1). In freshwater bodies, the boron concentrations are mostly below 0.1 to
0.5 mg L−1. The importance of boron for plants has been known since the 1930s, and
many effects of boron deficiencies have been described, many of them species-
specific, e.g. deformations, chloroses and necroses of the leaves and dying-off
shoot and root tips. However, its specific functions in the plant organism are still
partially in the dark. In crop, boron deficiency is often observed, especially during
dryness in combination with strong growth in the summer (e.g. heart and dry rot in
sugar beets). Plants boron uptake is hindered when soil pH is above 7 and the soil
content in iron and aluminum hydroxides is high. In contrast to many other nutri-
tive elements, boron is not a part of any enzymes. The most boron in a plant is
bound in compounds stabilizing the cell wall. Indeed, sufficient boron supply to
strawberries yields fruits less susceptible to squashing [62]. An important function
of this element is the transport of sugar to the growth zones (meristematic tissues)
on the shoot and root tips. The transport of sugar probably also explains the role
boron plays in various metabolic processes, like cell partition and differentiation,
photosynthesis, the metabolism of nitrogen, phosphorus, hormones and fats, the
active absorption of salts, the functionality of the cell membranes as well as the
fertilization of the female ovules in the flowers (pollen tube growth). It is also im-
portant for the production of starch, from which in turn cellulose is formed, an impor-
tant material for the formation of the cell walls. Moreover, boron plays a role in the
enzymatic reduction of iron to a form that can be used by the plants inside their roots.
Boron deficiency leads to reduced uptake of iron and other nutrients like magnesium,
calcium, potassium and phosphate, which has many secondary effects on plant
growth. Plants can absorb boron very quickly when fertilized over their leaves,
the same may be assumed for submerged water plants.

Molybdenum [57]: Of all essential micronutrients, molybdenum is used in the least
amount. It is mainly absorbed by plants in the form of molybdate ions MoO4

2–. To-
gether with iron, molybdenum forms part of nitrate reductase, which is decisive for
nitrogen utilization (see Section 6.6.2.2). Nitrate absorbed by the plant is reduced to
nitrite by this enzyme, and further to ammonium by nitrite reductase, which is in
turn used in amino acids. The other three enzymes containing molybdenum in plants
are aldehyde oxidase, xanthine dehydrogenase (degradation of purine) and sulfite ox-
idase (detoxification of sulfite through oxidation to sulfate). Symbiotic bacteria in the
root nodules of the legumes fixate aerial nitrogen N2 with the help of molybdenum-
based enzyme nitrogenase and make it usable for the plant. The molybdenum avail-
ability for plants rises with an increasing pH value of the soil, and a molybdenum
deficiency often shows on acidic soils – in contrast to other metal micronutrients.
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Chlorine [57]: Chloride is essential for plants, but only in trace amounts, which
make it a micronutrient, however, some plants contain it in large quantities. The
soils and water in coastal or dry areas often contain a high amount of chloride
(caused by salting of soil). Plants adapted to salt (halophytes) tolerate concentrations
of over 0.5% by weight of sodium chloride in the ground water. Chloride is easily
taken up and very mobile within the plant. It is not used in any organic structures
and is only found as free chloride ion inside the plant. Like potassium it is important
for osmoregulation (regulation of the internal cellular pressure, opening and closing
of the stomata) and for electric charge balance.

Cobalt and nickel [57]: These two micronutrients are treated in one chapter here as
they are only required in trace amounts by plants and do not have to be added to fer-
tilizers. The quantities of nickel and cobalt in fertilizing salts present as “impurities”
are sufficient for providing the plants with appropriate amounts of those nutritive ele-
ments. These metals are absorbed by plants in the form of Ni2+ and Co2+ ions. They
are part of different enzymes, e.g. urease, which contains nickel and catalyzes the
degradation of urea to ammonia and carbon dioxide, or of dipeptidases, containing
cobalt and splitting dipeptides into two amino acids. Higher nickel concentrations in
the soil are toxic for terrestrial plants, as they cause an iron and zinc deficiency.

6.6.4 Soil pH and redox potential [1]

Soil consists of a large amount of badly soluble minerals (e.g. feldspars, quartz, lime-
stone, . . . ), small amounts of solid organic matter, an aqueous phase (soil liquor,
“Bodenlösung”), and a gas phase filling pores in the solid material. Depending on
soil aeration, oxygen pressure in the pores could be lower and CO2 pressure signif-
icantly higher than in surrounding air. Soil liquor contains dissolved and colloidal
substances. Weathering, leaching and interaction with plant roots and micro-
organisms results in continuous (ion) exchange dynamics between the compo-
nents of soil [1]. These processes determine pH and redox potential of the soil. The
pH of arable soil ranges from 4–9 with a crop optimum between 5 and 8. The pH
of soil is well defined and easily measurable from soil extracts, e.g. by using a pH
electrode. Due to slow kinetics of many soil-related redox processes, the potential
measured at a time does not necessarily represent the equilibrium redox potential.
In addition, its measurement using a Pt-electrode is rather susceptible to error. Well
aerated, acidic soil (pH ≈ 4) shows redox potentials as high as +0.8 V. The lowest val-
ues are observed for anaerobic, neutral to basic conditions (ε0 ≈ ‒0.35 V). Due to its
various components soil shows considerable acid/base and redox buffer capacity. Nev-
ertheless, both, pH and redox potential, show significant fluctuation with the vegeta-
tion cycle. As was already pointed out, the solubility and hence the plant availability of
nutrients in soil depends strongly on pH and ε0. Figure 6.6.9a gives a schematic over-
view of the pH dependence in the availability of various nutrients. For some (Fe, Mn,
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Zn, Cu), acidic environment allows higher solubility, while for others (K, S, Mo) solu-
bility is improved by higher pH. The Pourbaix diagram in Figure 6.6.9b (highlighted
area) shows that the conditions encountered in soil either favor formation of dis-
solved Fe2+(aq) ions or precipitation of (amorphous) iron(III) hydroxide. A similar sit-
uation is encountered for manganese. It should be stressed that pH and redox
potential affect also the macronutrients C, N and S, which are rather easily converted
from chemical species dissolved in the soil liquor to evaporating gaseous molecules.
Reaction (6.6.9) gives a simplified pH-dependent redox reaction between iron(III)
oxide-hydroxide and organic matter (which is represented by “H2CO”).

4 FeIIIO OHð Þ sð Þ + H2CO lð Þ + 8H + aqð Þ �! 4 Fe2 + aqð Þ + CO2 gð Þ + 7H2O lð Þ
(6:6:9)

In humid climate, even in natural soil pH shifts slowly to lower values. This tendency
is increased by application of fertilizers containing ammonium salts (e.g. NH4H2PO4,
(NH4)2SO4, NH4NO3) or some nitrates. The use of ground limestone (“liming”) or dolo-
mite, CaMg(CO3)2, is long established to adjust soil pH in the optimum region. De-
pending on particle size, application of these low-soluble carbonates will have
either an immediate or strongly retarded effect. During the last decades, urea has
been introduced as N-fertilizer without a short-term pH lowering effect. Nitrification

Figure 6.6.9: a) Schematic representation of nutrient availability to plant and pH (graphics
modified from [13]). b) Pourbaix diagram showing the influence of redox potential ε0 and pH on the
prevailing iron species. The highlighted area is relevant to the situation encountered in soil
(graphics modified from [63]).
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of ammonia from urea hydrolysis can, however, lead to enhanced nitric acid forma-
tion and acidification of soil over a period of several months.

6.6.5 Fertilizer specialties

With the knowledge about nutrition requirements (for plant and crop in particular)
being well established, more and more emphasis is put on fertilizer formulations
and ways of their application. The driving force behind such efforts is obviously to
make optimum fertilization easier for farmers.

Compound fertilizers (“Volldünger”): Already in the 1920s, BASF introduced the
first compound fertilizer “Nitrophoska” (typical grade N-P-K 12-8-16) in contrast to
straight (single-nutrient) materials [64]. Production of Nitrophoska is based on the
nitrophosphate process which relies on digestion of phosphate rock with nitric
acid. Thus, gypsum formation is avoided (see eq. 6.6.10). After strong cooling, cal-
cium nitrate precipitates and is partly separated by centrifuging, while the solution,
which is rich in phosphoric acid, is neutralized (eq. 6.6.11). Subsequently, ammo-
nium and potassium salts are added to the neutralized solution to adjust desired
nutrient contents. After evaporation and granulation, a homogeneous product is
obtained that does not show separation of nutrients during storage and applica-
tion. Figure 6.6.10 summarizes the described processing steps, together with the
required resources. In recent years, formulations of compound fertilizers starting
from single-nutrient materials have become available, due to improved mixing tech-
niques (Figure 6.6.10, processing ways 3 and 4). Modern compound fertilizers for
special applications contain admixtures of secondary macronutrients (Ca, Mg, S)
and various micronutrients (Fe, Mn, B, Zn).

Ca5 PO4ð Þ3F sð Þ + 10HNO3 aqð Þ �! 3 H3PO4 aqð Þ + 5 Ca NO3ð Þ2 aqð Þ + HF gð Þ
(6:6:10)

3 H3PO4 aqð Þ + 2 Ca NO3ð Þ2 aqð Þ + 5NH3 aqð Þ �! 2 CaHPO4 aqð Þ
+ NH4ð ÞH2PO4 aqð Þ + 4NH4NO3 aqð Þ

(6:6:11)

The use of fertilizer solutions (either for application onto the soil or addition to the irri-
gation, i.e. “fertigation”) has become increasingly popular, in particular with production
of highly specialized crop (fruit, vegetables). Similarly, foliar spraying (“Blattdüngung”)
uses fertilizer solutions. These are applied onto the plant leafs, which absorb the
nutrients quickly. Foliar spraying in addition to classical fertilizer application via
the soil is used to immediately remedy macronutrient deficiencies. The methods
also allow accurate dosage of micronutrients to plant without potential losses due
to adsorption and precipitation in soil or leaching [66].
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Slow-release N-fertilizer: Since the loss of nitrogenous compounds to the at-
mosphere and runoff is both wasteful and environmentally damaging, urea is some-
times pretreated or modified to enhance the efficiency of its agricultural use. One
such technology is controlled-release fertilizers, which contain urea encapsulated
in an inert sealant. Another technology is the conversion of urea into derivatives
(e.g. with formaldehyde), which degrade into ammonia at a pace matching plants’
nutritional requirements.

6.6.6 Future developments and concluding remarks

When mineral fertilizers were introduced in the late-nineteenth century, they used
to remedy a shortage of the primary nutrients N, P and K. In the developed coun-
tries, primary nutrients are no longer the most limiting factor and fertilizers are
used to supply secondary and micronutrients as well. Actually, in a large number of
fields in both developed and developing countries, secondary and micronutrients
are now becoming the limiting elements for crop production because farmers have
drastically raised primary nutrient concentration in soil by applying mineral fertil-
izers. Nevertheless, special climate, soil and economic conditions are the reasons,
why in several developing countries (in Africa and Asia), N and P are still the limit-
ing elements in crop production. In particular in Europe, economic pressure in crop
production and increasing ecologic awareness (paired with law-making to protect
the environment) have already made a significant impact on fertilization habits. As
a consequence, modern farming gives far more emphasis to MITSCHERLICHS law of

Figure 6.6.10: Flowchart visualizing resources and processing for four different ways (in gray) of
modern NPK compound fertilizer production (graphics taken from [65]). MOP muriate of potash
(KCl), SOP sulfate of potash (K2SO4), CAN calcium ammonium nitrate, MAP mono-ammonium
phosphate, DAP di-ammonium phosphate, SSP single superphosphate (approx. 7 CaSO4 · 3 Ca
(H2PO4)2 · H2O), TSP triple superphosphate (Ca(H2PO4)2 · H2O).
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the optimum than to SPRENGELS/LIEBIGS law of the minimum (Figure 6.6.1). Fertiliza-
tion in modern farming might be summarized by the 4R nutrient stewardship con-
cept: right source at the right rate, time and place [54]. To achieve the 4R requires
detailed knowledge of biochemical processes in soil and plant, close monitoring of
nutrient availability and access to suitable fertilizer formulations.

An increasing global population will demand increasing food production. This
demand can only be met by (1) expanding the area of arable land or (2) increasing
yields on land currently in production. With respect to (1) one should note that hab-
itat loss is the biggest threat to the world’s wildlife, that the potential for putting
new land into production is limited, and if new lands are available, these are often
less productive. Thus, meeting future food needs with increased crop production
through greater yields on existing farm land is the more favorable scenario. There-
fore, commercial fertilizer will continue to play a vital role in the future. Nevertheless,
increasing agricultural production does not automatically mean a proportionate in-
crease in fertilizer use is needed. Improvements in management and nutrient use effi-
ciency (“4R”) will allow productivity to grow relatively faster than the growth rate of
inputs, except in regions where fertilizer is underused.
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6.7 Natural and synthetic gemstones

Lothar Ackermann, Tom Stephan

Gemstones are by definition natural materials and encompass minerals, rocks, nat-
ural glasses as well as organic and biogenic materials of great beauty. For facetted
gemstones for jewelry purpose transparency, color and hardness are important
properties. As there are both quartz and feldspar particles everywhere in our envi-
ronment it is of some importance that the hardness of gemstones should be at least
in the range of feldspar and quartz, which is 6 and 7 on the Mohs hardness scale,
respectively. Otherwise, the polish of a cut gemstone may suffer after a short while.
The reason for the origin of colors in the majority of gemstones is caused by elec-
tronic excitation of elements of the transition metal series, due to the gradual filling
of the 3d orbitals. These ions may occupy tetrahedral, octahedral, cubic or even
higher coordinated oxygen environments in crystal structures. If one looks into the
showcase of the local jeweler, one may identify diamond, ruby, blue sapphire, em-
erald, tourmaline, garnet or amethyst as well-known gemstones. But there is a vast
variety of gemstones from the different mineral groups with all possibilities with
regard to the spectrum of colors, but few have become important for technical use.
Beneath their application for jewelry purpose, the members of the corundum and
the quartz group are of great importance because of their technical applications
and will therefore be the main subject in this chapter. For understanding the color
variations and transparency of most of the important gemstones we will give a
short introduction to electronic absorption theory.

6.7.1 Color of gemstones

The origins of color of gemstones may be interpreted by means of crystal field the-
ory and electronic absorption spectroscopy in the UV/VIS/NIR spectral range. Three
types of electronic transitions may cause absorption bands in this spectral range
and thus contribute to the color of gemstones [1].

6.7.1.1 Oxygen to metal charge transfer (OMCT)
Electron charge transfer between oxygen ligands and central ions in the polyhedra
of the respective crystal structure cause extremely intense bands in the UV range.
The absorption band edges may extend into the visible region and thus may influ-
ence the color of gemstones. The absorption bands and their maxima can only be
visualized in very thin probes (Figure 6.7.1). Contaminations of traces of transition
metals such as iron even in the ppb-range are therefore a big issue concerning the
transparency of crystals and glasses for UV transparent optics (Figure 6.7.1).
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6.7.1.2 Metal to metal charge transfer (MMCT)
Electron charge transfer between transition metal ions different in charge, which are
located in adjacent polyhedra with common edges, cause absorption bands in the
VIS- spectral range. Transitions between ions of the same element, such as Fe2+–Fe3+

charge transfer, occur at lower energies than transitions between different transition
elements, such as Fe2+–Ti4+, as in blue sapphire (Figure 6.7.2). Characteristic of
MMCT-absorption bands is a large band width in the order of 5000–6000 cm–1 [2].
The most characteristic property of MMCT-absorption bands is the strict polarization
along the MM-vector in the crystal structure [3]. The band intensity and thus also the
color intensity of gemstones is related to the concentration product [M1] × [M2] of both
metal-metal partners [4].

6.7.1.3 d-d-Transitions
Transitions between electronic configurations involving the incompletely filled d-orbitals
split by nonspherical electric fields are responsible for the color as well as the
laser properties of some of the most important gemstones such as ruby, Ti-sapphire, alexan-
drite, emerald or tsavorite (green garnet).

Figure 6.7.1: Absorption spectra of Cr-doped Yttrium-Aluminum-Garnet (YAG, Y3Al5O12) showing the
OMCT absorption band with its absorption maximum at about 45000 cm–1, thickness of probe
89 µm.
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6.7.1.3.1 Crystal field splitting
The five nd orbitals of transition metals are energetically equivalent (degenerated)
in a spherical homogeneous field. Incorporated in a crystal field exerted by a non-
spherical environment of negatively charged ligands, here in general O2–, the five d
orbitals split and thus give the possibilities of transitions between energetically and
symmetrically different split terms. In an octahedral field, the lobes of the dx

2
-y
2 and

the dz
2 orbitals point toward the negatively charged ligands (Figure 6.7.3). They are

repelled and thus lifted to the double degenerate eg-state. The orbitals dxy, dxz and
dyz are energetically lowered to the triple degenerate t2g-state (Figure 6.7.4A). The nota-
tions eg and t2g are from group theory, where e stands for a state with double de-
generacy and t for triple degeneracy. The index g indicates a crystal field having a
center of symmetry such as in an octahedral field. The energy gap between the split
orbitals is denoted as crystal field parameter Δ or Dq. The sum of the energy of the split
orbitals is identical with the energy of the degenerate orbitals. As 1 cm–1 corresponds to
1.2397 × 10–4 eV, it is favorable to measure absorption spectra in units of cm–1. From
the position of the absorption bands, one can easily calculate the crystal field parame-
ters. Following the Laporte selection rule, transitions between two different d-configu-
rations are not allowed, having the same parity, whereas transitions involving p- and
d-orbitals are allowed because of their different parity. The Laporte selection rule is
overcome by the absence of a center of symmetry in the coordination polyhedron of
the transition element in real crystals or by the interaction of d orbitals with odd-parity
vibrational modes. By this, spin-allowed transitions where the spin does not change its
momentum may become active and give rise to absorption bands much lower in

Figure 6.7.2: Absorption spectra showing absorption bands of Fe2+ – Ti4+ in blue sapphire.
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intensity than of OM-charge transfer, MM-charge transfer and dd-transitions of tetrahe-
dral coordinated transition elements, which have no center of symmetry. Spin for-
bidden transitions, where the of spin momentum is changed, show bands with very
weak intensity in electronic spectra and small half width, and therefore play no major
role for the color of gemstones. The d3-ion Cr3+ in octahedral field may follow the tran-
sition scheme shown in Figure 6.7.4B and 6.7.4C with two spin-allowed transitions re-
sulting in two characteristic absorption bands as in ruby and emerald (Figure 6.7.5). In
the crystal structure of ruby, the distances between the oxygen and the central Cr-ion
are smaller than in emerald. The respective d-orbitals are therefore more repelled
(stronger splitting) and in consequence, the absorption bands occur at higher wave-
numbers (energy) than in the emerald spectra. By filling in the dn-electrons in the split
orbitals in accord with the Pauli principle, one can expect two spin allowed transitions
in case of N = 2, 3, 7 and 8 and only one transition in case of N = 1, 4, 6 and 9. As most
coordination polyhedra in real crystals are distorted, more degenerated states may be
lifted resulting in band splitting in the respective absorption spectra [1].

Figure 6.7.3: The d-orbitals of a dn ion are shown in an octahedral field of negatively charged
oxygen ions to explain the energy splitting.
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6.7.2 The corundum group (α-Al2O3, trigonal)

The name sapphire is widely used for undoped single crystal corundum for techni-
cal applications and will thus be used in this article. Because of its outstanding
physical properties being the hardest oxide crystal (hardness 9 on the Mohs scale)
with outstanding abrasive properties, transparency over a wide spectral range,
high-thermal conductivity and its high melting point at 2040 °C, sapphire and its
transition metal-doped varieties have a wide range of applications.

6.7.2.1 Ruby
Ruby is one of the well-known and most precious varieties of the corundum group for
gemstone application. Most attractive pigeon-blood red color may be found for rubies
containing 1–2 wt% Cr2O3 where Cr3+ occupies octahedral sites in the crystal. The first
technical application was the use of gemstone quality ruby as jewel bearings for the
manufacturing of clocks and watches. The invention of the Verneuil process also
called flame fusion method at the end of the nineteenth century [5] was a break-
through for the industrial production of jewel bearings and all kind of different colored
corundum varieties and spinels for jewel purposes as well as the so-called sapphire
glasses for the watch industry. A Verneuil apparatus consists in principle of a ver-
tically arranged oxygen-hydrogen torch that is directed toward a pedestal with a
mechanism for lowering the growing boule and that may hold a crystal seed. Above
the tube of the torch, there is a container with a mechanism to obtain a controlled
smooth feed powder flow, which will be molten while dropping through the vertically
downward pointing flame and finally crystallizing by the heat transfer on the molten

Figure 6.7.4: Crystal field splitting of d-orbitals in an octahedral field (A); (B) and (C) show
electronic configurations for the example of n = 3 in the one electron model.
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surface of the seed crystal. The crystal growth is achieved by continually lowering the
pedestal. One of the advantages of this process is that no container (crucible) is
needed for melting the Al2O3, its melting point being above 2040 °C. The first solid
state laser with a laser wavelength of 694 nm was demonstrated by Maiman in 1960
[6] with a Verneuil ruby. Until 1970, rubies for the manufacturing of lasers (mainly for
range finders) were grown by this method. Then, it was finally evident that rubies
grown by the Czochralski method gave better optical qualities and thus better laser
results. Still today, ruby laser crystals with dopant levels of 0.03 to 0.05 wt% Cr2O3 are
grown by the Czochralski method (Figure 6.7.6) and commercially used mainly for the
manufacturing of lasers for dermatology. The lamp-pumped ruby laser has lost its sig-
nificance today and is substituted by more efficient lasers.

6.7.2.2 Ti3+ Sapphire
Sapphire doped with 0.03 up to 0.15 wt% Ti2O3 is one of the important laser crystals
having not only one distinct laser emission wavelength but showing a tunable range
of emission wavelengths from 650–1100 nm. Ti-sapphire lasers are very common in
nearly all scientific laser labs since they can easily be tuned to the required wave-
length to pump test set-ups for new solid-state laser materials or for nonlinear optical
experiments. Having a high-gain short-pulsed femtosecond lasers with very high
pulse energy can be realized. Therefore, Ti-sapphire lasers play an important role in
nuclear fusion experiments. Commercially, Ti-sapphire crystals free of voids and

Figure 6.7.6: Ruby and undoped sapphire as grown by the Czochralski method.
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scattering centers are grown by the Czochralski method and heat exchanger method
(HEM) and on experimental basis with the Kyropoulos method (Figure 6.7.7).

6.7.2.3 Technical sapphire (α-Al2O3)
The name sapphire is widely used for single crystalline α-Al2O3. Crystallizing in the
trigonal crystal system, sapphire is an optical uniaxial negative crystal, which ex-
hibits anisotropy in its physical, optical, thermal and dielectric properties. The
hardness ranges from 1525 Knoop perpendicular to the c axis to 2000 Knoop parallel
to the c axis (9 on the Mohs scale). Its dielectric constant ranges from 9.39 perpen-
dicular to the c axis to 11.58 parallel to the c axis. Sapphire’s band gap is with ap-
proximately 10 eV one of the largest for oxide crystals and permits a useful optical
transmission from about 145 to 5500 nm [7]. Because of its optical and physical
properties, sapphire is used in a variety of demanding applications. Due to the spe-
cific requirements, such as crystal quality, crystal sizes and economy for the differ-
ent applications, large efforts have been made to develop and adopt various crystal
growing methods. In the context of selecting the correct crystal growth method for
its respective application, one has to consider that for thermodynamic reasons crys-
tal growth of sapphire in c-axis direction has not yet been successful to produce
sapphire crystals with good quality. Therefore, 30 or 60° from the c axis have been
the preferred growth directions so far. The a axis growth of sapphire is the preferred
growth direction for crystals grown by the Kyropoulos-method, which will be dis-
cussed in the respective chapter.

6.7.2.3.1 Verneuil sapphire
The flame fusion process (Verneuil) is limited to diameters of up to 50 mm. Verneuil
grown sapphire crystals are randomly oriented in respect to the crystal axis and
show in general small-angle boundaries, as may be observed between crossed

Figure 6.7.7: Ti-sapphire grown by the Kyropoulos method, diameter 250 mm.
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polarizers. They may also show an optical biaxial behavior, the angle being up to
5°. Therefore, Verneuil sapphire is mainly used for watch glasses, pistons for HPLC-
pumps, balls for special ball bearings or ruby for probe tips in form measuring
machines. For the latter applications, it was found that sapphire doped with up to
2 wt% Cr2O3 shows a higher hardness and better abrasive resistance as well as a
diminishing of the hardness anisotropy [8]. Beside of these applications, some
hundred tons of sapphire crackles are produced by the Verneuil process. These
crackles are favorable against powder as raw material for the crystal growth pro-
cesses, which use crucibles as melt containers because one can fill the crucibles
in one step.

6.7.2.3.2 Czochralski sapphire
Concerning high-end crystal quality, the Czochralski method is the choice despite
having the highest production costs. The price of the iridium crucibles used in
this process is one of the driving costs and limits the upscaling for the produc-
tion. With Czochralski crystal growth, high-quality sapphire crystals with defect
densities of 103/cm2 to 104/cm2 and high transparency in the UV down to 240 nm
have been grown up to 150 mm diameter. Because of the relatively high costs,
sapphire crystals grown by this method are meanwhile only used for special ap-
plications for special optics, for the manufacturing of wafers for sapphire on
wafer (SOS) transistors as well as for solar cell shields in aerospace projects.
Transistors and integrated circuits based on these technologies may have high re-
sistance against hard irradiation in space and may be used in satellites. The Czo-
chralski method is of course also the method of choice for ruby- and Ti-sapphire
laser crystals because of the high requirements for optical quality (Figure 6.7.6).
In a Czochralski process, the material to be grown is melted in an iridium crucible
(melting point 2442 °C) by induction heating. The induction coil and the thermal
insulation set up being in a water-cooled growth chamber, which enables to ad-
just a gas atmosphere with adequate oxygen partial pressure to protect the cruci-
ble from oxidation while maintaining the right oxidation state for the transition
metal ion. A sapphire rod, which serves as seed crystal, is lowered to the surface
of the melt by a very precise linear actuator. If the temperature is right and the
seed is in equilibrium with the melt, which means it is bathing in the melt with-
out melting or gaining weight, the pulling of the crystal is started. With an elec-
tronic weighing device, which holds the seed, the weight gain per time unit
during the pulling process is recorded and used in a special algorithm to control
the energy input of the generator. Thus, the diameter of the growing crystal is
controlled.
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6.7.2.3.3 Heat exchanger method (HEM) sapphire
The heat exchanger method was one of the answers to the increasing demand of
high-quality large diameter sapphire for various optical applications, such as infra-
red domes for military missiles and as material for laser windows and transparent
armor. This method also proved to be suitable for the growth of large diameter Ti-
sapphire laser crystals. Diameters up to 250 mm of sapphire crystals grown by this
method have been reported [9]. Because the growth process takes place in high vac-
uum with resistance heating, comparatively cheap molybdenum or tungsten cruci-
bles can be used, which can be disposed after each growth run. For this method, a
seed is placed at the bottom center of the crucible. A tungsten tube, which is cen-
tered below the crucible enables to cool the seed by a flow of cold helium. After
melting the sapphire crackles in the crucible, the flow of the helium prevents the
seed to melt completely. By increasing the helium flow, a steeper thermal gradient is
established resulting in a three-dimensional growth from the solid-liquid interface.
Thus, the growth speed can be controlled over the complete process. When the con-
tent of the crucible is completely crystallized, the sapphire crystal will be annealed
at temperatures of about 25 K below the melting point reducing the thermal gradient
by decreasing the heat exchanger.

6.7.2.3.4 Kyropoulos sapphire
With this method, the so far largest single crystal sapphires up to 200 kg have been
grown. Originally, this crystal growth process was developed in Russia to produce
infrared domes for missiles or range-finding devices in jet fighters and transparent
armor windows. The development of diodes emitting blue light and the develop-
ment of phosphor materials to transfer the blue light into white and meanwhile
warm white light has led to the replacement of normal light bulbs and neon tubes.
Single crystalline GaN is necessary as basic material for the epitaxial growth of the
semiconductor design for blue diodes. Unfortunately, GaN-single crystals cannot be
grown as bulk material with large diameter as known for silicon. The most success-
ful method for the production of substrates for the design of blue LEDs is the epitax-
ial growth of GaN layers on c-axis-oriented sapphire wafers. Along the c axis, the
oxygen ions are arranged to have a hexagonal closest packing. Wafers cut perpen-
dicular to the c axis (0001 plane) are thus suitable for heteroepitaxial growth of
GaN, crystallizing in the hexagonal wurtzite structure [10]. The functional epitaxial
layers can be grown on such a buffer GaN-layer, as is shown in Figure 6.7.8. As
mentioned before, sapphire with acceptable crystal quality cannot be grown in
c axis direction. Therefore, it is favorable to grow the sapphire in a-axis direction
and drill the c-axis ingots perpendicular from the side of the a-axis-grown crystals
(Figure 6.7.9). These ingots are cut into thin wafers and polished to an adequate epi-
taxial surface quality. Currently, most of the epitaxial growth machines installed
worldwide are for 2-inch and 4-inch diameter wafers. A few 6-inch diameter
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production lines are meanwhile installed but it is not yet clear whether a further up-
scaling may be feasible in the future because it is most challenging to grow a 200 kg
crystal with a minimum of crystal defects than a smaller crystal. The Kyropoulos-
growth process of sapphire crystals is performed in a vacuum chamber with a resis-
tance heater. A tungsten crucible filled with sapphire crackles is heated until the
sapphire is completely molten. To start the crystal growth process, an a-axis oriented
seed crystal, which is fixed at a cooled seed holder, is lowered to the center of the
melt surface. Sapphire has a high-thermal conductivity and the cooling effect of the
seed enables the start of the crystal growth. By gradually lowering the temperature
of the melt, the diameter of the growing crystal is increased until it reaches a diame-
ter of a few cm less than the crucible diameter. By pulling the seed holder upward at
a very slow pulling rate and lowering the temperature accordingly, the crystal
growth in the direction toward the bottom of the crucible until all melt in the cruci-
ble is crystallized.

Figure 6.7.8: Schematic structure and electrical contacting of a typical blue emitting (In,Ga)N LED chip.

Figure 6.7.9: Kyropoulos sapphire-boule core drilled and
cut into wafers for use as a wafer in blue emitting LED
production.
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6.7.3 The quartz group

When we talk about quartz, we mean the trigonally crystallizing α-modification of
silica (SiO2), which is stable from room temperature up to 573 °C where it is trans-
formed into β-quartz. The colored varieties purple amethyst, yellow citrine, rose
quartz and smoky quartz, occur widely in nature and are used as gemstones for jew-
elry or gem art sculptures. Natural colorless quartz crystals have been used for a vari-
ety of electronic devices since after World War II, when the rising demand for piezo
quartz could no longer be satisfied by natural quartz crystals. As a consequence of
the intensive studies on hydrothermal crystal growth (during and after the war in sev-
eral laboratories), commercial production lines could be established worldwide after
1950 [11].

6.7.3.1 Piezo quartz
Because of its piezoelectricity (see also Chapter 9.9), quartz has become one of the
most important crystals for various technical applications. One distinguishes be-
tween the piezoelectric effect, where electrical charges may appear on nonconduc-
tive crystal surfaces by applying mechanical stress such as pressure, shearing or
pulling forces, and the inverse piezoelectric effect where mechanical expansion
may be caused by applying an electric field.

Today, most electronic instruments use quartz crystal devices such as crystal mi-
crophones, piezoelectric speakers, ultrasonic devices and ultraprecise linear actuators
in submicron regions. Vibratory quartz platelets are especially used in high-frequency
technology for time controlling procedures (as in quartz watches or stabilizing the fre-
quency in electric oscillator circuits). This may be achieved by coupling the mechanical
vibrations of quartz platelets through the piezo-effect with an electric oscillator circuit.
To keep the changes of the oscillation frequency within defined temperature intervals
at a minimum, quartz-platelets of various distinct crystallographic orientations are
manufactured. In consequence, quartz is quasi present in nearly all consumer elec-
tronic devices.

6.7.3.2 Optical grade quartz
The term optical quartz or optical grade quartz is used for quartz crystals grown at
very low growth rates. A growth run may take 6 months up to 12 months, depending
on crystal sizes. The most important applications for optical grade quartz crystals
are for the production of low-pass filters for digital cameras and quarter wave
plates for CD and DVD devices. Low-pass filters for digital cameras consist gener-
ally of two quartz plates and one wavelength plate and are positioned directly in
front of the sensor of a digital camera, and filter high-frequency waves to prevent
pseudo signals. Pseudo signals are generated by image pickup-devices such as CCD
chipsets, and cause horizontal lines to look jagged or black and white patterns to
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look colored. This is caused by high-frequency waves and is also known as Moiré
effect.

The function of quarter wave plates in CD and DVD devices take advantage of
the effect of circular polarization in quartz crystals. Quarter wave plates used in
CD and DVD devices are cut 45° to the c axis of the quartz crystal. The thickness of
the plates is adjusted to a quarter or a multiple of the wavelength of the light of
the used laser diode. The laser diode of a CD or DVD player emits linearly polarized
light. A polarizing beam splitter is arranged in a way that the linearly p-polarized
laser light passes completely before it is collimated by a lens. The now parallel
beams, pass the quarter wave plate and are converted into right circularly polarized
beams, which are now focused by an additional lens onto the pits and lands of the
CD. The reflected light from the CD will change to be left circularly polarized. When
passing through the wave plate, it will be converted again into linearly polarized
light but with p-polarization, and will thus be deflected by the beam splitter in the
direction of the detector.

6.7.3.3 Hydrothermal growth of synthetic quartz
Since α-quartz exhibits a phase transition to the β-modification at 573 °C, it cannot
be grown from the melt and must be grown below the transition temperature. As a
consequence, world-wide and dedicated research has led to a hydrothermal com-
mercial process [12, 13], which allows growing large quantities of synthetic quartz
in large gas-tight high-pressure autoclaves (Figures 6.7.10 and 6.7.11). The auto-
clave is filled in the lower part with quartz fragments of natural quartz and water.
The filling grade is adjusted according to the pressure-temperature diagram of
water to achieve the required pressure. In the upper part of the autoclave, seed
plates are fixed on seed holders. The principle is a water solution transport reac-
tion, where the transport of the dissolved SiO2 is maintained by convection flow,
caused by the temperature difference between the feed and the upper seed section
of the autoclave. A baffle between the dissolution section and the growing section
of the autoclave regulates the upstreaming flow. The growth rate is controlled by the
temperature gradient, which can be adjusted. The seed part is heated by a separate
heating circuit. A temperature gradient from 10 to 50 K may be used depending on the
required growth rate. For quartz crystals used in optical applications, a lower gradient
and therefore lower growth rates are chosen for quality reasons. Even at high pres-
sures of about 1000 bar, the solubility of pure quartz between 300 and 400 °C is in the
range of 1 to 2 g/1 kg H2O. The solubility of quartz may be increased by a factor of
10 upon adding NaOH or Na2CO3. The use of sodium carbonate pressures up to
1700 bar may be applied, whereas in the sodium hydroxide process, a more moder-
ate pressure of up to 830 bar may be applied during the growth process.
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Figure 6.7.10: Schematic drawing of an autoclave for hydrothermal growth of α-quartz.

Figure 6.7.11: Quartz crystals harvested after hydrothermal crystal growth.
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7 Catalytic and active framework materials

7.1 Homogeneous catalysis

Markus Seifert, Jan J. Weigand

7.1.1 Introduction

One of the most attractive applications of various reactive inorganic materials is
their use as active catalysts (or support materials) to improve the rate and also the
selectivity of chemical transformation reactions in industrial processes. The Nobel
awards of 2021 (D.W.C. MacMillan (US) [1] and B. List (GER) [2]) confirm the great
importance of materials with inorganic sites as active catalysts for asymmetric orga-
nocatalysis in recent developments [3]. From the decomposition of H2O2 at low tem-
perature with a platinum sponge (as described by J. J. Berzelius in 1836 [4]) and
molecular surface reaction mechanisms in automotive catalysis (as investigated by
G. Ertl in 2008 [5]) to selective production with metal complexes and organocata-
lysts (as discussed by B. List by 2021 [2, 3]), there is an evolution in different fields
with certain similarities:

In a catalyzed process, a substance (catalyst) remains unchanged after the transformation, al-
though it participates in part of the reaction pathways to increase the rate of selected transfor-
mation pathways (selectivity). [4]

However, the definition of catalysis and different subgroups still grows with new
findings and depends on the perspective (see Chapter 7.2). Two common subdivisions
for application focus on the chemical nature of different compounds and the different
phases taking part in the process, which both strongly impact the first rough choice
of reactor geometries and concepts in lab-scale and industrial-scale production [6]. In
general, heterogeneous catalysis (starting with J. J. Berzelius in 1836) describes pro-
cesses where catalyst and reactants are separated in different phases and the reaction
happens at the interphase [5, 7]. In contrast, homogeneous catalysis (as addressed in
this chapter) means that the active catalyst and the reactants are in the same phase
(gas, liquid, only seldom solid) [4]. According to the chemical nature of the active
materials, homogeneous catalysis is divided into four classes:
(i) Soluble acids or bases (acid/base catalysis) [8, 9]
(ii) Organic compounds (organocatalysis) [3]
(iii) Soluble enzymes (enzyme or biocatalysis) [10]
(iv) Soluble transition metal salts or transition metal complexes (transition metal

catalysis) [11]
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Since the dynamics of homogeneously catalyzed processes mostly do not suffer
from slow, rate-determining transport, sorption, or phase transfer steps (see Sec-
tion 7.1.6), the role of a catalyst C can be simplified to a sequence comprising the
intermediates described as catalyst-reactant R-C and catalyst-product C-P com-
plexes, as discussed by Eyring, Evans and Polanyi [12, 13].

R + C! R−C! C− P! C + P (7:1:1)

The main reaction events in homogeneous catalysis happen at the molecular level,
which facilitates developments by control of kinetics, observation of reaction mech-
anisms and easy reaction engineering for scale-up to industrial level. The typical
reactor design in industry is a stirring tank reactor (STR) for batch reactions or a
continuously stirring tank reactor (CSTR) for continuous production. Advanced de-
signs such as membrane or filtration reactors are illustrated within Chapters 7.1.4
and 7.1.5.

Since the main feature of a stable and active catalyst is its regeneration at the
end of the reaction, the molecular interaction with reactants (as a catalyst-reactant
complex) and until the final release of the product could be summarized schemati-
cally in a catalytic cycle, as depicted in Figure 7.1.1 [11].

In the case of metal complex catalysis, this is connected to specific reaction
steps, such as oxidative addition, reductive elimination, insertion, β-hydride elimi-
nation as well as nucleophilic attacks on the ligand [4]. The slowest step(s) within
these cycles finally define the overall rate of the catalyzed conversion process.

The performance of a catalyst in general could be judged by its activity for the
reaction of interest, its selectivity for particular conversion routes, as well as its sta-
bility to endure for upcoming reaction cycles and its regenerability [4]. For the
quantification of these performance criteria, there are fixed terms and definitions.
The activity, or the conversion rate r by a catalyst, compared to the (often ne-
glected) un-catalyzed slow reaction rate, is defined as the amount of reactant con-
verted in relation to the relative amount of catalyst (molar, volume or specific
weight). Within a certain period, a catalyst is capable of converting a fixed number
of reactant molecules, depending on the reaction conditions (e.g. temperature,
pressure, concentration), which is summarized as turn-over frequency (TOF). Ide-
ally, the catalyst recovers after a catalytic cycle, becoming ready for the next reac-
tant molecule. However, after a while and several cycles, real catalysts tend to
change their performance due to competing reversible or irreversible deactivation
processes (catalyst poisoning) [15, 16]. Consequently, the approximate number of
cycles until a deactivation event occurs is quantified as turn-over number (TON).
With focus on the desired target product, a definition for the catalyst’s productivity
(P) follows. In the case of reversible deactivation processes, a regeneration proce-
dure leads to partial or complete recovery of the catalyst activity; however, in most
cases, it is necessary to separate the catalyst from the reaction medium, which is
challenging in homogeneous processes and often easier in heterogeneous catalysis.
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Especially the activity of a catalyst is ambivalent as highly active materials are less
stable and tend to undergo (and also catalyze) competing reactions, which reduces
their reusability and catalytic selectivity.

Highly active catalysts are less selective, highly selective catalysts are less active.

From an industrial perspective, the final output, the product yield Y and the pro-
ductivity P have to be compared economically under the aspects of reactant input
(atom efficiency), engineering efforts as well as infrastructural and environmental
considerations [17, 18]. The abovementioned parameters (r, TOF, TON, P, Y, con-
version X and selectivity S) are defined according to the equations shown below,
where vi corresponds to the stoichiometric coefficient of the reactant i (see
eqs. 7.1.2–7.1.9):

Figure 7.1.1: Mechanistic cycles for homogeneously catalyzed (a) acid-base reactions [14], (b) metal
complex reactions [11] and (c) enzyme reactions (Michaelis-Menten) [10].
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r =
1
νi
· d amount reactantð Þ

d timeð Þ
amount of catalyst

(7:1:2)

TON = amount product ½mol�
amount catalyst ½mol� (7:1:3)

TOF = converted reactant ½mol�
amount catalyst ½mol� · time h½ � (7:1:4)

P= target product mol½ �
amount catalyst mol½ � · time h½ � (7:1:5)

X = converted reactant
initial reactant

(7:1:6)

S= actual product amount
converted reactant

(7:1:7)

Y = actual product amount
initial reactant

(7:1:8)

Y =X · S (7:1:9)

To reveal the origin of the performance of materials for homogeneously catalyzed
processes, we have to focus on electrophilicity, nucleophilicity, steric hindrance
and coordination chemistry to build a bridge to their reactivity at molecular level
(see Figure 7.1.2). The activity of acid-base catalysts is accompanied with proton-
ation/deprotonation reactions as well as the addition or abstraction of hydroxide
anions. In some cases, the active species are formed first in the reaction phase, e.g.
as in the case of ammonia: NH3 + H2O → NH4

+ + OH−. In organometallic catalysis
with metal complexes, the design of the interaction between ligand molecules and
(transition) metal cations leads to many options by a broad spectrum of different
combinations [19]. A free coordination site at the transition metal, often produced
in the reactive phase by dissociation or association of loosely bound ligands or addi-
tionally reactive ligand molecules themselves, are the actual reactive sites. On the
one hand, the electronic configuration at the center and the coordination sphere de-
termine the electrophilic and nucleophilic interaction of reactant molecules with the
metal cation. These properties are fine-tuned by electron donating or withdrawing li-
gand molecules to tailor the catalyst’s reactivity, as is also known from coordination
and supramolecular chemistry [20]. On the other hand, the geometric environment
around the site is also tailored by use of bulky, chelating, bi/multidentate or amphi-
philic ligands, which help to tune the residual Tolman cone angle at the site, i.e. the
open window ready for a directed reactive attack of the reactants as known from
pockets in enzymes [4, 19].

An especially outstanding advantage of ligand/transition metal site combina-
tions in classic homogeneous catalysis is the transfer of stereo-information from the
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catalyst to the product by stereo-selective conversion or production. Especially li-
gands and their combinations (including intrinsic stereo-information or creating
stereo-information by self-assembly and stacking) open the route for highly chemo-
selective, regioselective, diastereoselective or enantioselective industrial processes,
as prominently recognized by the Nobel Prize committee in 2005. Industrially rele-
vant examples are chemoselective metathesis conversions and couplings of olefins,
en-in- and hetero-en-metathesis with Grubbs, Schrock and Sonogashira catalysts
[4, 21–23]. In general, there is a still up-to-date list of practically relevant challenges
in chemical industry, which show the most promising potential for economic and
scientific revolutions [19]:
(i) Low-temperature epoxidation of propylene
(ii) Direct synthesis of hydrogen peroxide (H2O2) from the elements
(iii) Phenol from benzene and oxygen
(iv) Aromatic amines from ammonia (NH3)
(v) Selective oxidation of methane to methanol
(vi) Anti-Markovnikov addition of alcohols and amines to alkenes

Most of today’s upcoming industrial processes involve catalysts with increasing com-
plexity of designed structures, involved phases and specialized reaction engineering
concepts. Therefore, the choice of the right catalyst, phase structure and interphases
(and finally of reactor for lab- and industrial-scale conversion reactions) needs a
clever pre-choice to avoid costly misleading developments. A short comparison of
general advantages and disadvantages of homo- and heterogeneously catalyzed pro-
cesses is illustrated in Table 7.1.1.

Figure 7.1.2: Concepts about reactivity in homogeneous catalysis: (a) protonation/deprotonation in
acid-base catalysis, (b) electronic environment and electro-/nucleophilicity in transition metal
catalysis and (c) geometric consideration of the attack of reactants at active catalyst species [4].
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Table 7.1.1: Comparison of advantages and disadvantages of homogeneously and heterogeneously
catalyzed processes and catalysts thereof.

Homogeneous catalysis Heterogeneous catalysis

= reactants, catalyst, products, etc. are present
in one single phase

= reactants, catalyst, products, etc. are
distributed over different phases with shared
interphase surface

Activity and selectivity

Uniform nature of catalyst after synthesis with
direct contact to reactants in homogeneous
phase
Tunable chemo-, regio-, diastereo- or
enantioselectivity (e.g. via ligands) []
Low TOF (– s–) and TON (~–)
because of lower T tolerance (typically room
temperature to  °C) [] and due to lower
stability of (often) organic materials (see also
MOF in Chapter .)

Often heterogeneous catalyst surface/inter-
phase region, which leads to product
distribution
Harder to achieve chemo-, regio-, diastereo- and
enantioselectivity []
High TOF (~– s–) and TON (up to 

)
because of higher T tolerance (typically
– °C) [] and higher stability of (often)
inorganic catalyst materials (see also Zeolites in
Chapter .)

Reaction engineering and control

Molecular control due to good mass transfer
(not rate determining)
Lower rates and higher amounts of often costly
(organometallic) catalysts
(Classic) stirring tank reactor STR and
continuously CSTR []
(Advanced) membrane, filtration and micro-
reactors with reactant and catalyst recycling
[, ]

Often transport limitation by phase-transfer or
(pore/film) diffusion and more complex macro-
kinetics
Easy high-throughput continuous production
with low amount of (often) cheaper catalysts
(Classic) fixed bed reactor (also monoliths),
fluidized bed reactors [], multiphase reactors,
e.g. trickle bed reactor []
(Advanced) monolith or impregnated micro-
reactors [, ]

Product purification and recyclization

Complicated separation of catalyst, because of
necessary solubility and low thermal resistance
of (partially) organic compounds []
Often no options for catalyst regeneration or
reuse []

Easy separation, e.g. by simple filtration for
solid catalysts and fluid reactants/products or
by thermal separation (e.g. rectification) in the
case of inorganic catalyst
Often available regeneration procedures of
mainly solid catalysts []

Main costs for development and production on industrial level

Easier scale-up by control of molecular
processes, facilitates upscaling from lab-scale
to industrial scale []
Often costly catalyst ligands and (transition)
metals [] + costly purification and catalyst
separation

Multistep process development, because scale-
up leads to complex changes in molecular and
heat transport []
Often costly precious metal containing
catalysts, but options for regeneration and
easier workup by catalyst separation
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Thus, current developments in academia and in chemical industry tend to com-
bine the advantages of both (1) by heterogenization of catalysts from homogenous
catalysis [28–30] or (2) by use of (pH, T or p dependent) separation of reactants, prod-
ucts and catalyst with phase-transfer processes [26, 31], as displayed in Figure 7.1.3.
In the context of resource-strategical concerns, the use of alternative non-fossil feed-
stock sources, the reduction of the amounts of (costly) noble (transition) metals as
well as the close-up of production and recycling loops have become politically, but
also economically relevant aspects [18].

The first approach, namely the heterogenization of homogeneous catalysts, has
been already reported for zeolite chemistry (see Chapter 7.3), which described the
introduction and immobilization of organometallic coordination compounds in

Figure 7.1.3: General developments about catalysis in academia and industry: (a) heterogenization
of homogeneous catalysis [29, 30], (b) catalyst separation by phase-transfer processes [26, 31].
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porous materials as “ship-in-a-bottle” complexes (SBC) [28]. A covalent immobiliza-
tion of catalyst complexes is summarized as surface organometallic chemistry
(SOMC) [29], which describes the chemical bonding of metal complexes on solid (in-
organic) supports of carrier particles or organic and inorganic (ceramic) membranes
[19]. Moreover, the enhancement of molecular weight of a catalyst for easier separa-
tion is possible by the formation of soluble catalyst dendrimers [26] as liquid sup-
ports, or supramolecular catalysts with self-assembled capsules, pockets and cages
[30, 32]. A fourth option is the immobilization of active organometallic complexes
in porous metal-organic frameworks (MOF) (see Chapter 7.4) as ordered supramo-
lecular catalyst or covalently bonded organic framework (COF) [33]. As already
known from enzyme immobilization, the linkage of molecules to a support may
change its conformation as well as electronic situation at the active pocket, which
reduces, in most cases, the overall productivity P. The heterogenization offers the
opportunity to link different catalysts for tandem reactions, which leads to fast one-
pot multistep reactions to avoid work-up in-between [4]. Moreover, there is a vast
potential for the industrial use of inorganic supports with higher thermal resistance
for higher rates and easier product purification [20].

The second strategy involves more complex engineering and switchable catalyst
solubility (e.g. by pH, T, ionic strength) for phase-transfer processes. This enhances
yields, e.g. for equilibrium reactions at low feed concentration, and provides a direct
and selective transfer of products, educts or catalyst itself to another phase for easy
separation. However, more complex engineering strategies (such as filtration reactor
designs in liquid-liquid systems) are needed to overcome the additional phase trans-
fer limitations (see Chapters 7.1.4 and 7.1.5) [19, 26, 34]. A direct link to combined
electrochemical conversion (reduction/oxidation) and phase transfer steps controlled
by relative solubility ratios has led to new combined options for an electrically con-
trolled industrial production. A current example is the use of Ce3+/Ce4+ systems as sul-
fates with different pH and temperature-dependent solubility for a redox-dependent
salt precipitation [35].

7.1.2 Syntheses of catalysts for homogeneous catalysis

As explained in the previous subchapter, catalysts for classic homogeneous cataly-
sis can be classified according to Behr et al. [4] as (1) soluble acids or bases (acid/
base catalysis) [9, 10], (2) soluble organic compounds (organocatalysis) [3]), (3) sol-
uble enzymes (enzyme or biocatalysis) [10] and (4) soluble transition metal salts or
transition metal complexes (transition metal or organometallic catalysis) [11]. With
respect to the aim of this book, this chapter focuses on the (2) organic compounds
with heteroatoms and (4) soluble transition metal complexes as precursors or active
compounds for their application in inorganic framework materials.
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The synthesis of organocatalysts includes the broad complexity of organic
chemistry, which itself is a topic of numerous books and subareas [14]. Small organic
molecules predominantly composed of C, H, O, N, S and P accelerate different chemi-
cal reactions, which themselves are formed by organic and inorganic bulk reactions.
An often-desired example published in 2018 is the anti-Markovnikov hydroamination
of alkenes by small organocatalysts (see Figure 7.1.4) [36]. In this special case, a sys-
tem of catalytic phthalimidyl-radicals (together with an over-stoichiometric amount
of P(OEt)3 as oxygen acceptor) leads to the desired regioselectivity. The syntheses of
N-hydroxy phthalimide PhthN-OH (from phthalic acid anhydride and hydroxylamine
phosphate at 130 °C) as well as the formation of P(OEt)3 (from white phosphorus and
chlorine via PCl3 and subsequent conversion with ethanol) are well-known bulk-
reactions in chemical industry.

The preparation of transition metal complex catalysts is subdivided into two
steps, i.e. (i) the synthesis of the (organic) ligand and (ii) the synthesis of the com-
plex from a ligand and a transition metal salt.

While the first step shows a similar variety as the synthesis of organocatalysts, the formation
of the active complex in solution is a question of dynamic supramolecular self-assembly by
addition of (stoichiometric) amounts of the ligand and the transition metal salt (or oxide), sep-
arately or in-situ through the reactant mixture. [4]

The process itself strongly depends on the charge and redox state of the ligands and
the transition metal cation, which shows a strong dependency on the temperature as
well as on the system’s polarity (solvent), pH and ionic strength. In some cases of
complexes with multiple ligands, the ordering as well as the protonation state of the
ligands determines the structure, composition and performance of the catalyst. Often
discussed materials are multicopper catalysts for oxidation and hydrocarbonylation

Figure 7.1.4: Application of an organocatalyst for anti-Markovnikov hydroamination of alkenes [36]:
(a) chemical equation and stereochemistry, (b) synthesis steps of catalyst precursor PhthN-OH and
reducing agent P(OEt)3.
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of alkanes, molybdenum complexes for olefins epoxidation, manganese and iron
complexes for bleaching (cellulose) and oxidation (epoxidation), iron-oxo species for
oxidation reactions in aqueous phase [11] or ruthenium-based metathesis catalysts
[37]. The last one, the so-called Grubbs-I-type catalyst, is an industrially relevant ex-
ample, which is formed in a separate one-pot reaction, leading to air-stable, storable
complexes (see Figure 7.1.5).

The ligand often determines regioselectivity (e.g. for Ziegler-Natta catalysts) as well
as chemoselectivity (e.g. for cyclopropanation reactions); see Chapter 7.1.3. Nowa-
days, there is a trend toward mimicry of biocatalysts (enzymes) with similar stereo-
selective behavior, but higher molecular weight. The synthesis of the bigger catalyst
complexes is generally characterized by (i) supramolecular assembly [30, 38], (ii) for-
mation of inorganic clusters or use of supports [11, 29] or (iii) the molecular weight
enlargement and connectivity enhancement of ligands and, therefore, the formation
of multinuclear transition metal complexes (see Figure 7.1.6) [20, 26, 29].

The encapsulation of the reactants and the location of the active metal center
in pockets is inspired by the active center shape in enzyme catalysis. In the case of
organometallic catalysts, the supramolecular assembly and the chelating effect are
driving forces for the efficiency of these approaches [38]. A special application is
the use of resorcinarenes and other macrocycles to coordinating cage-like super-
structures for shape-selective cyclization reaction of sesquiterpene substrates [30].
In case that the synthesis of the complex by ligand organo-synthesis and combina-
tion of transition metal salt is comparable, the interaction between macro-ligand
molecules have to be handled even more carefully in the context of reaction param-
eters (T, pH, solvent ionic strength, etc.) to ensure a controlled assembly of the
pockets.

The use of multiple-centered complex nanoclusters in multicopper catalysts for
oxidation and hydrocarbonylation of alkanes [11] and the immobilization of classic
homogeneous catalysts via covalently bonded or impregnated surface organo-
metallic catalysts (SOMC) have already reached industrial level [29]. A special ex-
ample is the MACBETH project by Evonik Performance Materials GmbH, which
demonstrates the immobilization of standard catalysts on inorganic membranes for
efficient hydroformylation, hydrogen production or propane dehydrogenation reac-
tions [39]. In most cases, the covalent bonding to (mostly silica-based) supports or
membranes (in SOMC by condensation reaction) generally changes the catalysts

Figure 7.1.5: Synthesis of a transition metal Grubbs-I type catalyst for metathesis reactions [37].
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Figure 7.1.6: Strategies for the improvement of selectivity and reactant-specific conversion in
homogeneous catalysis with applications (here, mimicry of enzyme pockets): (a) supramolecular
encapsulation [30], (b) use of inorganic clusters and supports (SOMC) [29, 39], (c) use of multisite
catalyst dendrimers [26, 40].
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reactivity, which sometimes leads to a preferential use of surface-coordinating frag-
ments (SCF), which are just loosely bound. The latter one are produced in situ, i.e.
the formation of the active complex and the coverage of the support surface consti-
tute a one-pot reaction, whereas a chemical preconditioning of the support surface
and a subsequent chemical reaction to the active catalyst are necessary for covalent
bonding [29].

The third strategy is the enhancement of the molecular weight of ligands and
the use of organic or inorganic polymers as soluble support materials [20, 26]. The
synthesis of the organometallic catalysts is often still a two-step procedure of (i) li-
gand synthesis and (ii) formation of the complex. However, in this case, the control
of the molecular weight (during poly- or oligomerization reactions of bulky ligands
or supports) becomes more difficult. As a practical example, a new type of dendri-
meric Pd-DAB catalysts for the Pd-catalyzed allylic amination reaction, for instance,
has to be built from the inner core to the outer (Pd)-shell in a controlled multiple-
step synthesis.

The separate production of the amine backbone is followed by the connection
of the terminating PPh2 moiety as well as by the final coordination of the Pd center,
and has to be handled in three, rather than in the usual two, steps to achieve a nar-
row distribution of molecular weight (see Figure 7.1.6c) [26].

7.1.3 Characterization of catalysts for homogeneous catalysis

For the characterization of homogeneous catalysts, some points must be emphasized:
(1) The active catalyst (with focus on metal complexes) has to be activated, e.g. by
release of a labile ligand and oxidative addition of a reactant. The composition and
conformation under reaction conditions may differ from the as-synthesized or solid
crystalline state. Thus, results from ex situ and in situ methods have to be used with
care and discussed together. As a previously mentioned example, the activity of the
PhthN-OH species in the hydroamination of alkenes is due to the formation of a radi-
cal-type PhthN-O catalyst (see Figure 7.1.4) [36]. (2) Homogeneous catalysis is mainly
determined by the rate of the molecular processes. Performance tests have to be han-
dled with particular care to guarantee reliable process parameters if transport pro-
cesses are fast (e.g. by mixing) and molecular processes are rate-determining. In the
special case of modern trends introducing additional phases in phase transfer cataly-
sis (PTC) (see Chapter 7.1.5) and immobilized catalysts, similar transport issues and
interface reactions have to be considered, as in the case of heterogeneous catalysis
(see Chapter 7.2). (3) The behavior of a catalyst under reactive conditions is addition-
ally affected by external influences, such as solvent molecules adsorbed to and in-
between catalyst, reactants and products. An example for the long-range interaction
of molecules by solvents is the unusual fast proton transfer mechanism between mol-
ecules in protic solvents, as discussed by Grotthus [41].
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Therefore, this subchapter describes (i) the quantification of performance pa-
rameters and catalytic control, (ii) the characterization of the molecular structure
and functionality and (iii) additional methods to characterize the catalytic, the
chemical properties and the morphology of the increasing number of heterogenized
homogeneous catalysts.

The evaluation of performance parameters starts with the quantification of the
specific conversion rate (activity), the TON and the TOF in lab-scale test reactions.

The most common types are non-steady-state batch reactions with time-dependent
sampling and steady-state continuous flow reactions with residence-time-dependent
sampling of the product stream. To reduce the gap between lab-scale and pilot-
scale tests, and in order to implement new trends such as phase transfer processes
(see Chapter 7.1.5), there are specialized test geometries including filtration reac-
tors, micro-reactors, etc. [6, 34]. The first objective after quantification of reaction
rates is the analysis of the ranges of temperature and concentrations, where the
targeted molecular kinetics constitute the rate determining steps (see Figure 7.1.7).
This becomes increasingly important on the route to more complex multiphase
and heterogeneous systems (see Chapter 7.2, Figure 7.2.10).

The investigation of trends and reasons for different catalytic performances is
coupled to the investigation of molecular structural characteristics of the cata-
lyst-reactant and catalyst-product complexes. If molecular processes are the slowest
steps during the conversion, the transition-state theory by Eyring [12] describes the
energy barriers for the formation of the reactive complex, with the conversion and
the release of the product as the rate determining quantities. Besides spectroscopic
methods such as UV/vis absorption and IR/Raman spectroscopy as well as mass
spectroscopy, a special focus is laid on NMR spectroscopy and X-ray diffractometric
analysis for crystal structure determination. While 1H, 13C, and heteroatom-specific
NMR spectroscopies give hints about the atomic structure and inter-atomic connec-
tion of catalyst molecules as well as complexes in solution, the X-ray diffractometric
structure determination on single crystals reveals geometric details, such as bond
lengths, angles and coordination geometries, which are often similar (or related) if
comparing fluid solutions and packed crystals. Together with quantum-chemical
calculations, there are limited options to answer the questions regarding what the
molecular structure looks like, how a catalytic reaction proceeds at molecular level
and why the specific catalytic reaction is preferred over others (see Figure 7.1.8).

With increasing complexity and consideration of additional phases (PTC), addi-
tional supports (SOMC), or other methods to form heterogenized catalysts in solu-
tion (dendrimers), the morphology of the solids and related transport processes
through the surface or solvent-catalyst interphase become increasingly important.
As known from heterogeneous catalysis (see Chapter 7.2.3), the size, accessibility
and chemical nature of the catalyst surface or reactant-catalyst interphase become
rate determining features. A deeper look into sorption methods of different guest
molecules, such as nitrogen, bases like ammonia (acid sites), or CO2 (base sites),
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Figure 7.1.7: Performance tests and catalytic evaluation in homogeneous catalysis: (a)
concentration-, time- and residence time dependencies in batch (STR) and continuous test
reactors (CSTR); (b) Arrhenius plot, T- and mixing dependency to identify ranges of
rate-determining molecular kinetics [6].
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gives a quantitative impression of the active surface, which has to be correlated
with the catalytic performance. A qualitative impression of the local geometric to-
pology can be achieved by the use of different electron microscopy techniques with
frozen solutions, dried solid catalysts or resin-embedded materials, including scan-
ning electron microscopies (SEM, TEM, STEM, etc.). Increasing complexity leads to
the implementation of methods known from the solid-state chemistry related to po-
rous zeolites (see Chapter 7.3) or MOFs (see Chapter 7.4).

Figure 7.1.8: Structural characterization of a Grubbs-Hoveyda-I catalyst for homogeneous catalyzed
alkene metathesis (a) by X-ray diffractometry of single crystalline complexes and (b) by NMR of the
active catalyst in liquid phase. Both (c) are used to estimate the atom connectivity, geometric
parameters including ligand coordination or Tolman’s angle [42].
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7.1.4 Industrial application of inorganic acids, bases and metal complexes

In homogeneous catalysis, reactants, products and catalyst are typically mixed in
one (fluid) phase. Consequently, a tank reactor (either in batch or continuous
mode) is the first choice including a mechanical stirring system [6]. However, first
advancements to overcome the drawback of costly catalyst and product separation
have led to the incorporation of membrane filtration, by reaction and continuous
recyclization of unconverted reactants. The use of organic (e.g. Nafion) or inorganic
membranes (e.g. ceramics) gives the option to restrain or immobilize the catalyst
for continuous operation without the use of costly and degrading thermal or extrac-
tive separation processes [26]. Compartmentalization of a reactor or immobilization
of a catalyst on a solid (membrane) support involves further phase transfer tasks
that are familiar from heterogeneous catalysis and has required the use of more so-
phisticated mixing and transport engineering strategies, such as in micro-reactor
technology [24]. The different types are displayed in Figure 7.1.9.

For a suitable choice of a reactor in homogeneous or heterogenized homogeneous
catalysis, some general aspects for evaluation are summarized in Table 7.1.2 to-
gether with industrial examples to give reasons for different applications.

In acid-base catalysis, a typical product (acrylic acid butyl ester as softener in
acrylic resins) is produced using sulfuric acid as catalyst in a batch process, e.g. by
BASF Schwarzheide GmbH. Security issues and the separation of the ester in the
organic phase from the by-product (water) and the catalyst (sulfuric acid) lead to a

Figure 7.1.9: Pictograms showing the general principle of reactors and related catalysts used in
homogeneous and heterogenized homogeneous catalysis: (1) STR – stirred tank reactor, (2) CSTR –
continuous STR, (3) MFR – membrane filtration reactor, (4) MR – micro-reactor [6, 24, 26, 34].
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Table 7.1.2: Comparison of advantages and challenges of different reactor types in homogeneous
and heterogenized homogeneous catalysis and catalysts thereof.

Reactor and
catalyst
system

Advantages Challenges Industrial example

STR (stirring
tank
reactor) []

Easier reaction control
(mixing, fast release)
Multifunctional
application (on-demand
production)
Lower investment and
easy upgrade (e.g. by
addition of sensors)
No start-up times

Set-up times between
different batches (cleaning,
preparation, etc.)
Limited homogenization
with rising volume limits
throughput
Demanding product and
catalyst workup
(ultrafiltration)

High pricing specialty
chemicals
On-demand production or
enhanced requirements for
reaction control (e.g.
polymerization of specialty
varnishes and adhesives)
[]

CSTR
(continuous
STR) []

Higher throughput
Easier process control
(mixing, heat transfer)
No set-up time

Enhanced start-up time
Enhanced investments
Lower flexibility
Demanding product and
catalyst workup
(ultrafiltration)

Dangerous chemicals
(toxic, explosive) in bigger
batches (e.g. nitration of
toluene in cascades [])

MFR
(membrane
filtration
reactor)
[, ]

Decoupling residence
time of catalyst (fixed on
or retained by membrane)
and reactants []
Use of soluble support for
catalyst and on-line
separation from smaller
reactants or those with
different polarity

Costly membranes, hard
workup
Difficult replacement of
spent (inactive) catalyst (as
soluble support or
immobilized on membrane)
Transport issues by
membrane plugging or film
formation (parallel flow)
Pressure issues due to
membrane for cross- or
dead-end flow []

For costly catalysts (e.g.
Grubbs-Hoveyda catalysts
with Ru salts and costly
ligands [])
For environmentally
harmful or toxic catalysts
(e.g. Al, Ti or Zn organyles
in Ziegler-Natta catalysis
[] or different coupling
reactions, e.g. epoxides
with CO [])

MR (micro-
reactor) []

Intensification of mass
transport and heat
transfer
Easy scale enhancement
by numbering up instead
of scale-up
Good reuse of catalyst
(immobilization at reactor
wall)

Complex fine-tuning of
peripheral equipment,
numerous feed-pipes
Pressure drop in small
pipes
Complex cleaning catalyst
recovery and workup
Risk, unusual flow (Taylor
diffusion)

For on-demand processes;
with high requirements
regarding mixing and heat
transfer (e.g. also nitration
of toluene with higher
yields of trinitrotoluene
(TNT) [])
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favorable production using a STR but bearing additional costs and setting-up time. A
cost factor is the purification of sulfuric acid from organic compounds and the stoi-
chiometric amount of water formed during the process. Alternative developments
have emerged, including the use of solid acids, such as heteropolyacids (e.g. poly-
phosphoric acid) for easier separation and reuse of the catalyst, which in turn raises
the technical demands (including phase contact and mixing) [48]. The trend in homo-
geneous acid-base catalysis goes to the use of small-sized polyanions, such as inor-
ganic polyoxometalates, which precipitate as salts with changing pH and temperature,
in order to combine the good phase contact of homogeneous, soluble catalysts with
the easy separation of solids by filtration [49].

In the case of the “captains of homogeneous catalysis” [4] (namely the transi-
tion metal complex catalysts), the development of the industrially relevant Grubbs-
type metathesis catalysts displays some general principles and trends for the future
[21–23, 45]. Ru- (and Mo, W)-based alkylidene and aryloxide complexes serve as cata-
lysts for olefins metathesis via metal carbene intermediates at closing (CM), ring clos-
ing (RCM), ring opening (ROM) as well as enantioselective (EROCM) or asymmetric ring
opening and closing metathesis (AROCM) reaction or polymerization (ROMP) [45].

An example for a typical enantioselective olefin metathesis reaction is adopted from
Dawood and Nomura [45], which displays the geometric restrictions in Figure 7.1.10.

Figure 7.1.10: Scheme of an E-selective alkene metathesis by a ruthenium-carbene catalyst
(Grubbs-type), adapted from Dawood and Nomura [45].
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A labile ligand releases a free coordination site for the oxidative addition of an olefin. Rear-
rangement of the carbene moiety directed by the bulky ligands leads to the formation of an
alkylidene complex by C–C bond formation, subsequent rearrangement and final regen-
eration of the active catalyst species.

Since the first reports about metathesis by Calderon in 1967 [50], the development of
industrially relevant Grubbs-type metathesis catalysts started in 1996 with the first
reported Ru-based catalyst for different RCM and ROM reactions (see Figure 7.1.11)
[37]. Introduction of bulky, strong coordinating and sometimes prochiral imidazoli-
dinyl-ligands has led to enantioselective metathesis reactions and higher catalyst sta-
bility using Grubbs-type II catalysts [51]. In a third step, the stability and selectivity of
the catalyst rise again replacing a phosphane ligand by an aromatic ether attached as

Figure 7.1.11: Structure of the industrially relevant olefin metathesis catalysts: (a) Grubbs I,
(b) Grubbs II, (c) Grubbs-Hoveyda-I, (d) Grubbs-Hoveyda-II, (e) immobilization and cheaper
transition metal (Mo) for continuous production [45].
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a carbene and oxo-functionality to force a different coordination geometry and to pro-
duce another reactive vacancy at the Ru center. The respective Ru-ligand combina-
tions are known as Grubbs-Hoveyda type I and type II catalysts, respectively [52].
Today, Ru-based Grubbs, Grubbs-Hoveyda and Mo-based Schrock, W and other tran-
sition metal metathesis catalysts are often applied in pharmaceutical production, due
to their insensitivity toward numerous other functional groups and due to their good
applicability in different solvents, which justifies the Nobel Prize for R. H. Grubbs,
R. R. Schrock and Y. Chauvin in 2005.

In general, a more rigid and bulky coordination sphere including prochiral li-
gands improves the enantioselectivity within metathesis and alkylidene transfer reac-
tions and enhances the catalyst’s stability. Meanwhile, excellent catalyst solubility
has to be achieved during the process to avoid transport limitations, which otherwise
complicates subsequent product workup and catalyst reuse. Therefore, even in this
case, the trend goes to immobilization of Grubbs-type catalysts for easier separation
thereof [53].

As soon as Ru and costly ligands become price drivers, the use of cheaper metals (such as Cu,
Mo, Mn, Fe, despite their lower performance) became the focus of transition metal catalysis [11].
A parallel trend combines the advantages of selective and uniform catalysts for homogeneous
phase applications with the good separation, thermal resistance and activity of solid catalysts to
compensate the process performance (see Chapters 7.2 and 7.3).

A famous strategy is the mimicry of uniform catalysts by single atom or single
site surface catalysts, e.g. for direct epoxidation reactions of ethylene and propyl-
ene, formerly mentioned as some main industrial challenges (see Chapter 7.1.1) [19].

Even though well-dispersed, small alumina-supported silver particles of 100–150
µm are suitable species for direct ethylene epoxidation, there is a need for new direct
propylene epoxidation technologies as efficient alternatives to the current H2O2-
consuming HPPO process (hydrogen peroxide to propylene oxide) by Evonik and
Uhde [54]. In this trend, the common nanoparticles on solid supports shrink to
single atom or few atom ensemble sites at the surface, which show a mixed behav-
ior between classic carbene chemistry and sigma-, delta- and my-adsorption com-
plexes at low reaction temperature (Cu2O at ~100 °C) [55].

Including an additional phase (during the product formation) leads to a further
industrial driving horse, namely the polymer production, especially the case of the
Ziegler-Natta catalysts for olefin polymerization [46]. With increasing molecular
weight of the product, the solubility drops until the product can be separated di-
rectly as a solid. In the special case of Ziegler-Natta catalysts, the main industrially
relevant products are HDPE (high-density polyethylene) and isotactic PP (polypro-
pylene) [56, 57]. It constitutes an industrial example on how the chirality and orien-
tation of the reactive complex determines the stereochemistry of the chain growth
(isotactic, syndiotactic) [58].
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The intermediary structure of Ti-, Zn- or Hf-based catalyst and Al-based co-catalysts in
Ziegler-Natta catalysis determines the geometric environment, bite angle and orientation of
the polymer chain, which promotes isotactic or syndiotactic over atactic chains.

The change in viscosity and solubility with increasing molecular weight has to be
handled by special reaction engineering and control of residence (conti) or reac-
tion time (disconti) [59]. To enhance the reusability and separation of the environ-
mentally harmful Al- and Ti-based catalysts, again inorganic-supported materials,
such as MgCl2 or TiCl3, are the focus of developments toward heterogenization
(see Figure 7.1.12) [56].

7.1.5 Phase-transfer catalysis with inorganic frameworks and polymers

If we consider the trend of catalyst heterogenization as a strategy to combine (by
chemical design) the desirable properties of homogeneous and heterogeneous ca-
talysis [26], the introduction of different reactor compartments by additional phase
barriers for selective transfer can be a suitable strategy toward reactor and process
engineering [19, 34]. Phase transfer catalysis (PTC) describes the transfer of reac-
tants, products or a catalyst-reactant complex through a phase border for simulta-
neous reaction and separation. The principle mimics nature, where biochemical
catalysts (enzymes) are often fixed onto or within biological membranes to use nat-
ural gradients (passive transport) or chemical energy (active transport) for selective
conversion reactions in low concentrated media, while achieving product and cata-
lyst separation. Most promising examples are the proton pump in cells and the cyto-
chrome complexes for the electron transport chain in photosynthesis [10].

Everything considered, the introduction of natural or artificial liquid-liquid bar-
riers by solubility differences or membranes (and sometimes also including immo-
bilized catalysts) has the significant benefit of heterogeneous catalysis (namely
easy and simultaneous separation of reactants, catalyst and products), which ena-
bles high-throughput continuous reactor technologies [34] (see Figure 7.1.13). It is
increasingly applied if [60]:
(i) educts or intermediates are toxic, explosive or show low solubility (work with

low concentrated media);
(ii) equilibrium reactions show low conversion; the removal of the product, there-

fore, supports significantly higher yields;
(iii) separation and recirculation of reactants, side products or catalysts is needed.

In the case of low temperature and highly selective reactions, higher conversion
and yields can be achieved by recirculation of the reactants.

Sophisticated designs include dead-end and cross-flow filtration and membrane reac-
tors to ensure good mass transfer through mixing inside the container (see CSTR), to
settle the phases afterward and to separate product and catalyst for recirculation (see
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Figure 7.1.12: Structure of the industrially relevant Ziegler-Natta catalysts developed for
stereoselective polymerization of olefins: (a-c) available catalysts, (d) stereochemistry of the
reactive complex, (e) trend of heterogenized catalysts, (f) methylaluminate as co-catalyst
[46, 57, 58].
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Chapter 7.1.4) [26]. Most common examples for phase-transfer materials are quater-
nary ammonium salts, which act as surfactants and form dynamic membranes and
micelles for successful compartmentalization [31]. A next step are 0D-phase trans-
fer catalysts, i.e. encapsulated nanoparticles as carriers for immobilized catalysts,
which show capsule-dependent solubility and phase-transfer behavior at the inter-
phase between two immiscible liquids [32]. Moreover, there are several smart inorganic
polymers, which act as surfactants with flexible pH, T or p-dependent adsorption ca-
pacity, solubility and permeability for reactant, product or catalyst molecules [20].

A very successful industrial application of PTC is the cyclopropanation of olefins
with diazo compounds catalyzed by Ru-ligand catalysts [61] (see Figure 7.1.14).
Cyclopropane derivatives are often used for the production of different herbicides
and pharmaceuticals such as antibiotics or antipsychotics. A typical example is the
herbicide profluralin. The similar structure of the catalysts used for cyclopropana-
tion and Grubbs metathesis accounts often for competing reactions involving those
two conversions. Even in the case of cyclopropanation, enantioselective reactions
are possible depending on the catalyst (ligand) design, as discussed for metathesis
reactions in Chapter 7.1.3. The higher investments of a filtration reactor design in
this example are justified by the use of highly toxic and explosive diazo compounds,
which are less dangerous at lower concentrations.

The separation of the product and the selective transfer of the desired catalyst-
product complex still lead to high yields of the desired cyclopropanation product, de-
spite the competing metathesis side reactions. Particularly ligands with heteroatoms
linked to Ru-phosphane complexes (or ruthenacarboranes) are used to achieve enan-
tioselectivity [61].

Figure 7.1.13: Scheme of a general phase transfer catalysis process (PTC); focus on the phase
transition of catalyst and products through the liquid-liquid or membrane-separated interphase
[31].
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Again, also in the case of cyclopropanation and PTC, the trend goes to heterogenization by
polymerization or resin bonding to enhance the catalysts molecular weight for an easier sepa-
ration [61, 62].

Nowadays, new trends in sustainable chemistry and resource-strategic engineering
make use of electrochemical approaches to reduce the energy consumption (if com-
pared with plain heating), and to enhance atom efficiency (by controlled phase-
transfer and redox reaction for product separation [63] or even for catalysis [64]).
The phase-transfer ability and sensitivity to other parameters (e.g. pH, solubility or
morphology, and even the reactivity) of a catalyst are modified by changing the
redox state involving an electrode. In the case of electrocatalysis, the electron itself
participates on the process.

Taking into account the aspect ratio, shape or size selection of reactants for
PTC inaugurates the transition to porous (solid) materials known from classic

Figure 7.1.14: Application of phase transfer catalysis (PTC) in the cyclopropanation of olefins with
diazo compounds [61]: (a–c) catalyst development with excurses (d) to polymeric or heterogenized
species, (e) catalytic cycle and (f) example for stereochemistry at the example from (c).
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heterogeneous catalysis (e.g. zeolites in Chapter 7.3) or modern metal organic
frameworks (see Chapter 7.4).

For a preliminary conclusion, PTC, MFR and MR technologies on the one hand, and catalyst
heterogenization (e.g. SOMC, SCF, soluble carriers) on the other hand, represent modern
trends for the development of processes including inorganic and organic framework clusters,
as a transition between homogeneous and heterogeneous catalysis (see Figure 7.1.15).

7.1.6 Thermodynamics and kinetics in homogeneous catalysis

By definition, homogeneous catalysis involves the direct contact of reactants, catalyst
and products in one phase, and therefore markedly differs from heterogeneous cataly-
sis. As described in the former subchapters, there is a trend to profit from heteroge-
neous systems increasing the complexity of different phases while collecting benefits,
such as easier catalyst and product (or costly catalyst) separation as well as ensured
conversion (even at low concentrations) of harmful reactants (see Chapter 7.1.5).

Due to the use of liquid solvents and the tendency to use (partially) organic com-
pounds, there is a limited temperature range (between approx. 20 and 250 °C) along
with an absolute pressure span (from 2 to 30 bar) to achieve an economic production.
In most cases, transport properties are less controllable due to their relatively low
temperature or pressure dependence. Consequently, homogenization by mixing or
conversion at lower temperature leads to rate-determining molecular kinetics and
process control. Considering the balance equations by Damköhler for mass, heat and
momentum, they simplify in the case of classic homogeneously catalyzed processes

Figure 7.1.15: Development of the transition from homogeneous to heterogeneous catalysis by
heterogenized homogeneous catalysts (design by catalyst) and phase transfer catalysis (PTC)
(design by engineering).
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to simple molecular kinetics (see Figure 7.1.16). Since the general kinetic considera-
tions by Eyring, Evans and Polanyi, and respective rules, the speed of the molecular
steps are commonly described by the activation energy barrier of the slowest (rate
determining) step [12, 21].

From Arrhenius kinetics, there is an option to access the rate-determining step in a
reactor system by change of the reaction temperature (see Figure 7.1.17). From this,
it is possible to find a suitable parameter set for micro-kinetic reaction control [4].

Figure 7.1.16: Balance equations by Damköhler for transport and chemical reaction in chemical
reactors (STR, CSTR) for homogeneous catalysis including (a) mass balance, (b) heat balance
and (c) momentum balance [47].
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In a next step, product evolution and reactant consumption along with (residence)
time paired with different (assumed) reaction networks can be used altogether to
determine the reaction dynamics at a molecular level.

Figure 7.1.17: General example of the steps for a kinetic consideration of a homogeneously
catalyzed batch reaction (STR): (a) analysis of mixing and T-dependent initial rates to reach
molecular controlled parameter regime, (b) approaches for reactor balances (simplified for well
stirred isothermal STR), (c) kinetic approach for catalytic cycle and (d) solution to molecular
approach for mass balance [6].

7.1 Homogeneous catalysis 259



Fi
gu

re
7.
1.
18
:A

pp
lic

at
io
n
st
ra
te
gy

of
m
ol
ec
ul
ar

ap
pr
oa

ch
es

fo
r
m
ac
ro
sc
op

ic
co

ns
id
er
at
io
n
of

ki
ne

ti
cs

an
d
ba

la
nc

e
eq

ua
ti
on

s
fo
r
(a
)a

ci
d
ca
ta
ly
ze
d

es
te
r
fo
rm

at
io
n
fr
om

ac
ry
lic

ac
id

an
d
bu

ta
no

l,
(b
)s

te
re
o-
se

le
ct
iv
e
m
et
at
he

si
s
al
ke

ne
re
ac
ti
on

w
it
h
a
G
ru
bb

s-
II
ca
ta
ly
st

[2
2]
,(
c)

is
ot
ac
ti
c
Zi
eg

le
r-

N
at
ta

po
ly
m
er
iz
at
io
n
of

pr
op

yl
en

e
[5
6
]a

nd
(d
)p

ha
se

-t
ra
ns

fe
r
ca
ta
ly
ze
d
cy
cl
op

ro
pa

na
ti
on

of
di
az
o-
co

m
po

un
ds

w
it
h
Ru

-b
as

ed
ca
ta
ly
st
s
[3
1,
6
1]
.

260 7 Catalytic and active framework materials



Using our four examples from the last subchapters, there is an increasing level of
complexity (see Figure 7.1.18): Starting from simple ester formation (of acrylic acid
with butanol and sulfuric acid, A → B), going through the suppression of cyclopropa-
nation and parallel stereo-selective metathesis reaction (involving Grubbs catalysts,
A! B; A! C, A! DÞ [22, 61], as well as through the precipitation of a new phase
(Ziegler-Natta polymerization, n A → B) [56], it culminates in more complex, almost
heterogeneous phase-transfer kinetics including phase-transfer limitation (as for cyclo-
propanation of diazo-compounds) [38].

Increasing complexity and number of compartments in a reaction system lead
to a mimicry of biocatalysts including their dynamic behavior in chemical conver-
sion. Therefore, in some cases, Michaelis-Menten-like kinetics are observed, if the
adsorption of species on bulky or heterogenized catalysts becomes rate determining
or an equilibrium reaction state [6]. This leads to the description of some inorganic
(e.g. zeolites) or mixed organic and inorganic framework materials (e.g. MOF) as
“chemozymes”, which could be translated as artificial enzymes (see Chapters 7.3
and 7.4).
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7.2 Heterogeneous catalysts

Klaus Stöwe

7.2.1 Introduction

The use of catalysis in technical processes goes back a long way in human history:
for example, alcohol fermentation from sugar was used by the Sumerians in Mesopo-
tamia as early as 6000 BC, as was acetic acid production from alcohol with the aid of
catalytically acting enzymes [1]. In more recent times, Priestley in 1783 was the first to
demonstrate the conversion of alcohol to ethene and water on heated clay (catalytic
dehydration of alcohol) [2, 3]. A description of the catalytic effect of noble metals
such as platinum on the combustion of methane and other compounds such as alco-
hols was provided first by Davy in 1817 [2]. In his experimental setup, a heated plati-
num wire was able to oxidize a methane-containing gas mixture flamelessly even
below the incandescent temperature and cause the platinum wire to glow. This obser-
vation initiated Döbereiner to his development of the so-called Döbereiner lighter for-
mulated in a supplement to his publication, which enjoyed great popularity after its
invention [4]. The term “catalysis” (Greek: “καταλισισ” dissolution, annulment, dis-
engagement) was introduced by Berzelius in 1836 in a paper on plant chemistry, rec-
ognizing that catalysts can also produce different products starting from a mixture of
reactants [5]. The definition of catalyst that is widely used today goes back to Ostwald
in 1894, who formulated: “Catalysis is the acceleration of a slowly proceeding chemical
process by the presence of a foreign substance” [6]. Ostwald was awarded the Nobel
Prize for Chemistry in 1909 for his research work, which forms the basis for many of
today’s industrial catalytic processes, including the ammonia synthesis process devel-
oped in 1909 by Haber, Bosch and Mittasch at BASF in Ludwigshaven (Germany). In
the Roadmap for Catalysis Research in Germany the German Catalysis Society GECATS
wrote, “Catalysis is the single most important interdisciplinary technology in the
chemical industry. More than 85% of all today’s chemical products are produced using
catalytic processes” including related economic sectors as “processing of raw materials
in refineries, during the production of energy e.g. in fuel cells and batteries, as well as
in terms of climate and environmental protection” [7]. The journal CHEManager has
estimated that “the international catalyst market has now reached a volume of over
USD 18 billion, with an upward trend. Without catalysts, an efficient, environmentally
friendly chemical industry is not possible” [8].

The field of catalysis can be further divided into homogeneous and heteroge-
neous catalysis. In homogeneous catalysis (see Chapter 7.1), all reaction components,
catalyst as well as reactants and products, are in a single common phase, whereas in
heterogeneous catalysis the catalyst is in solid phase and the reaction system is thus
at least two-phase. In heterogeneous catalysis, gases, liquids or gas-liquid mixtures
flow around the solid catalyst, typically in a fixed bed reactor with chemical reactions

https://doi.org/10.1515/9783110798890-017

https://doi.org/10.1515/9783110798890-017


of the reactants taking place on its surface (outer surface, pore surface, inner surface,
see Figure 7.2.1). Homogeneous catalysts, on the other hand, are either liquid acids or
bases or metal complexes, in many cases with sterically demanding ligands, which
are soluble in the reaction component phase; the typical reactor type for homoge-
neous catalysis is the stirring tank reactor (STR). Both types of catalysts have their
specific advantages and disadvantages: in the case of homogeneous catalysts, their
separation from the solution in order to recycle them for further reactions is particu-
larly disadvantageous. This is offset by specific advantages such as designability or
selectivity (see Chapter 7.1). Advantages of both subareas can be brought together by
heterogenized homogeneous catalysts or surface organo-metallic chemistry (SOMC).
Finally, biocatalysis with enzymes should not remain unmentioned, which will play
an increasingly important role in the future.

Some basic facts have to be summarized for catalysis:
1. The equilibrium conversion is not changed by catalysis. A catalyst that acceler-

ates the forward reaction also does so for the backward reaction.
2. A catalyst can radically change the selectivity of a reaction by preferentially

lowering the activation energy of a particular reaction pathway over all other
possible reaction pathways.

3. During the reaction, active centers on the catalyst surface stabilize the transi-
tion stages and intermediates of the reaction. Comparatively few catalytically
active centers are needed to generate large amounts of product.

The first point describes the fact that equilibrium conversions of catalytic reactions
can be calculated from the thermodynamic data of the reactants alone. In practice,

Figure 7.2.1: Heterogeneous and homogeneous catalysis in typical reactor types.
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this means that exothermic reactions should be carried out at the lowest possible tem-
peratures and endothermic reactions at the highest possible temperatures in order to
achieve high equilibrium conversions. However, very low reaction temperatures are
often opposed by the kinetics of the reactions, since the reaction rate is too low for
technical realization. Thus, in these cases, a compromise must be found between ther-
modynamics and kinetics. A way out is often the reaction control with e.g. intermedi-
ate adsorption of the reaction products and recirculation of nonreacted reactants.

The second point relates in particular to reaction networks and the fact that, as
a rule, not only one product is possible, but numerous alternative product mole-
cules can be formed via parallel and consecutive reactions. Typical examples here
are partial oxidations such as that of propene, which can lead to acrolein, but also
to acrylic acid, acetone, propene oxide, acetic acid, 1,5-hexadiene, benzene, etc.,
where the end product of the reaction sequence, carbon dioxide, is undesirable as a
product of the total oxidation. Here a catalyst lowers as selectively as possible the
activation energy of a single reaction path.

The last point shows the course of a heterogeneous catalytic reaction: the cata-
lytic reaction comprises the stages of exothermic adsorption to the active center,
the reaction at the active center in the adsorbed state with possible intermediate
stages, and finally the desorption of the products. This internal reaction, called mi-
crokinetics, is supplemented by external processes such as mass and heat transport
through the laminar boundary layer and in the pore system of the catalyst grain,
and thus representing macrokinetics. All in all, the catalytic process consists of
seven steps, which are shown in Figure 7.2.2.

Basically, heterogeneous catalysts can be roughly divided into full catalysts and
supported catalysts. Full catalysts, in turn, can be porous or nonporous. Among the
supported catalysts, there are numerous subvariants such as metal oxide versus
metal catalysts, precious metal-containing versus precious metal-free catalysts, redox
catalysts, exhaust gas catalysts, zeolites, mesoporous catalysts and MOF, just to
name a few examples. Among the catalyst supports, too, there are numerous shape
variants: monoliths, honeycombs, molded bodies of other geometries, extrudates or
foams. Powdered catalysts are not used in large quantities on an industrial scale be-
cause they lead to high flow resistance. They are only used for instance in granular
form in fluidized bed reactors or in immobilized form as wash coats on monoliths.
Single crystals as “supports” with vapor-deposited catalytically active layers in the
form of a few monolayers or even sub-monolayers are used in studies under ultrahigh
vacuum or certain partial pressures of reactive gases as models of real catalysts in
mechanistic studies on reaction kinetics resulting in a pressure gap between study or
even in situ and operando reaction conditions. Catalyst supports are made of ceramic
materials and can also be divided into dense catalyst supports for shell-type cata-
lysts and porous catalyst supports for impregnated catalysts. Support materials
are for instance alumina, silica, zirconia, titania, ceria and other oxides, nitrides, car-
bides as well as zeolites, mesoporous materials and MOF. Last but not least, carbon
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in the form of activated carbons or carbon blacks must also be listed here, although
this support material can only be used for reactions without the participation of oxy-
gen, e.g. in hydrogenations. In cases where the support materials are present in differ-
ent polymorphic forms, there are large differences between the polymorphs, which
shows that they are not only simple supports for active components, but in many cases
are also involved in the catalytic reaction in the reaction mechanism (e.g. SMSI effect:
strong metal-support interaction). As catalytically active polymorphs of alumina the θ,
χ, κ and γ form have been reported [9]. The synthesis routes to the different polymorphs
and their transformations based on the fundamental research of Stumpf et al. [10] and
others are summarized in Figure 7.2.3.

There are a number of parameters to consider when developing new heteroge-
neous catalysts, which are summarized in Figure 7.2.4. The discovery and optimiza-
tion of heterogeneous catalysts is ideally carried out using high-throughput methods
(see e.g. [12, 13]).

7.2.2 Syntheses of heterogeneous catalysts

The synthesis of heterogeneous catalysts comprises numerous methods, among
them electrostatic adsorption, impregnation, sol-gel processing, hydrothermal syn-
thesis, deposition-precipitation, coprecipitation or cluster immobilization. Not all of
them can be discussed in more detail here.

Figure 7.2.2: Seven steps of heterogeneous catalysis.
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In electrostatic adsorption, a catalyst support material is dispersed as a powder
in a metal salt solution, brought to equilibrium with stirring, and then the support
loaded with a metal precursor is filtered off. Special attention must be paid to the pH
value of the solution in relation to the surface potential of the support material,
which is characterized by the point of zero charge (PZC): at the neutral point of the
carrier material, the achievable metal uptake of the carrier by electrostatic interaction

Figure 7.2.3: Transformation sequence from Al(OH)3 and AlOOH to different polymorphic alumina
forms (adapted from reference [11]).

Figure 7.2.4: Development parameters for heterogeneous catalysts.
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is lowest. At lower pH values, the surface of the carrier is positively charged and the
electrostatic interaction with metal complex anions leads to the highest loadings.
Similarly, at high pH values above the PZC metal (complex) cations interact effec-
tively resulting in a high metal uptake. This is illustrated schematically in Figure 7.2.5
and the PZC values of important support oxides are summarized in Table 7.2.1.

If higher loadings are to be realized, this can be achieved by impregnation. Impregna-
tion is the soaking of a suitable, i.e. porous, carrier material with a (usually aqueous)
solution of the active component(s). To achieve very high loadings or the impregna-
tion of more than one metal component, this can be done either simultaneously or
consecutively. The amount of loading per step is limited by the solubility of the metal

Figure 7.2.5: Electrostatic adsorption principle
(point of zero charge PZC).

Table 7.2.1: PZCs of common support materials and suitable metal complexes [14].

Support PZC Charge

MoO < +

NbO –. +

SiO  +

Oxidized carbon black – +

Oxidized activated carbon – +

Graphitic carbon – +

TiO – +(/–)

CeO  +/–

ZrO  +/–

CoO – +/–

AlO . (+/)–

Activated carbon – –

Carbon black – –
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salt in the solvent. The subsequent post-treatment (calcination, oxidative or reduc-
tive) converts the precursor into oxide or metal. Two subvariants can be distin-
guished in impregnation: firstly, wet impregnation with soaking from supernatant
solution with subsequent drying. Diffusion and electrostatic adsorption are the mech-
anisms used here. Secondly, impregnation with a quantity of liquid corresponding to
the pore volume of the substrate, which is called dry or pore volume impregnation
(“incipient wetness“). For this purpose, the pore volume of the substrate must be de-
termined in advance with the pure solvent. To do this, impregnating solution is
added drop by drop until lumps are formed. The solvent is added until the lumps no
longer dissolve. When impregnating with the metal salt solution, a reduced solution
volume is then added so that only the pores, but not the particle surface, are coated
with active phase. The impregnated substrates are then dried and calcined. During
impregnation and drying, effects such as solvent evaporation, convection, adsorption
and back diffusion play a very important role. The impregnation of pellets or other
molded bodies can therefore result in either egg shell, egg yolk or uniformly impreg-
nated catalysts, depending on the drying rate. In an industrial context at large scale,
impregnation is performed in fluidized bed reactors by spraying the impregnation so-
lution into the fluidized bed of the support material. Subsequently, the dried support
materials are shaped into the corresponding catalysts form.

Another synthesis method for heterogeneous catalysts is the sol-gel process.
Here, either the active component and the carrier material can both be prepared from
a single solution, or an active component can be applied on top of a carrier material
added to the precursor solution. The first variant has the advantage that only pipet-
ting steps have to be carried out, but no weighing steps, which are much more diffi-
cult to automate than weighing. In the sol-gel process, the steps of hydrolysis of the
precursor and condensation of the intermediates are carried out in succession, with
the pH value determining whether rather less branched, chain-like oligomers and
thus condensation networks or particles with a high degree of branching (see also
Stöber particles) are formed. For the synthesis of mixed oxides as catalysts, the acidic
range is recommended, since here the proton-catalyzed hydrolysis leads to an elec-
trophilic attack on a negatively polarized ligand atom instead of base catalysis with a
nucleophilic attack of the hydroxide ions on the metal center. A large number of sub-
variants of the sol-gel process have been described in the literature, including the
classical alkoxide route or so-called polymer-complex routes, in which oligomers to
polymers form the gel by addition of polymerizable monomers together with the com-
plexed metal ions. As an example, the Pechini route with citric acid and polyhydroxy
alcohols such as ethylene glycol may be mentioned [15]. Figure 7.2.6 gives a summary
of the process.

The last process for heterogeneous catalyst synthesis to be mentioned here is
the precipitation method. Precipitation, which corresponds to the basic operation
of crystallization, proceeds through the stages of nucleation and nucleus growth.
An important criterion is the supersaturation of the solution, which influences the
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particle sizes and the particle formation rate. Numerous other parameters also de-
termine the result of precipitation: the solution composition, including purity of the
components used, influences the precipitate composition; the pH and precipitation
temperature direct the phase formed; anions, solvents and additives can influence
the crystallinity, morphology of the precipitate as well as its texture properties; last
but not least, the precipitant also influences the phase formed and its homogeneity.
In presence of a reduction agent directly metal or alloy containing catalysts can be
obtained (so-called reduction-precipitation). Additional variants as deposition-
precipitation and co-precipitation are summarized in Figure 7.2.7.

Especially impregnation and precipitation are of high relevance for the industrial
synthesis of heterogeneous catalysts. Note that Raney-Nickel is a full catalyst mate-
rial and belongs to the group of skeletal catalysts. They are synthesized by leaching
of an aluminum alloy with a base. As they have a high surface area, they are pyro-
phoric and have to be stored under water.

7.2.3 Characterization of heterogeneous catalysts

In the characterization of heterogeneous catalysts, several points must be particularly
emphasized: (1) In many cases, a catalyst must first be activated and is present under
reaction conditions in a changed composition and/or morphology; therefore, ex-situ
investigations should always be supplemented by in-situ or operando investigations.

Figure 7.2.6: Sol-gel process for the synthesis of heterogeneous catalysts as powders, molded
bodies or thin films on substrates.
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A very well-known example is the catalyst for the Haber-Bosch process: it is prepared
as iron oxide with magnetite crystal structure and reduced to α-Fe under the condi-
tions of the process. (2) Heterogeneous catalytic processes occur at the surface of the
catalyst at the fluid/catalyst interface. Therefore, all methods such as powder X-ray
diffraction PXRD, X-ray fluorescence XRF analysis, X-ray absorption near edge struc-
ture XANES or extended X-ray absorption fine structure EXAFS as typical volume
methods reveal only limited information about the reactions taking place at the sur-
face. Nevertheless, they are often used as complementary methods in characteriza-
tion. Typical surface sensitive methods are on the one hand imaging methods like
SEM, here especially ESEM, TEM and HRTEM or the scanning probe methods like
STM and AFM, on the other hand spectroscopic methods like photo and Auger elec-
tron spectroscopy, XPS as well as UPS and AES, as well as IR spectroscopy for adsor-
bates and Raman spectroscopy for near surface catalyst states (surface enhanced
Raman spectroscopy SERS and related methods), just to name a few. (3) The catalyst
system as a whole, consisting of support material and active component, requires
special characterization in terms of total physical surface area, pore size, pore size
distribution and surface area of the catalytically active component to determine the
number of active sites. Only the last point will be addressed here in more detail.

Figure 7.2.7: Precipitation variations for heterogeneous catalyst synthesis.
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The determination of the total internal surface area of a heterogeneous catalyst
with its pore system is performed by physisorption measurements with inert gases
such as nitrogen, helium, argon or krypton at cryogenic temperatures. Among these
gases, nitrogen at a temperature of 77 K is most commonly used for the measure-
ment. However, because of its quadrupole moment, measurement with nitrogen in
liquid nitrogen leads to an excess finding of up to 25% in surface area from the ad-
sorption measurements, so argon at a boiling temperature of 87 K is better used
here. Helium is utilized as a probe gas for extremely small micropores [16]. Accord-
ing to the IUPAC Technical Report [16], the manometric method is generally consid-
ered the most suitable technique for undertaking physisorption measurements. The
basis for the calculation of the internal catalyst surface area was provided by Bru-
nauer, Emmett and Teller in a paper from 1938. For this purpose, the authors as-
sumed that in adsorption measurements, the heat of adsorption for second and
higher layers is constant and equal to enthalpy of condensation, and that the top
layer is in dynamic equilibrium with gas phase. Also, the number of molecules per
layer was assumed constant and combined with a multilayer theory:

1

N p
p0

− 1
h i = 1

NmC
+ C− 1
NmC

p
p0

� �
= I + S

p
p0

� �
(7:2:1)

In this linearized form of the BET equation, from the intersection point I and the
slope S, the number of molecules/atoms for a monomolecular layer Nm = 1/(I + S)
and thus the BET surface area SBET can be calculated from the space requirement of
a gas molecule or atom [17]. From the form of the adsorption isotherms including
the hysteresis behavior between adsorption and desorption branch, conclusions
can be drawn about the pore size, whether the catalyst is microporous, mesoporous
or macroporous (see Figure 7.2.8).

From the adsorption isotherms, specifically the desorption branch in this case,
the pore size distribution can also be determined via downstream theories. In par-
ticular, the theories of Barrett, Joyner and Halenda for mesoporous systems starting
from 1.5 nm diameter [18] and Horwáth and Kawazoe for microporous systems [19]
should be mentioned. Pore-size analysis of adsorbents over the complete micro-
and mesopore range requires physisorption experiments, which span a broad spec-
trum of pressures (up to seven orders of magnitude) starting at ultralow pressures
below 1 Pa [16].

Chemisorption instead of physisorption measurements are necessary if the
turnover frequency TOF is to be calculated. This requires the knowledge of the total
number of active centers Z:

TOFi =
Rij jLAVfluid

Z
= Rij jLAεbed

Z=mcatð Þρbulk
molecules=s½ � (7:2:2)
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with Ri the mass transfer rate for the species i, LA the Avogadro number and Vfluid

the fluid volume. Dynamic chemisorption is typically performed using temperature-
programmed flow methods as TPD (temperature programmed desorption) with
probe molecules such as CO, CO2, H2 or NH3, the latter especially to determine the
number and strength of Brønstedt and Lewis acid sites, TPO (temperature pro-
grammed oxidation) or TPR (temperature programmed reduction). Alternatively,
the method can be performed by titration using pulses and compared with the re-
sults of static volumetric chemisorption. As an example for thermal desorption TPD
spectra of a clean and potassium covered platinum single crystal surface Pt(111) at
various carbon monoxide CO coverages is shown in Figure 7.2.9.

7.2.4 Kinetics of heterogeneously catalyzed reactions

As shown in Figure 7.2.2 in the seven steps of heterogeneous catalysis, the stages
3–5 (adsorption of the reactive component(s), surface reaction at the active site(s)
and desorption of the product(s), respectively) represent the microkinetic part of
the overall reaction. The reaction rate of a heterogeneously catalyzed reaction is to
be normalized to either the catalyst mass mcat or the surface area A:

Figure 7.2.8: IUPAC classification of adsorption isotherms: I microporous; II nonporous or
macroporous; III no identifiable monolayer formation; weak adsorbent-adsorbate interactions,
rare; IV: adsorption hysteresis as in many mesoporous technical adsorbents; V similar to III, e.g.
for water adsorption on hydrophobic microporous and mesoporous adsorbents; VI: reversible
stepwise isotherm representative of layer-by-layer adsorption on a highly uniform nonporous
surface (adapted from reference [16]).
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r = 1
νi

· dni
mcat · dt

r′= 1
νi

· dni
A · dt (7:2:3)

If a reaction network is considered, the mass transfer rates Ri must be introduced –
i.e. sum of all formation rates minus sum of all consumption rates.

Ri =
Xj=k
j=1

νi, j · rj (7:2:4)

Assuming a quasi-steady state (Bodenstein principle), a temporal change in the cov-
erages θ of the surface species of the reactants and products equal to zero, and a
reaction rate of reactants equal to the rate of formation of the products, the reaction
rate can be calculated for the respective reaction rate-determining step according to
Hougen and Watson by an equation of the type [21]:

r = kinetic termð Þ · potential termð Þ
adsorption termð Þn (7:2:5)

The kinetic term contains rate constant(s) and possibly adsorption equilibrium con-
stants; the potential term describes the driving force of the reaction, i.e. the distance
from chemical equilibrium; the adsorption term (chemisorption term) describes the
equilibrium adsorption of the components on the catalyst and thus the inhibition of
the reaction by covering the catalytically active surface sites with reactants. The

Figure 7.2.9: Thermal desorption TPD spectra of a clean and a potassium covered (θK = 0.15 ML) Pt
(111) single crystal surface at various coverages of CO θCO. (Figure reproduced from reference [20]
with permission from AIP Publishing and adapted).
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exponent n is equal to the number of surface sites involved in the rate-determining
elementary reaction. Well-known examples for representatives of the Hougen-Watson
equations are the Langmuir-Hinshelwood (eq. (7.2.6), irreversible reaction rate limit-
ing, desorption fast [22]) as well as the Eley-Rideal reaction mechanisms and rate
equations, respectively (eq. (7.2.7)) [23]:

r = k′ ·K1 ·K2 · p1 · p2
1+K1 · p1 +K2 · p2ð Þ2 (7:2:6)

r = k′ ·K1 · p1 · p2
1+K1 · p1

(7:2:7)

with k´ the reaction rate constant of the rate determining step and Ki the equilibrium
constants of the upstream adsorption equilibria and pi the partial pressures of the
reactant component(s).

Mass as well as heat transport limitations can lead to apparent erroneous reac-
tion orders in kinetic studies, as shown in Figure 7.2.10.

In the transport limitation regimes, the slopes in the ln k versus 1/T representation of
the linearized Arrhenius equation are lower than in the kinetically controlled regime,
either roughly one half of the true activation energy EA (pore diffusion regime) or al-
most zero (boundary layer diffusion controlled regime). Operating a heterogeneous

Figure 7.2.10: Temperature dependence of the rate constant of a heterogeneously catalyzed
reaction with different regimes (adapted from reference [24]).
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catalyst in the transport-limited region also means that the catalyst (particle) effec-
tiveness factor ηC is less than one:

ηC =
keff
k3

= 3
ϕc

1
tanhϕc

−
1
ϕc

� �
(7:2:8)

with keff the effective (apparent) rate constant in the limited regime and k3 the rate
constant in the kinetically controlled regime. The Thiele modulus ϕc can be ex-
pressed for a spherical catalyst particle as:

ϕC = rP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k3SVcm− 1

1, s
De
1

s
(7:2:9)

with rP the radius of the particle, SV the specific inner surface area of the catalyst
pellet [m2/m3], De

1 the effective diffusion coefficient related to component 1 and m
the reaction order. An effectiveness factor ηC significantly below one means that a
valuable catalyst is not completely used in the catalytic reaction and is therefore
wasted. Especially in the case of catalysts containing precious metals, this must not
be accepted and the transport limitations must be eliminated. This can be done, for
example, by smaller particle diameters (pore limitation elimination) or increased re-
actant flow rates with the same modified residence time (boundary layer thickness
reduction).
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7.3 Zeolites for ion exchange, adsorption and catalysis

Hubert Koller

This chapter provides a selected view on some of the most important applications
of synthetic zeolites. The global zeolite market was estimated at 27 billion US$ in
2020, and analysts project a growth to over 32 billion US$ by 2027 [1]. The largest
market segments of synthetic zeolites are detergents, catalysts and adsorbents,
while natural zeolites are also applied in public health, livestock, fisheries, agricul-
ture, concrete additive and waste-water remediation. Synthetic zeolites were intro-
duced as catalysts in petrochemical industry in the second half of the last century.
The ongoing demand for new zeolites is due, to a large extent, to their high poten-
tial in large-scale industrial and environmental catalysis. Therefore, the research
and development in zeolite technologies have been growing in industry and acade-
mia, sometimes driven by environmental legislation policies, but often motivated
by the demand for technological innovations. What makes them so useful is such a
variety of applications.

Zeolites are typically open-framework aluminosilicates with pore openings of mo-
lecular dimensions. The name “zeolite” was introduced in 1756 by the Swedish miner-
alogist Axel F. Cronstedt (1722–1765), when he discovered the mineral stilbite [2, 3],
whose crystals exhibited intumescence (induced by evaporation of water from the
pores) when heated in a blowpipe flame. The name was derived from the Greek words,
“zeo” and “lithos”, which means “to boil” and “a stone”. The synthesis of zeolites is
typically a hydrothermal reaction, which was pioneered by Richard M. Barrer in the
mid-twentieth century [4, 5].

Zeolites can be described more formally as microporous materials, which means
pore diameters of <2 nm [6], that are built from fully connected tetrahedral units,
TO4/2

m+/-, with a variety of possible elements in the T-atom position. Depending
upon the nature of the T atom, a neutral or negative charge results for the three-
dimensional framework structure. For example, pure silica frameworks are neutral.
Positively charged open-framework materials do not exist, and positive local charges
(e.g. in PO4/2

+) are always neutralized by a negative charge, such as for aluminophos-
phates. The most common variants are negatively charged aluminosilicates, due to
AlO4/2

- tetrahedra, with the general formula |x=aM H2Oð Þb|[AlxSiyO2ðx+ yÞ]�TLC [7].
The species between the vertical bars, |, are those that are not part of the tetrahedral
framework (“extra-framework”), and the brackets, [], embrace the framework compo-
sition. TLC is a Three-Letter-Code assigned by the Structure Commission of the Inter-
national Zeolite Association [8], under authorization of the IUPAC. It describes the
unique three-dimensional connectivities of the T centers, leading to the various
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framework types. M is an extra-framework cation with valence a, and it can be re-
placed in an ion-exchange process. As an example, the crystal chemical formula for
the commercially important zeolite A is |Na12 H2Oð Þ27|8 [Al12Si12O48]8�LTA. This can be
simplified to |Na H2Oð Þ| [Al�Si�O]�LTA for unknown compositions. To date, there are
over 250 known zeolite framework types that have been assigned a TLC [8], and the
number of hypothetical zeolites far exceeds 2 million [9]. Although the crystal chem-
ical formula is recommended by the IUPAC, the traditional mineral or synthetic
names are also used. One of the most important natural zeolites is clinoptilolite
(framework type HEU), which occurs in large amounts in the sea floor. In addition to
zeolite A (framework-type LTA) [10], important synthetic materials include zeolites
X or Y (both framework type FAU) [11, 12], ZSM-5 (MFI) [13, 14], mordenite (MOR)
[5, 15], beta (✶BEA) [16, 17] and chabazite (CHA) [18]. The zeolite beta framework
structure is disordered. Ordered layers are stacked in a random fashion (therefore,
the “✶” in its TLC), leading to intergrowths of various polymorphs [8, 19].

The atomic Si/Al ratios, y/x, are variable and the compositional range that can be
obtained by direct synthesis depends on the framework type. In some cases, post-
synthetic modifications can extend this range. Si/Al ratios less than one are not per-
mitted by the Loewenstein rule [20], which rules out Al�O�Al linkages because two
charge centers would be too close together. Other examples of negative tetrahedral
frameworks are borosilicates, gallosilicates or zincosilicates (ZnO4/2

2- introduces two
local charges). A combination of pentavalent and trivalent T atoms can form a neutral
framework structure, as in the case of aluminophosphates, where a 1:1 ratio of PO4/2

+

and AlO4/2
--building units equalize the charge. Titanosilicates and germanosilicates

are also neutral, and some are relevant in industrial applications.
This chapter aims first and foremost to elucidate the link between the inorganic

structure and its function in the three main categories of zeolite application: ion ex-
change in detergents, adsorption and catalysis. A general overview based on a se-
lection of cases that are typical for the impact of zeolites in various fields will be
given. The zeolites and examples in this chapter are intended to demonstrate some
established applications rather than to report on recent research work. Therefore,
the specialized readers will miss some of the latest academic and industrial devel-
opments. For more comprehensive information regarding zeolite properties and ap-
plications, the readers are referred to a few excellent publications [21–31].

7.3.1 Structures of selected zeolite frameworks: setting the scene

Zeolite A (LTA) and zeolites X and Y (FAU) are composed of sodalite cages (sod),
which can be regarded as truncated octahedra (Figure 7.3.1). The natural mineral
sodalite (SOD) is a body-centered arrangement of face-sharing sod cages, and it
also occurs as the natural gemstone, lapis lazuli, also known as ultramarine, where
sulfur radicals, ·S3

– and ·S2
–, in the sod cages are responsible for the blue color [32].
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The sod cages are separated by double 4-rings (d4r) in LTA and by double 6-rings
(d6r) in the “faujasite” topology (FAU) of zeolites X and Y (Figure 7.3.1), thus creat-
ing larger 8-rings and 12-rings, respectively. A zeolite is considered porous, when
its biggest pore is larger than 6-rings. Therefore, sodalite is not porous, and water
(but no larger molecules) can penetrate the 6-rings. Zeolites with 8-rings as the big-
gest pores are small-pore zeolites, 10-ring zeolites are medium-pore and 12-rings are
found in large-pore zeolites. Odd-numbered pore sizes (>6-rings) are rare. Pores
larger than 12-rings are called extra large, and synthetic efforts made them accessi-
ble in the last two to three decades [33]. The author of this chapter is not aware of
any published applications of extra-large-pore zeolites to date.

Zeolite A (LTA) has an 8-ring as its largest pore opening and is classified as a
small-pore zeolite, which are wide enough to allow linear, aliphatic alcohols or hy-
drocarbons to enter, but not branched molecules. Small-pore zeolites have ring
apertures of 0.35–0.45 nm [34]. They have gained growing relevance (e.g. chaba-
zite-type zeolites) in the more recent history of zeolite catalysis because of their
superior catalytic properties in the commercialization of NOx removal from exhaust
gas and the conversion of methanol to light olefins [30].

Zeolites X and Y have the same FAU framework structure, but they differ in composi-
tion: zeolite X is Al-rich (Si/Al ratio of 1–1.8), while zeolite Y is Si-rich (Si/Al > 1.8). The

Figure 7.3.1: Cubic zeolite structures composed of the so-called sodalite cage (sod). Typically, the
oxygen atoms are omitted in structural illustrations of zeolite framework structures, and only the T
atoms are shown, connected by a line, thus yielding a representation of cages and pores. The
number of TO4/2

m+/- building units define the ring size, so a 6-ring is composed of six such units
(but has 12 atoms in total, that is 6 T and 6 O). The different connectivities of sod cages in LTA and
FAU via d4r or d6r yield larger cages, which are called lta cage (often also named α-cage) and
supercage, respectively.
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framework structure has 12-ring pores in three dimensions, and it is classified as a
large-pore zeolite. Large-pore zeolites have 0.6–0.8 nm pore apertures [34]. Zeolites A,
X and Y will be discussed below with selected examples of important, large-scale
applications.

Another key zeolite for applications, mainly in catalysis, is ZSM-5 (MFI). It be-
longs to the so-called pentasil family of zeolites, and it is constructed from pentasil
(mfi) units (Figure 7.3.2a), which form chains along the c-direction. ZSM-5 was pat-
ented by the Mobil Oil company [13], and its original use was mainly in refinery ap-
plications. Today, ZSM-5 is used in a wide variety of industrial manufacturing
processes, including organic fine-chemicals and large-scale intermediates, for ex-
ample, in the plastics industry. ZSM-5 can be synthesized with a variety of Si/Al ra-
tios in the high-silica range, but it is also known as pure silica material. Pure SiO2

zeolites have a hydrophobic surface, making them interesting for adsorption of
nonpolar molecules in adsorption/separation processes. Another important variant
of ZSM-5 is the titanosilicate, TS-1. Titanium atoms in the zeolite framework are cat-
alytically active, for example, in selective oxidation reactions or in the ammoxima-
tion of ketones [35, 36].

ZSM-5 belongs to the zeolites that are classified as medium-pore zeolites, whose
10-ring pore openings have 0.45–0.60 nm ring apertures [34]. There are straight 10-
ring channels in the b-direction, intersecting with 10-ring zigzag channels in the c-
direction (Figure 7.3.2). Because of the channel intersections, diffusion is possible in
all three dimensions, so it has a three-dimensional channel system.

All three zeolite topologies discussed above (LTA, FAU and MFI) have three-
dimensional pore systems, which is an advantage for molecular traffic when the in-
terior of the crystals hosts the active sites in a catalytic reaction. Nevertheless, pore
diffusion is a limitation in the macrokinetics of heterogeneous zeolite catalysis.
Newer developments of the last decade are aiming at the synthesis of hierarchical
zeolite systems [37]. These materials have mesopores with diamenters of 2–50 nm
and macropores (>50 nm) to reduce diffusion limitations, and microporous zeolite
channels extend only for a short distance from those larger pores to the reactive
centers. This exciting approach is still striving towards higher maturity.

7.3.2 Zeolites as ion exchangers in detergents

Ca2+ and Mg2+ ions in tap water can cause limescale buildup in washing machines
and can damage the device. Therefore, washing powder was augmented with sodium
tripolyphosphate as a water softener until its environmental impact became a real
problem in the 1970s. High levels of phosphates are fertilizers in natural waters, caus-
ing algae to grow and deplete oxygen levels in water (eutrophication), thus killing
the flora and fauna. Since phosphate additives in washing powders were replaced by
zeolite A in the mid-1980s, this is no longer a problem. Zeolite A is a low-silica zeolite,
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typically made with a Si/Al ratio of 1, which requires an equivalent number of extra-
framework counter ions for charge balance. Zeolite A is manufactured on a large
scale with sodium cations, which interact with the oxygen atoms of the framework
and water molecules in the pores [38]. These extra-framework cations can be easily
ion-exchanged by other cations such as Ca2+ and Mg2+, and this is what happens in
the washing cycle. This is most likely the number one application of synthetic zeo-
lites in terms of mass production. The concept of ion-exchange isotherms is illus-
trated in Figure 7.3.3.

Figure 7.3.2: Structure of zeolite ZSM-5( |Nax H2Oð Þb|[AlxSi96− xO192]-MFIÞ. Extra-framework cations
other than Na+ are possible, and only the framework structure is shown; (a) shown in dark blue is
the so-called pentasil unit (mfi), which is the composite building unit that forms the pentasil
chains along the c-direction; (b) the pentasil chains can be connected along the b-direction via
mirror planes, thus forming a pentasil layer; (c) the pentasil layers are fused by inversion centers,
from which the three-dimensional structure of ZSM-5 is constructed. It has 10-ring pores, and the
green tubes indicate the path through linear channels in the b-direction and zigzag channels in the
a-direction. The structure is monoclinic or orthorhombic, depending on the framework composition
and the pore filling.
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Figure 7.3.3a shows four different types of ion exchange isotherms. The plots
show the equilibrium mole fractions of the incoming ions in solution, xS, and in the
zeolite, xZ. The isotherm of type I shows a fast growth of xZ for small xS, and it is
typical for a cation, which is preferred by the zeolite over the cation that leaves in
the ion-exchange process. The reverse situation is shown by the type II isotherm,
where the zeolite prefers the residing ions to stay, and a full ion-exchange only
takes place at high concentration of the incoming ion. The sigmoid isotherm III is
typical for a cation that is preferred by the zeolite at specific locations until satura-
tion occurs. At higher exchange levels, the zeolite prefers the leaving cation. The
type IV isotherm is observed, when the zeolite has inaccessible locations for the
ion-exchange, leading to an incomplete exchange even at high concentrations of
the incoming cation. Figure 7.3.3b sketches such ion-exchange isotherms for an
aqueous alkaline earth cation exchange with zeolite Na-A (the sodium form of zeo-
lite A). Clearly, the Ca2+ and Mg2+ cations exhibit type I and type III ion-exchange
isotherms, respectively, both yielding a full exchange at high solution concentra-
tions. These properties make zeolite Na-A an excellent water softener additive in
washing powders. Another zeolite that is used as water softener is high-aluminum
zeolite P (GIS) [26, 40, 41]. A somewhat different example is shown in Figure 7.3.3c
for ion-exchange of zeolite Na-X with various alkali cations. The Na+ cations within
the sod and d6r cages are inaccessible for an aqueous ion exchange with Rb+ or
Cs+, thus yielding type IV isotherms. The Li+-exchanged material will be discussed
below for its application in air separation.

7.3.3 Adsorption and separation processes fostered
by strong electrostatic interactions

A structural feature beyond their porosity that makes zeolites unique to some extent
is the coordination geometry of the extra-framework cations. Alkali cations interact

Figure 7.3.3: Ion exchange isotherms: (a) sketch of the four different types of isotherms (see text),
(b) exchange isotherms for |Na12 H2Oð Þb|[Al12Si12O48]-LTA (zeolite Na-A) with alkaline earth cations
and (c) exchange of zeolite X ( |Nax H2Oð Þb|[AlxSi192− xO384]-FAUÞ with alkali cations [39].
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with the internal surface of the zeolite pores and cages, and this often makes their
coordination numbers and geometries unusual, especially in dehydrated zeolites,
compared to their classical coordination patterns in inorganic salts. Figure 7.3.4
shows the locations of Na+ cations in the lta cavity of zeolite A [42]. As a conse-
quence of the high abundance of Al atoms in the framework (Si/Al ratio of 1), a
high number of Na+ cations is required for charge balance. In the hydrated zeolite,
these cations interact with the oxygen atoms of the framework and water molecules
[38]. Various distinct Na+ locations were identified for the dehydrated structure
(Figure 7.3.4). The space between these Na+ cations in the center of the lta cage is
devoid of any matter in a vacuum-dehydrated zeolite A, and it is obvious that
charge repulsion between these cations is a dominating factor for the electrostatic
energetics and the properties within such cages with a high ion loading. A similar
situation exists in the supercage of the FAU-type structure (Figure 7.3.4), where the
cation positions SII over 6-rings and SIII over 4-rings induce a strong electrostatic
field within the supercage. Therefore, the cations are squeezed towards the frame-
work walls in dehydrated zeolites. The strong electrostatic fields within the cages
are exploited in various applications. The cation positions SI and SI’ in the d6r or
the sodalite cage of a FAU-type structure, respectively, may also contribute to an
aqueous ion exchange, but these locations are not all accessible for certain cations
(e.g. Rb+ or Cs+ in Figure 7.3.3c). Thus, these sites can lead to type IV ion exchange

Figure 7.3.4: Cation sites in dehydrated zeolite A (LTA) [42] and zeolite X/Y (FAU) [43, 44]. For
clarity, only one of the symmetry-equivalent positions is shown for each cation site. The rings (or
d6r cage for position SI) in which cations are located are marked with red lines. Close-ups of some
cation geometries are shown at the bottom (oxygen atoms are in red).
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isotherms. Nevertheless, an exchange of Na+ at SI or SI’ positions with large Cs+

cations is still possible by heat treatment of the dehydrated material, followed by
another aqueous ion-exchange [45].

One of the applications of the electrostatic field within the zeolite pores is air sepa-
ration, which utilizes the different electrostatic properties of N2 and O2. Neither mole-
cule has a dipole moment, but N2 has a quadrupole moment ((−5.01 ± 0.08) . 10–40 Cm2)
almost five times larger than that of O2 ((−1.033 ± 0.027)

. 10−40 Cm2) [46, 47]. Thus, the
interaction of N2 with extra-framework cations is stronger than that of O2, and the SIII
positions in the FAU structure are superior for a strong interaction with N2 [44, 48, 49].
In particular, Li+ cations at SIII positions were identified as those having strong interac-
tions with the N2 molecules, making Li�X (|Li|[Al�Si�O]�FAUÞ a material of choice for
air separation. The separation can be achieved by the so-called pressure-swing adsorp-
tion (PSA) process. The first step of this process begins at high adsorption pressure,
where N2 is preferentially adsorbed at the extra-framework cations, and the outcoming
gas stream is enriched in O2. As the adsorption progresses, N2 will gradually saturate
the zeolite bed and then break through in the outcoming gas stream. Then, in step two,
the O2 collector is closed by a valve, and the outcoming gas is let in a separate line,
which is accompanied by a pressure drop (pressure-swing) for N2 desorption. This gas
stream is enriched in N2 due to the lower level of its adsorption isotherm properties at
lower pressure compared to the higher pressure in the first step. The PSA process ex-
ploits the different equilibrium adsorption properties of N2 and O2. These pressure
steps can be repeatedly cycled to reach the desired purity of O2. For purified nitrogen,
porous carbons are typically used instead of zeolite adsorbents, but zeolites, for which
the adsorption kinetics rather than an equilibrium process is utilized, have also been
developed. When the separation of naturally occurring argon from air is not required,
then air separation by selective adsorption is more cost-effective than cryogenic distilla-
tion for producing up to 50 t of nitrogen or 200 t of oxygen per day [50]. Medical oxygen
concentrators are an example of smaller applications. These devices utilize a PSA on a
zeolite (typically Li–X) to enrich the oxygen level in breathable air for patients with
lung diseases [51].

Zeolites are generally used as versatile adsorbents for separation processes.
Table 7.3.1 lists a survey of the main concepts that can be exploited for such separa-
tion processes. As mentioned before, all-silica zeolites (pure SiO2 phases) have a
very hydrophobic internal pore surface, which allows the selective adsorption of
nonpolar guest molecules to separate them from more polar molecules in mixtures.
For more details, the reader should consult more specialized literature sources,
such as reference [52]. An impressive example of the potential of kinetic vapor
phase adsorption that depends on subtle differences in zeolite adsorbents was re-
ported by Chen and Zones [53]. These authors show how sensitive the adsorption
kinetics of n-hexane is to effective pore size, which can also be modified by extra-
framework counterions in small pore zeolites.
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An emerging application is heat storage and the use of zeolites for refrigeration
[1, 54]. These applications utilize the strong interaction of water molecules with
extra-framework cations. For example, the Na+ cations located at 8-, 6- or 4-rings in
zeolites (Figure 7.3.4) are keen to convert their almost planar coordination with
framework oxygen atoms in dehydrated zeolites to a more nonplanar (e.g. octahe-
dral) coordination by virtue of a supplemental interaction with adsorbed H2O mole-
cules. Strong electrostatic repulsion of the cations in dehydrated zeolites is giving
rise to an energetically high state, and relaxation is possible by adsorption of such
polar molecules. This is obviously the reason why zeolites exhibit a high heat of
adsorption for water [55]. Heat storage as well as the use in refrigeration is based on
the adsorption of water in zeolites. The cooling effect is generated, when a wet res-
ervoir is brought in contact with a dry zeolite, thus cooling the wet reservoir by the
heat of evaporation. Vice versa, heat can be used to dehydrate a zeolite, and this
dried material may be stored for an infinite time before it is rehydrated. Rehydration
is then accompanied by a rise in temperature, thus retrieving some of the heat that
was invested for dehydration.

7.3.4 Catalysis

Catalysis is a dynamic field, and heterogeneous catalysts contribute to about 90% of
the industrial chemical processes [56]. In this context, zeolite research contributes to
a growing area of catalysis applications in industry. The history of zeolites in catalysis
includes their applications in petroleum refineries – the innovation of using zeolite
catalysts led to 30% increased gasoline yields. Other high-value-added applications
are emerging rapidly involving zeolite catalysts. One recent example is the advent of
an entirely new class of zeolite-containing industrial catalysts for pollution abatement
in diesel vehicles. It is such emerging applications of zeolites that include, in addition
to the production of fuels, chemicals for polymers (and their upcycling and reuse)
and pharmaceuticals. Zeolite catalysis has such an enormous impact in commercial

Table 7.3.1: List of various separation concepts by zeolite adsorbents.

Zeolite function Separation based on

Pore size similar to molecular dimensions Molecular size of adsorbates

Cations in pores, nature and density thereof can be
varied

Selective interaction between cation and
adsorbates

Acid sites, nature, density and strength can be varied Basicity of adsorbates

Hydrophilic or hydrophobic surface Polarities of adsorbates
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applications that it is impossible to provide a comprehensive survey here. There-
fore, this chapter is limited to some important conceptual basics along with a few
highlighted examples, focusing on the specific function of the zeolite structure.

As zeolites have pore diameters of molecular dimensions, chemical reactions
inside the pores often follow the concept of shape selectivity [28, 57–61], which is
explained by some examples in Figure 7.3.5. There are three different variants of
shape selective catalysis.

Reactant shape selectivity allows molecules that are small enough to enter the
pore system of a zeolite to react inside, whereas larger molecules are hindered.
Figure 7.3.5a shows the dehydration of an alcohol in zeolite A as an example. Another
example would be the hydroisomerization of linear hydrocarbons in the silicoalumi-
nophosphate SAPO-11 (AEL) with a one-dimensional, 10-ring channel system, where
the bulkier, branched hydrocarbons in the feed are rejected. This industrial “Isode-
waxing” process (commercialized in 1993 by Chevron) is exploited to improve the
low-temperature properties (e.g. pour point) of lubricant base oils because waxy lin-
ear alkanes with high melting points are selectively converted to their branched iso-
mers, which have the desired lower melting points [62].

For product shape selectivity, the reactants enter the pore system and react in-
side. Then, only those products that are small enough to diffuse through the narrow
pore system can leave the zeolite crystals. An example is the acid catalyzed alkyl-
ation of toluene with methanol in ZSM-5 (Figure 7.3.5b). The channel intersections
(Figure 7.3.2c) provide large reaction spaces. All three xylene isomers form within
these channel intersections, but only the para isomer can more readily leave through
the narrower channels. Ultimately, the remaining bulkier molecules (ortho- and
meta-xylene) will be converted, again by acid catalysis, to the slim para-xylene in xy-
lene isomerization, that is a commercialized process and utilizes product shape selec-
tivity. This is useful because the demand for p-xylene is high in the plastics industry
(to produce terephthalic acid and then polyethylene terephthalate, PET), whereas
that for o- and m-xylene is not.

Reactant and product shape selectivity can be verified in part by diffusion
measurements of the molecules involved. More difficult to prove is the transition
state selectivity (Figure 7.3.5c). In this case, a transition state can form in pores
large enough to accommodate it and lead to the formation of the associated prod-
uct, while other potential, larger transition states cannot. As a result, no molecules
are produced via the route associated with the latter.

Many chemical reactions taking place inside zeolite pores are influenced by
some sort of shape selectivity, and this is a peculiarity of zeolites compared to het-
erogeneous catalysts without a well-defined pore system. In most cases, the shape-
selective effect has either not been investigated in detail or is difficult to prove. The
examples shown in Figure 7.3.5 are established examples of the concept of shape
selectivity [63]. Different pore sizes present in one material can also be used to tune
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the catalyst by post-synthesis modification in such a way that only discrete portions
of the zeolite are catalytically active [64].

Although it is not considered to be a shape-selective effect in the strictest sense, the
dependence of diffusion constants on molecular size and pore size (Figure 7.3.5d)
can become significant, and it can contribute to macrokinetics far from the thermo-
dynamic chemical equilibrium of the various products. [Al�Si�O]�LTA, [Si�O]�LTA,
[Si�O]�CHA and [Si-O]-DDR all have 8-ring pores, but have different diameters of 4.2,
4.0, 3.7 and 3.65 Å, respectively. The diffusion constants for the various molecules
shown in Figure 7.3.5d differ by up to three orders of magnitude. Thus, diffusion con-
trol is another important property of zeolites. The microkinetics characterizes the local
reaction mechanism at the active site, but kinetic experiments will always deliver in-
formation on the macrokinetics, which is a combination of microkinetics and diffu-
sion. It is recommended that the interested readers consult the excellent publication
by Kärger, Ruthven and Theodorou for further details on diffusion in zeolites [65].

A strong Brønsted acid site is formed when a proton is bound to a bridging oxy-
gen atom between Si and Al (Figure 7.3.6) [66]. This can be for example achieved by
replacing Na+ by an ion exchange with NH4

+ cations after which NH3 is removed by
thermal treatment. In the protonated state, the O atom adopts larger distances to its
bonding partners, Si and Al, and the Al coordination is severely trigonally distorted
[67]. The bridging OH group in Figure 7.3.6b can be regarded as a silanol group,
which is activated by the interaction with a Lewis acidic AlO3 site. Therefore, the

Figure 7.3.5: (a–c) Principles of shape selectivity in zeolite catalysis (examples reviewed in [63])
and (d) the influence of pore size on diffusion [65].
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(calculated) deprotonation energy (DPE) is on the order of 1180 kJ/mol, which is sig-
nificantly lower than that of a free SiOH group, 1415 kJ/mol, where oxygen only
binds to two atoms, Si and H. It should be noted that the proton has four choices to
bind to one of the oxygen atoms within the AlO4 sites, leading to an equilibrium
that tends to cancel the differences in DPEs in the ensemble averaged values [68].

The acidity induced by boron instead of aluminum in the framework is lower,
indicated by a DPE of 1215 kJ/mol mol (not shown in Figure 7.3.6). At a first glance,
these absolute numbers appear to be quite large. The major contribution to the cal-
culated deprotonation energies comes from charge separation, which has no practi-
cal physical meaning. In a real material, the charges are not separated, and a
protonated substrate will be stabilized by interactions with the zeolite pore surface
near the negative charge centers, that is the AlO4/2

- tetrahedra. A comparison be-
tween different deprotonation energies is useful in that it shows that the bridging
OH group (Figure 7.3.6b) is more acidic than that of a dangling silanol group on a
silica surface (Figure 7.3.6a). The DPE depends on the quantum-chemical method
used for the calculation. Therefore, it can only be used for a comparison of different
values, where the same methods or correction terms have been applied [71]. The
numbers given in this work were derived from approx. 50 T atom cluster models
using density functional theory with the PBE functional and the triple-ζ basis set
def2-TZVP, along with D3 dispersion correction and a three-body term. Further in-
formation on the physical significance of the DPE can be found in reference [71].

Acid catalysis has a long history in zeolite applications, starting from the first
use of zeolite Y in refineries for hydrocarbon cracking. Ultrastabilized zeolite Y
(USY) is a partially dealuminated material with extra-framework Al moieties (creat-
ing Lewis acid sites) and other species, such as La3+ or other cations, which make
the catalyst hydrothermally stable for catalytic runs and the regeneration process,
where undesired carbonaceous deposits are first removed by hot steam and then by
combustion in air. The regeneration conditions are challenging for the stability of
the catalyst, and this is a major problem for the development of new catalysts. USY
has proximal Brønsted-Lewis acid pairs [72], and it is still one of the main compo-
nents of the catalyst in the so-called fluid catalytic cracking (FCC) process, in which
a heavy hydrocarbon feedstock is converted to useful products with lower boiling
points (e.g. gasoline) by acid-catalyzed cracking [73].

Because of the high catalytic performance and reaction properties, zeolites
were regarded as superacids for some time. Superacids are typically liquids and
stronger than sulfuric acid (an example is HSO3F/HSbF6) and George A. Olah re-
ceived the Nobel Prize in chemistry in 1994 for his pioneering contributions to car-
bocation chemistry with superacids. The acid strength in a solid is more difficult to
characterize because the pKa value cannot be easily defined and measured [74]. Al-
though zeolites are suitable for catalyzing chemical reactions of hydrocarbons as
are superacids, we know today that their catalytic performance is not only due
solely to their intrinsic acidity but also to a large extent to the stabilization of
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transition states and intermediates by internal pore interactions or the additional
influence of extra-framework Al [75–80]. Therefore, zeolites are no longer consid-
ered to be superacidic [81]. Nonetheless, they still have a tremendous impact on cat-
alytic conversions by providing an ideal reaction environment where the tailoring
of transitions states and intermediates is important to achieving high reactivity and
selectivity. The most common methods to characterize the zeolite acid strength are
the heats of adsorption or temperature-programmed desorption of probe molecules,
calculated deprotonation energies and IR frequency or NMR chemical shift changes
upon adsorption of probe molecules [71, 74, 82, 83].

Such hydrocarbon reactions with acidic zeolite catalysts run through an ionic
mechanism at elevated temperatures (typically 350 to over 500 °C), in which carbon
atoms adopt a pentacoordinated transition state via a carbonium ion, which is
formed by a proton from the zeolite surface attacking a σ-bond. This could be a C–C
bond or as shown in Figure 7.3.6c, a C–H bond. Either hydrogen or methane is
formed from the carbonium ion shown in Figure 7.3.6c along with two distinct alkyl
cations: a propyl cation or an ethyl cation, respectively [28, 69, 70]. These alkyl cati-
ons are also called carbenium ions. They do not occur as free species and are instead
stabilized by the interaction with the pore walls of the zeolite. A proton is then sepa-
rated from the carbenium ions and transferred to the zeolite surface (restoring the
bridging OH group) to yield the corresponding alkenes. Alkyl cation intermediates,
on the other hand, are also alkylating agents that can attack alkene intermediates in
zeolite-catalyzed reactions. This leads to a molecular growth, and ultimately coke de-
posits that fill the zeolite pore system, resulting in catalyst deactivation. This is for
example highly relevant in the FCC process (see above), where the coke is removed
by combustion in air, and the regenerated catalyst can then be used again. The vari-
ety of reactions taking place in zeolite-catalyzed hydrocarbon chemistry is more com-
plex, and further information can be obtained for example in reference [28].

Acid catalysis over zeolites can be supplemented by an additional function, that is
hydrogenation/dehydrogenation over metal particles. Noble metals are used, such as
Pd and Pt (or the sulphur-resistent metals, Ni or Mo, when the feed contains organic
sulfur compounds). In this bifunctional catalysis, an n-paraffin is dehydrogenated
to an n-olefin first, and via a sequence of subsequent steps (Figure 7.3.7), an iso-
paraffin or cracking products are formed, depending on the reactivity and shape
selectivity of the carbenium ion. The isomerization step takes place via a proton-
ated cyclopropane transition state. The carbenium ions can also break a C–C bond
in the β-position (β-scission), which leads to cracking to an olefin and a smaller
carbenium ion. More information, for example on the various types of β-scission
can be found in reference [28]. For the isomerization step of the aforementioned
“Isodewaxing” in the manufacturing of lube oils, where Pt particles are used in the
silicoaluminophosphate SAPO-11 [62], this catalyst uses shape selectivity in its nar-
row pore system to reduce the formation of those bulky (branched, secondary and
tertiary) carbenium ions that more readily lead to cracking because they can break
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apart by β-scission to a (relatively stable) smaller tertiary carbenium ion fragment
and an alkene [28]. On the other hand, the carbenium ions formed from waxy n-
paraffins cannot be converted to tertiary carbenium ions by β-scission, and they
are preferably isomerized to their less waxy mono-branched isomers. When Chev-
ron has commercialized this “hydroprocess” with this shape selective catalyst, the
yields could be considerably improved over the prior bifunctionally catalyzed
cracking technology using ZSM-5, where β-scissions are more dominant due to the
larger space in its pore system. Therefore, another area where zeolite catalysts are
used industrially includes the synthesis of lubricants, which have become a major
business for oil companies, as well as surfactants [84].

Although boron sites in zeolite frameworks are generally considered to be very
weak acidic centers, these sites can contribute to some important chemistries such as
catalytic naphtha reforming at elevated temperatures when metal functions are pres-
ent (e.g. Pt) that are for example capable of generating olefin intermediates [85, 86].

Tuning a zeolite to direct a catalytic reaction towards a specific product or product
distribution, while maintaining the catalytic activity for an extended period of time,
is a challenging task, requiring a wealth of know-how based on fundamental re-
search [90], sometimes accompanied with intuition. The differences in pore diffusion
and shape selectivity depend on pore size and dimensionality, and they require a ver-
satile library of zeolite structures to serve specific applications. With this in mind, it
is not surprising that some petrochemical companies are still quite active in the syn-
thesis of new zeolite structures, which contributes to the growth of the number of
known zeolite framework types. Larger chemical companies also have specialized
sections involved in zeolite research. Zeolites are used as catalysts in processes other
than FCC and hydrocracking-hydroisomerization, and more information may be ob-
tained for example in reference [91].

In the following, selected examples of important technical applications beyond
refining and petrochemistry are outlined. The methanol-to-olefin process is used to
convert an important platform chemical, namely methanol, to low-molecular-weight

Figure 7.3.7: Principle of bifunctional catalysis with an acid function and a hydrogenation/
dehydrogenation function [28, 87–89].
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hydrocarbons [92–95]. The largest MTO unit was announced in 2018, operated by
Jiangsu Sailboat Petrochemical Company, Ltd. with an annual capacity of 833000
metric tons [96]. The products are mainly used for the plastics industry. The catalysts
for the MTO process are the silicoaluminophosphate SAPO-34, which has the chaba-
zite (CHA) framework type or ZSM-5. SAPO-34 is a small-pore molecular sieve, which
has the advantage that the formation of products with larger molecular weight is sup-
pressed and coke formation is prevented. The elucidation of the MTO reaction mecha-
nism has required high efforts, and it was not obvious how an acid catalyst can lead
to the formation of C–C bonds starting from methanol. It is now widely recognized
that cyclic organic species (with 5 or 6 C atoms in the ring), such as hexamethylben-
zene (HMB), within the zeolite pores are the reaction centers for the formation of C–C
bonds [97]. As an example, HMB is methylated by methanol to yield Me-HMB+. De-
protonation of the methyl group in the para-position of the C6-ring yields an alkene,
which can grow in side-chain alkylation reactions until dealkylation leads to the ole-
fin products, and HMB is restored for another catalytic cycle [92]. This mechanism is
called the “hydrocarbon pool” mechanism because the C–C bond formation takes
place in a co-catalytic pool of cyclic organic species in combination with the zeolite
acid sites. The hydrocarbon pool must be assembled within an induction period of
the catalytic process. The first C–C bond is formed when methanol is decomposed to
formaldehyde and CO, which is then the carbonylation agent for methanol or dime-
thylether [98].

An important improvement in environmental catalysis in recent history is the
selective catalytic reduction of NOx by urea using the zeolite chabazite, which was
patented by a team at the BASF Florham Park, N.J. (USA) R&D headquarter [99].
The active site in this catalytic reaction is a Cu2+ ion, which is located in the six-
rings of the zeolite [100–102]. The catalytic cycle involves the formation of bidentate
nitrate/nitrite complexes on the copper by reaction of NO with NH3 (formed from
urea). The nitrite complex then reacts with another NH3 to form N2 and H2O.

Propylene oxide is an important intermediate in polymer chemistry (e.g. for pol-
yurethanes), and it was initially made using the chlorohydrine process, in which
large amounts of CaCl2 waste were produced. This process is still in use because the
chemical industry needs pathways to consume Cl2 gas from the chloralkali electrol-
ysis. However, newer technology has been developed to avoid the CaCl2 waste, and
an environmentally benign alternative is the HPPO process (hydrogen peroxide pro-
pylene oxide), which uses the titanosilicate variant of ZSM-5 [97], TS-1. The process
was independently developed by Thyssen-Krupp Uhde/Evonik Industries and BASF/
Dow Chemical [105]. The first plants with the HPPO process went in operation in
2008 in Ulsan/South Korea (SKC) with a capacity of 130000 t/a and in Antwerp/Bel-
gium (BASF/Dow) with 300000 t/a. This zeolite-catalyzed conversion is almost 100%
selective, and it can be performed near room temperature because the strong Lewis
acidity of Ti activates H2O2 [24, 104].
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Propylene is directly oxidized to propylene oxide and H2O is the only side prod-
uct. The peculiarity of this process is that a nonpolar reactant, propylene and a
polar reactant, H2O2, have to be assembled efficiently. The internal pore surface of
TS-1 needs to be hydrophobic to reduce water adsorption to a low level and allows
the hydrophobic reactant, propylene, to access the active site [106]. Hydrogen per-
oxide is less polar than water and is miscible with the moderately polar carrier
methanol. Therefore, H2O2 can also enter the pore system. The batch reaction is a
three-phase process (Figure 7.3.8a) with a nonpolar liquid, a polar liquid and the

Figure 7.3.8: (a) Principle of propylene oxide batch production in a three-phase process; the
propylene reactant is added via a nonpolar liquid phase into the reaction vessel, and the oxidizing
agent is supplied via an aqueous phase with some methanol to tune the solvent polarity [24, 103].
(b) Scheme of the catalytic cycle [24, 104].
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solid catalyst. The conversion is then carried out over a Ti center in the zeolite
framework, and the catalytic cycle is shown in Figure 7.3.8b. The Ti coordination
number is initially increased from 4 to 6 by water, which subsequently allows H2O2 to
open a framework Ti�OSi bond. This yields Ti�OOH and SiOH. The oxygen atom closest
to the Ti center of the Ti−OOH moiety is electrophilic, and it inserts in the double
bond of propylene. The electrophilic property can be promoted by a hydrogen bond to
the other oxygen atom of the peroxide. The donor for this hydrogen bond can be either
methanol, H2O2, TiOH or the silanol group that has formed by opening the Ti�OSi
bond [107, 108]. This is left open in Figure 7.3.8b as protic “R-O-H” moiety. Detailed
studies have shown that a defect silanol group near the reaction center is essential for
this catalytic reaction [106, 109]. Instead of H2O2, an organic hydroperoxide can also
be used as the oxidizing agent, and here again, the role of the silanol in activating the
Ti-bound organic peroxo ligand is crucial [109, 110]. A more recent paper suggests that
dinuclear Ti sites are effective as reaction centers for selective alkene epoxidation [111].
This would represent an alternative model to the previously established single-site Ti
center mechanism in other studies, which was recently again proven by the high activ-
ity of a calix [4] arene-Ti-IV single-site complexes grafted on delaminated zeotype sup-
ports, where the effect of external-surface pockets and silanol groups on catalysis was
rigorously demonstrated in a comparative study [109].

Polyamides are a family of plastics that are manufactured on a large scale. In
the following, several processes are described for which now some manufacturers
use zeolite catalysts. An early precursor in the production of certain polyamides is
cumene (i.e. i-propyl-benzene). It was produced previously using Friedel-Crafts ca-
talysis AlCl3orH3PO4=SiO2ð Þ in the reaction of benzene with propylene. Several
manufacturers have replaced these catalysts, which are difficult to handle, with
zeolites. Depending on the company, zeolites MCM-22 (MWW), zeolite Y, mordenite
or beta are used [36]. Dow Chemical has developed a deeply dealuminated morden-
ite with mesopores, thus utilizing a hierarchical catalyst for improving molecular
transport [37, 61].

One of the important monomers that leads to polyamide 6 is ε-caprolactam,
which is made from cyclohexanone oxime. Cyclohexanone oxime can now also be
made using the EniChem process, where TS-1 ([Ti�Si�O]�MFIÞ is the catalyst [36]. The
conversion of cyclohexanone to the oxime is usually carried out with hydroxylamine.
The EniChem process avoids the awkward hydroxylamine as a starting material, and
the reactants are just NH3 and H2O2. Two alternative reaction pathways were pro-
posed. Either the cyclohexanone reacts with NH3 first to yield the imine, which is
subsequently oxidized by H2O2 to the oxime [112], or NH3 forms hydroxylamine in situ
by the reaction with H2O2 to subsequently convert cyclohexanone to the oxime [35].
The imine route is widely accepted for the gas phase reaction, whereas the hydroxyl-
amine route is considered most likely in the liquid phase reaction.

Traditionally, the conversion of cyclohexanone oxime to ε-caprolactam is car-
ried out with oleum, a highly corrosive inorganic acid. However, this Beckmann
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rearrangement does not require such a strong acid, and newer technology employs
weakly acidic ZSM-5 catalysts either [Si�O]�MFI with weakly acidic defect silanol
groups or [B�Si�O]�MFI with acid sites associated with boron [113]. The conversion
of ε-caprolactam by a ring-opening polymerization produces polyamide 6 (trade
name Perlon).

Some of these last examples substantiate how zeolite catalysts can contribute
to process steps that are safer in handling and/or environmentally more benign
than traditional manufacturing routes. This is one of the properties that has stimu-
lated the track record of zeolites in the past, and as the author of this chapter as-
sumes, it will do so in the future.

7.3.5 Summary and outlook

The three main categories of applications of synthetic zeolites are ion exchange, ad-
sorption/separation and catalysis. Ion exchange is an application that has made its
way into consumer households worldwide as a water softener in laundry detergents
to replace polyphosphates, which had caused problems with eutrophication of nat-
ural waters. Adsorption and separation processes cover a wide field of special appli-
cations for which zeolite properties such as hydrophobic/hydrophilic surfaces,
electrostatic fields caused by extra-framework cations, surface acidity and pore size
provide the toolkit to tune the desired function. Catalysis was originally imple-
mented in refining and petrochemical industries for cracking and other applica-
tions, among which FCC is still one of the largest units for zeolite catalysis. It is the
“grand old lady”, as Vogt and Weckhuysen named it in their 2015 review on recent
developments of FCC [73]. Today, zeolites are much more than refinery and petro-
chemical catalysts. They play an important role in many manufacturing processes,
for example in plastics industry, and in environmental catalysis, such as automo-
tive and other exhaust gas cleaning applications. This short review does not claim
to be exhaustive. It is rather an attempt to highlight the grand potential of zeolites
for a wealth of applications in many different areas by restricting this text to some
of the basic principles of the functional properties of zeolites.

The author assumes that zeolite catalysts will continue their success story in
the future when fossil resources become less available or when they are replaced by
other raw materials for environmental reasons. Current research addresses for ex-
ample biomass utilization for novel synthetic routes to commodity chemicals and
consumer products [114–119]. The synthesis of chiral zeolites was developed just re-
cently, and it will be exciting to follow their properties in the future [120].
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7.4 Metal-organic frameworks

Christoph Janiak

Metal-organic frameworks, abbreviated as MOFs, are coordination networks with
organic ligands containing potential voids. Coordination networks are cross-linked
metal coordination compounds extending through repeating coordination entities
in two or three dimensions (2D, 3D) [1]. Porosity is usually determined after removal
of the templating solvent molecules by measuring a nitrogen (or argon) sorption
isotherm at 77 K (78 K) and then calculating an internal surface area and pore size
distribution based on the Brunauer-Emmett-Teller (BET) theory and related to 1.0 g
material (specific surface area). The four prototypical MOFs MOF-5, Cu-btc, MIL-53
(Al) and ZIF-8 will be briefly presented.

7.4.1 Selected MOF structures

MOF-5: Based on hydrothermally obtained tetranuclear and tetrahedral {Zn4(µ4-O)}
units and aromatic para-dicarboxylate ligands such as benzene-1,4-dicarboxylate
(bdc2–, terephthalate), a series of similarly constructed (iso-reticular) structures, in-
cluding 3D� Zn4O bdcð Þ3

� �
, MOF�5, can be obtained [2]. The carboxylate groups span

the six edges of the {Zn4(µ4-O)} tetrahedron, and the dicarboxylate bridges are ori-
ented at right angles to each other (Figure 7.4.1).

(b)(a)

Figure 7.4.1: (a) Tetranuclear {Zn4(µ4-O)} unit of MOF-5 with bridging carboxylate groups. The C
atoms of the carboxylate bridge are located at the vertices of an octahedron. Each Zn atom is
tetrahedrally coordinated by four O atoms. (b) Packing diagram of 3D� Zn4O bdcð Þ3

� �
, MOF-5. The

network is traversed by channels along the a, b and c axis. The specific internal surface area is
~2900 m2 g–1.
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Cu-btc: The compound 3D-[Cu3(btc)2(H2O)3] (also called HKUST-1, btc3– = benzene-
1,3,5-tricarboxylate, trimesate) contains two copper atoms as the metal atom assembly,
which are bridged by four carboxylate groups as in copper acetate Cu2 CH3COOð Þ4

� �� �
to form a “paddle-wheel” unit (Figure 7.4.2). Cu-btc is stable up to 240 °C. The aqua
ligands can be removed [3].

MIL-53(Al): Many aluminum MOFs with the formula unit 3D-[Al(μ-OH)(dicarbox-
ylate ligand)] such as MIL-53(Al), are built up from slightly angled strands of vertex-
sharing AlO6f g octahedra. In the strands, the Al atoms are connected by the oxygen
atoms of µ-hydroxido and carboxylate bridges (Figure 7.4.3) [4]. The dicarboxylate li-
gands connect each strand to four neighboring strands, forming microporous rhombic
to square channels in the 3D framework. The dicarboxylate ligands are terephthalate in
MIL-53(Al).

ZIF-8: Three-dimensional zeolitic imidazolate frameworks (ZIFs) with the for-
mula 3D-[Zn(imidazolate)2] are obtained from Zn2+ and imidazolate ligands. ZIFs
are one of the few porous MOFs in which individual metal atoms are bridged by
ligands. In ZIFs, each Zn atom is surrounded by four N atoms from four imidazolate
ligands (Figure 7.4.4). The linkage leads to zeolite-like structures in which the Zn atom
occupies the position of Al/Si and the imidazolate bridges occupy the positions of the
oxygen bridges in the zeolite. The best-known ZIF is ZIF-8 with 2-methylimidazolate as
ligand [5, 6].

(a) (b) (c)

Figure 7.4.2: (a) {Cu2(btc)4} “paddle-wheel” unit in Cu-btc (HKUST-1). (b) The {Cu}2 dumbbells sit at
the corners of an octahedron. Four btc ligands each span opposite four of the eight faces of the
octahedron. (c) These octahedra form a porous 3D network via vertex linkage. The network is
traversed by channels along the a, b and c axis. The specific surface area is ~1300 m2 g–1.
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7.4.2 General MOF properties

MOFs are crystalline microporous to mesoporous materials (microporous < 2 nm,
mesoporous from 2 to 50 nm pore diameter). In contrast to the amorphous mesopo-
rous materials silica gel and activated carbons, MOFs have defined identical pore
systems due to their crystallinity. In contrast to the likewise crystalline and thus
uniform microporous zeolites with only limited structural units, the pore size and
shape, the hydrophilicity/hydrophobicity, the inner surface functionality up to the
chirality can be tailored in many ways in MOFs by the organic bridging ligands. The

(a) (b)

Figure 7.4.3: (a) Vertex-linked Al μ�OHð Þ O2C�C6H4�CO2ð Þ2
� �

strand in MIL-53(Al) and (b) resulting 3D
framework with parallel channels in only one direction (here along a) (hydrogen atoms are not
shown). The specific surface area is 1600 m2 g–1 for (the large-pore form of) MIL-53(Al).

(a) (b) (c)

Figure 7.4.4: (a) Zn and 2-metylimidazolate building groups in ZIF-8 and (b) the assembly to a
β-cage and (c) sodalite structure showing only the Zn atoms and their topological connections. The
pore represented by the yellow sphere inside the β-cage has a diameter of 12 Å; the hexagonal
rings as pore openings have a diameter of 3.4 Å (taking the van-der-Waals surface into account).
The BET surface area is about 1600 m2 g–1.
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ligands can be modified by organic-chemical reactions (substitutions, additions)
even after the formation of the MOF network. For this purpose, the term “post-
synthetic modification” has been coined for MOFs [7].

There are now about 200 zeolite structures compared to over 20000 MOF struc-
tures. The BET surface area for zeolites, silica gels and activated carbons is at most
about 1000 m2 g–1, while values of 2000–4000 m2 g–1 are reproducible and applica-
ble for MOFs. The pore openings or channel diameters in MOFs range from 0.3 to
3.4 nm, with specific pore volumes up to 1.5–2 cm3 g–1.

From the synthesis, the pores of the MOF scaffolds are filled with solvent mol-
ecules, which have a templating effect. Before using the porosity, the solvent
guest molecules have to be removed, which is done by evacuation, if necessary
after an exchange of less volatile for more volatile solvents. In this way, the MOF
is first activated.

Some MOFs are already being produced industrially on a pilot scale in anticipa-
tion of applications. Without going into details of MOF synthesis, there is the prob-
lem of “greener”, cheaper and easily scalable synthesis procedures to provide
access to larger amounts if these materials are to be used. The synthetic procedures
for fabricating MOFs can require harsh conditions (high temperature/high pressure
in autoclaves) and/or expensive organic linkers together with not environmentally
benign solvents. There is the need to develop more syntheses at ambient pressures,
possibly as continuous processes and without the often-used organic solvents like
dimethylformamide [8, 9]. A positive example is the MOF aluminum fumarate
ð Al OHð Þ O2C�C2H2�CO2ð Þ½ �, BASOLITETM A520) [10, 11], where only aqueous solutions
of aluminum sulfate and sodium fumarate are combined at ambient pressure and at
a temperature of 60 °C, even in a continuous flow process with a space-time-yield
of 97159 kg m–3 day–1 and a rate of 5.6 kg h–1 [12].

From the initial synthesis, MOFs are prepared as microcrystalline powders. Yet,
powdered MOFs have limited practical interest owing to poor processability, safety
problems from dusting and poor recyclability. The use of MOFs in potential applica-
tions most often requires shaping as an important aspect of their prospective use at an
industrial scale. Thus, MOFs have to be formulated to obtain handable objects as de-
posited MOF layers on a substrate, coatings, films or 3D-structured composites such
as grains, pellets, beads, areogels, hydrogels and monoliths (Figure 7.4.5) [13–15].
These shaped MOF particles have to be mechanically stable and retain the initial MOF
porosity [16]. The simple use of a polymeric binder to assemble and shape MOF par-
ticles to a larger object may block the MOF pores and reduce the accessible surface
area.

A possible obstacle for applications of MOFs is their often-insufficient hydro-
thermal stability [17] even if by now, some MOFs are known to be stable against
prolonged contact with water and humid air.
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7.4.3 Potential applications of MOFs

In terms of industrial scale applications, MOFs can still be seen as an emerging
class of materials. So far, most of the noted “applications” have to be regarded as
potential ones and have to do with the porosity. MOFs are intensively investigated
for a task- and compound-specific selective adsorption, storage and separation,
sensing, catalysis, etc. For many of the applications, it is mandatory to develop ro-
bust and inexpensive MOF materials with good hydrolytic stability, excellent ad-
sorption properties and recyclability.

The following paragraphs summarize the most important “application-oriented”
developments with MOFs [18], based on review articles, but they do not present a full
account of all “possible applications”. It should also be noted that there are occa-
sional applications with “MOFs” which have no proven porosity and are rather non-
porous coordination polymer/network. The noted possible applications do not only
refer to pristine MOFs but also refer to MOF composites, for example, mixed-matrix
membranes for gas separation with MOFs as fillers [19, 20].

Figure 7.4.5: MOF@polymer-monolith composites (with a scanning electron microscopy image)
from the MOFs Al-fumarate (left) and MIL-101(Cr) (right) with the polymer poly(vinyl alcohol) (PVA),
prepared using a phase separation technique. In the MOF@PVA monoliths, the mass-weighted BET
surface area and the water vapor uptake capacity reproducibly reached 60–100% of the neat MOF
values with MOF loadings of 50–80 wt%. The monoliths exhibit slightly plastic properties and a
high resistance against deformation.
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Early on, MOFs came into the focus for H2 storage for mobile applications. At
77 K, volume-specific storage curves of hydrogen on different MOF-materials in
comparison to the compression curve of hydrogen into empty gas containers
showed an up to three times higher H2 uptake in g(H2)/L(container). Still, a suffi-
ciently high amount of storage at room temperature could not be attained [21, 22].
For methane, the storage capacity of a tank filled with shaped bodies of the MOF
Basolite A520 could reach a 40% increase vs. a conventional container at 35 bar
and room temperature [10].

Numerous studies have demonstrated the capture and separation of carbon di-
oxide, CO2 from binary mixtures with N2, which were simplistically viewed as flue
gas [23, 24] as well as of SO2, H2S, NH3 and NOx from gas mixtures [25, 26] and even
up to chemical warfare agents [27]. MOFs have addressed the adsorption-based sep-
arations of fluorocompounds [28], acetylene/ethylene [29], olefin/paraffin, linear/
branched alkanes, xenon/krypton [30], acetylene/CO2 [31], hydrogen isotopes [32]
and adsorption-based purifications, of e.g. ethylene [33].

MOFs have been investigated for the ionic conduction of various charge car-
riers, such as a proton (>10–2 S cm–1), hydroxide ion (>10–2 S cm–1), lithium ion, so-
dium ion and magnesium ion (all about 10–4 S cm–1) in their pores [34, 35] as well
as for energy applications such as electrocatalysts [36], energy storage and conver-
sion [37], supercapacitors [38], batteries and fuel cells [39].

MOFs have been developed for their possible use as sensors for the detection of
many different gases and volatile organic compounds [40, 41], as signal amplifica-
tion elements for electrochemical sensing [42], for the sensing and imaging of bio-
molecules [43, 44], environmental pollutants [45], explosives [46], ionic species [47,
48], among many others. Often, the luminescence of MOFs from the linkers, metals,
incorporated luminophores or a combination thereof is utilized for the sensing ap-
plication [49–51].

MOFs are used as size- and enantioselective heterogeneous catalysts [52, 53],
including enzyme-MOF composites with MOFs as an enzyme immobilization plat-
form [54, 55], as solid catalysts for liquid-phase continuous flow reactions [56], for
the photocatalytic degradation of dyes in water depollution [57], etc.

MOFs are studied for the adsorptive removal of synthetic dyes in textile efflu-
ents [58] as well as of pharmaceuticals, personal care products [59] and of fluoride
and arsenic [60] from (waste)water.

The porosity of MOFs enables them to be used for (self-sacrificial) drug delivery
[61–63], including the sustained release of antibiotic and antimicrobial drugs [64]
or bisphosphonate anti-osteoporotic drugs [65].

MOFs are investigated as materials for adsorption and desiccant cooling tech-
nologies through cyclic sorption of water or methanol in adsorption-driven heat
pumps or adsorption chillers [66–70]. The aspect of cyclic water sorption extends to
water harvesting from air for fresh water production [71–73].
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In 2016, the first commercial application of a MOF may have materialized. The
MOF (by the company MOF Technologies) was used to store and release 1-methylcy-
clopropene (1-MCP) to slow the fruit ripening process. 1-MCP binds and blocks eth-
ylene receptors in the fruit, with ethylene being a ripening hormone [74, 75].

The MOF start-up NuMat is supplying MOF-filled gas storage cylinders, named
ION-X, to store toxic gases (e.g. arsine, phosphine and boron trifluoride), which are
used as dopants in the semiconductor industry, and doing this more safely than
conventional pressurized cylinders [73, 76].
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8 Photofunctional materials

8.1 Solid-state lighting materials

Thomas Jüstel, Florian Baur

The recent transition from traditional lighting toward solid-state lighting (SSL) is re-
garded as the fourth revolution in lighting technology, while the first three ones were
the use of fire from torches to gas lamps, the electrification of lighting by the inven-
tion of the incandescent bulb and then the development of gas-discharge lamps at
the beginning of the twentieth century. Today, solid-state light sources, namely the
phosphor converted LEDs, are the most important “lamps” in general and special
lighting and it continues to increase its market share in other fields of application.

8.1.1 Historical development

The first scientific description of electroluminescence was published in 1907 by
Henry Joseph Round [1]. Research progressed in the 1920s and 1930s with Oleg
Losev and Georges Destriau, who worked independently on the electroluminescent
properties of SiC and ZnS. In 1939, Zoltán Bay and György Szigeti filed a patent in
Hungary and the US (assigned to General Electric) describing an electrolumines-
cence device comprising SiC that emitted white light [2]. However, these devices
were costly to produce and never used commercially. In the 1950s and 1960s, the
first III–V semiconductor LEDs were developed. This led to the first commercially
available LED, produced by Texas Instruments, which used a GaAs chip to generate
890 nm infrared radiation [3]. The first LEDs that emitted visible light were devel-
oped by Allen and Cherry (GaP) [4] and by Holonyak and Bevacqua (Ga(As,P)) [5],
respectively, in 1962. The initially high price for infrared LEDs (US$ 130, Texas In-
struments) and for red light LEDs (US$ 260, General Electric), decreased steadily
and in the 1970s Fairchild Optoelectronics offered LEDs for less than five cents [6].
These LEDs were used as indicator lights and not for general lighting due to their
low luminous flux and the lack of efficient blue-emitting LEDs.

This situation changed in 1993 when Shuji Nakamura strongly optimized the
growth of blue-light-emitting GaN chips while working at Nichia Corporation in
Japan, a discovery for which he was awarded the Nobel Prize in Physics in 2014 to-
gether with Amano and Akasaki [7]. To produce white light, the LED chip was coated
with the yellow-emitting phosphor Y3Al5O12:Ce

3+, which partially converts the pri-
mary blue chip emission to yellow light. The combination of blue and yellow light
yields cool-white light. This approach, called phosphor-converted LED (pcLED), was
patented by Nichia in 1996 and allowed the LED to be used as a light source in gen-
eral lighting [8]. However, these LEDs have a low color-rendering index (CRI) and
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cannot produce warm-white light, as they solely show weak emission in the red spec-
tral range. Therefore, in the following years, research focused on the development of
blue-excitable red-emitting phosphors. In 1999 the so-called 258-nitrides (Ca,Sr,Ba)2
Si5N8:Eu

2+ were introduced [9], followed by the alumino-silico-nitrides (Ca,Sr)AlSiN3:
Eu2+ in 2004 [10]. The majority of LEDs for general lighting use one of these Eu2+

activated nitrides as a red-emitting component, which gives access to lower color
temperatures, i.e. warm-white light, while this measure also increases the CRI. The
development of these LEDs led to a strong increase of the usage of LEDs for general
lighting. Current development focuses on further increasing the CRI to closely resem-
ble that of an incandescent bulb, which is important for areas such as museum light-
ing. To achieve this, the blue-emitting LED chip is substituted by an (Al,Ga,In)N chip
emitting around 400–420 nm, whose emission is completely converted by phosphors.
The advantage of this so-called full-conversion LED (fcLED) is that the primary LED
emission is solely responsible for exciting the phosphor layer, whereas in conventional
pcLEDs the primary emission is used both as the blue spectral component and as exci-
tation for the phosphors. This makes the fine tuning of the emission spectrum difficult.

8.1.2 Technology of LEDs

The first LEDs were usually 3 or 5 mm wide LEDs. The bonded semiconductor chip is
placed on top of a reflector and the chip and reflector are encapsulated in a polymer
dome, mostly made from an epoxy resin. The drawback of this technology is the low
heat-transfer rate it exhibits. Heat can be transferred by convection, thermal radiation
or conduction. Convection cannot occur in an LED due to the encapsulation. More-
over, the low target temperature of the semiconductor of around 100 °C limits the heat
transfer by thermal radiation to about 1000 W m–2. For a typical surface area of a chip
of 1 mm2, or 10–6 m2, this corresponds to thermal radiation of about 1 mW from a sin-
gle chip, which is way too low to cool higher power LEDs. Therefore, thermal conduc-
tion is the main mechanism of heat transfer in an LED. Even though LEDs have a
relatively high energy efficiency, i.e. modern LEDs convert about 60% of the electrical
input power to optical output power, the remainder of 40% is still converted into
heat. That means a 3 W LED generates about 1.2 W of heat, which has to be dissipated
from the chip. In traditionally wired LEDs this is not possible as the chip is fully en-
capsulated and – other than through the wires – has no contact to a potential heat
sink. The power density of these LEDs is therefore severely limited. To enable LEDs
with high power density, as required for general lighting, a different design is used.

Figure 8.1.1 shows an (In,Ga)N flip-chip LED, which will exhibit emission in the
blue spectral range. Figure 8.1.7 shows a photograph of an LED with gold wires and a
clear epoxy dome. It consists of a sapphire substrate on which layers of III–V semi-
conductor materials are grown epitaxially. The first contact layer is an n-type GaN,
which is usually achieved by doping GaN with Si4+. It is followed by the multiquantum
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well layer, a region in which the band gap is modulated in order to trap the electrons
and holes to increase the probability of radiative recombination. This mechanism is ex-
plained in more detail below. Next is the p-GaN contact layer, i.e. GaN doped with
Mg2+. The semiconductor chip is contacted to the submount with solder and effi-
cient heat transfer via conduction is possible. The development of this type of LED
allowed a much higher power density and enabled LEDs with a luminous flux
suitable for general lighting.

The electroluminescence of the semiconductor chip is caused by radiative recombina-
tion of electrons and holes. If a voltage is applied, electrons flow from the n-doped
cathode (negatively polarized electrode, i.e. the “−” contact) to the p-doped anode
(positively polarized electrode, i.e. the “+” contact) and holes move from the p-doped
anode (+) to the n-doped cathode (−). The probability of radiative recombination is
low, however, because the electrons and holes have a high mobility. For that reason, a
quantum-well layer is used to trap the electrons and holes, which strongly increases
the probability of radiative recombination. A simple quantum-well structure is depicted
in Figure 8.1.2. It consists of four layers of semiconductors with slightly different com-
positions and, therefore, slightly different band gaps. The first layer on the left with
band gap EG,1 is followed by a layer with a slightly smaller band gap EG,2. The decrease
in band gap energy can be achieved by e.g. increasing the amount of In3+ in (In,Ga)N.
Similarly, an increase in band gap energy can be achieved by increasing the amount of
Ga3+, resulting in the layer with larger band gap EG,3. Electrons that move from the left
to the right will be trapped in the low band gap layer because they would need to
overcome the energy difference U1 to proceed further. Holes that flow from right to left
in the figure will be trapped in the same layer, as movement of a hole requires an elec-
tron to occupy its former position. Since the hole is located at a higher energy than
the electrons in the valence band of the surrounding layers, it cannot move further

Figure 8.1.1: Schematic design of a high power (In,Ga)N flip-chip LED.
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anymore without additional energy. Electrons and holes are thus trapped in a thin
layer of the semiconductor and will recombine radiatively with a high probability. At
low temperature and low current, radiative recombination efficiencies of close to
100% can be achieved by using optimized multiquantum well (MQW) structures [11].
However, at elevated operation temperature, the radiative recombination rate de-
creases due to various loss processes and reaches approximately 70–80% [12].

The emission wavelength of the LED is determined by the band gap of the semiconduc-
tor material present in the recombination zone. LEDs emit in a narrow spectral range
with a full-width at half-maximum (FWHM) of typically 20–30 nm. To generate white
light, two approaches can be considered: either several LEDs with different emission
wavelengths can be combined or a single type of LED is coated with one or more pho-
toluminescent compounds that convert the primary emission of the LED chip into a
spectrum in the visible range. The emission spectra obtained from the combination of
continuous different types of LEDs are shown in Figure 8.1.3. For each spectrum the
corresponding luminous efficacy (LE) and the color-rendering index (CRI) is given. The
LE quantifies the luminous flux per optical watt, in other words it is a measure for the
perceived brightness per optical output power of the LED. It should be noted that LE
can generally also be expressed in lumen per electrical watt, i.e. the perceived bright-
ness per electrical input power.

If more LEDs are used to compose the spectrum, the LE decreases from about 422
to 324 lm W–1 [13]. This is a result of the human eye sensitivity that is highest at
555 nm and decreases strongly in the blue and red range. However, while LE de-
creases, the additional emission ranges strongly increase the color-rendering index
(CRI). The CRI is a measure for the quality of light reflected by illuminated items. It
expresses how closely the color of a surface illuminated by the specific light source

Figure 8.1.2: Electron blocking layer in an inorganic semiconductor LED.
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resembles the color that is perceived if the surface is illuminated by a black body ra-
diator, such as the sun or an incandescent bulb. The 2-LED setup lack vast sections of
cyan, green, and deep-red light and cannot faithfully reproduce such colors. Hence,
the extremely low CRI of 2. For general lighting, a CRI of 80 to 90 is considered suffi-
cient, whereas for specific application areas such as museum or store lighting, a
higher CRI is desired.

While the combination of several LEDs can produce very good LE and CRI val-
ues, it is not generally in use. The problem with this approach is the large difference
in lifetime, temperature and voltage/current dependence of the different LED types.
For instance, red-emitting LEDs show stronger quenching and color point shift with
increasing temperature than blue-emitting LEDs. Red-emitting LEDs also usually
have a shorter lifetime and thus their emission weakens over time. As a result, the
combined emission spectrum will change depending on the temperature and opera-
tion time. In theory, this can be managed by continuously monitoring the emission
spectrum and regulating the driving current and voltage of each LED type. How-
ever, this is complicated and expensive and, therefore, multi-LED lamps have never
been widely employed. The sole exception is lamps where the consumer can freely
change the color point and temperature of the emitted light. Generally, though,
phosphor-converted LEDs are used to generate white light with high LE and CRI.
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Figure 8.1.3: Spectra of the combined emission of 2 to 5 LEDs (bottom to top) with the
corresponding luminous efficacy (LE) and color-rendering index (CRI). Modified after
Zukauskas et al. [13].
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8.1.3 Semiconductor materials

Current LEDs are equipped with III–V semiconductors, i.e. semiconductors consisting
of elements from the third and fifth main groups, respectively [14]. These III–V semi-
conductors have direct band gaps whose size depends on the chemical composition.
Smaller ions will result in larger band gaps, as depicted in Figure 8.1.4. With 6.0 eV
(approximately 210 nm), AlN has the largest band gap of the III–V semiconductors,
whereas InSb has a band gap of just 0.2 eV (approximately 6200 nm). Solid solutions
can be used to modify the band gap to the required energy. Typical blue-emitting
semiconductors are (In,Ga)N solid solutions where the band gap of GaN (3.4 eV,
365 nm) is decreased by partial substitution of Ga3+ by In3+ to values of around 2.7 eV.
Efficient green emission is difficult to obtain, as the compositions in question have
stability issues and to date cannot be grown with the required high purity. Such lack
of efficient LEDs in that spectral region is called the “green gap”. For emission in the
red to NIR, phosphides or arsenides, such as (In,Ga,Al)As or (In,Ga,Al)P, are used [15].

Whereas in theory a wide selection of band gaps and, therefore, emission wave-
lengths can be obtained by simply selecting the proper composition, the difficulty

Ge
GaSb

Si
InP

GaAs
CdTe
AlSb

CdSe
InN

AlAs
ZnTe
GaP
CdO
AlP

CdS
ZnSe
ZnO
GaN
ZnS
AlN

200 400 600 800 1000 1200 1400 1600 1800

Wavelength (nm)

10 6 4 2.5 2 1.5 1 0.75
Band gap (eV)

1E-5

1E-4

0,001

0,01

0,1

1

R
el

at
iv

e 
H

um
an

 E
ye

 S
en

si
tiv

ity

Figure 8.1.4: Band gap in eV and corresponding emission wavelength in nm for various
semiconductors. The black line shows the human eye sensitivity curve for a phototopic lighting
situation, i.e. the eye is adapted to a bright surrounding. Modified after Zukauskas et al. [13].
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lies in growing high-purity single crystals of the material. State-of-the-art is the
“Metal-Organic Chemical Vapor Deposition” (MOCVD), where metal-organic com-
pounds are used as precursors [16]. Blue-emitting LEDs only became widely available
as Nakamura developed a technique to efficiently grow (In,Ga)N semiconductor
chips on a sapphire substrate [7]. Currently, research activity focuses on the develop-
ment of efficient UV-emitting LEDs based on (Al,Ga)N semiconductors.

8.1.4 Luminescent materials

As shown above, LEDs show narrow-band emission, which is not suitable for applica-
tions where a continuous spectrum is desired, such as general lighting. As discussed
in Section 8.1.2, the combination of several LEDs has severe disadvantages. Thus,
phosphor-converted LEDs (pcLEDs) are used to generate a continuous spectrum.
Here, the semiconductor chip is coated with one or more phosphors dispersed in an
epoxy or silicone resin in concentrations between 10 and 15 wt%. Typically, the parti-
cle size is between 5 and 15 µm.

The phosphors for pcLEDs need to exhibit sufficiently strong absorption of the
primary emission of the semiconductor chip. The phosphors that were used for deca-
des in fluorescent lamps could, therefore, not be utilized as they were developed for
efficient excitability at 253.7 nm, the most intense emission line of a mercury gas dis-
charge lamp. The first phosphor to be used by Nichia as a converter in pcLEDs was the
yellow-emitting garnet Y3Al5O12:Ce

3+ (YAG:Ce). In such artificial garnets, the excitation
band of Ce3+ is located in the blue spectral region, overlapping very well with the emis-
sion of an (In,Ga)N chip. YAG can be modified by substitution of Y3+ with other triva-
lent cations such as Lu3+ or Gd3+, resulting in Lu3Al5O12:Ce

3+ (LuAG:Ce), where the
emission is shifted to shorter wavelengths, or Gd3Al5O12:Ce

3+ (GAG:Ce), where the emis-
sion is shifted to longer wavelengths. Furthermore, substitution of Al3+ with Ga3+ also
shifts the emission toward the green spectral region. However, with increasing Ga3+

concentration, the thermal quenching temperature of the phosphor, i.e. the tempera-
ture at which the phosphor’s emission intensity begins to decrease significantly, de-
creases [17]. Table 8.1.1 lists a variety of LED phosphors with their respective emission
wavelengths.

Alkaline earth orthosilicates activated with Eu2+ show emission from the cyan to
red spectral region depending on their composition. The solid solution (Ba,Sr)2SiO4:
Eu2+ delivers excellent green to yellow-emitting phosphors. However, for commercial
application, a protective coating is required, as these orthosilicates are slightly sensi-
tive toward moisture. The nitrides SrSi2O2N2:Eu

2+ and β-SiAlON:Eu2+ are also well-
known green-emitting phosphors [26, 46].

To achieve warm-white light (CCT < 4000 K) with a high CRI, a red-emitting
phosphor is required. Early development resulted in Eu2+ activated sulfides such as
SrS:Eu2+, which shows strong absorption in the blue spectral region and emission
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Table 8.1.1: Characteristics of selected phosphors for phosphor converted LEDs.

Phosphor Emission
color

Emmax

(nm)
CIE 

(x, y)
Luminous efficacy
[lm/Woptical]

Ref.

BaSi2O2N2:Eu2+ cyan  .; .  []

BaGa2S4:Eu2+ green  .; . []

Ba2SiO4:Eu2+ green  .; . []

Ca3Sc2Si3O12:Ce3+ green  .; . []

CaAl2S4:Eu2+ green  – []

CaLu2Al4SiO12:Ce3+ green  .; . []

Ba3Si6O12N2:Eu2+ green  .; . []

SrGa2S4:Eu2+ green  .; .  []

BaYSi4N7:Eu2+ green  – []

SrSi2O2N2:Eu2+ green  .; .  []

Lu3Al5O12:Ce3+ green  .; .  []

ZnGa2S4:Eu2+ green  .; . []

Ca-α-SiAlON:Yb2+ green  .; . []

SrYSi4N7:Eu2+ green  – []

CaLaGa3S7:Eu2+ yellow  .; . []

Lu3Al3MgSiO12:Ce3+ yellow  .; . []

CaSi2O2N2:Eu2+ yellow  .; . []

Y3Al5O12:Ce3+ yellow  .; .  []

CaGa2S4:Eu2+ green  .; . []

SrLi2SiO4:Eu2+ yellow  .; .  []

Tb3Al5O12:Ce3+ yellow  .; .  []

Gd3Al5O12:Ce3+ yellow  .; . []

Ca2BO3Cl:Eu2+ yellow  .; . []

Sr3SiO5:Eu2+ yellow  – []

Ba2Si5N8:Eu2+ yellow  .; .  []

GdSr2AlO5:Ce3+ yellow  .; . []

Y3Al3MgSiO12:Ce3+ yellow  .; . []

CaAlSiN3:Ce3+ orange  –  []
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Table 8.1.1 (continued)

Phosphor Emission
color

Emmax

(nm)
CIE 

(x, y)
Luminous efficacy
[lm/Woptical]

Ref.

Ba2AlSi5N9:Eu2+ orange  – []

Y3Mg2AlSi2O12:Ce3+ orange  .; . []

Ca-α-SiAlON:Eu2+ orange  .; . []

Ca2Si5N8:Eu2+ orange  .; . []

SrS:Eu2+ orange  ., .  []

SrAlSiN3:Eu2+ orange  – []

Sr2Si5N8:Eu2+ red  .; .  []

SrAlSi4N7:Eu2+ red  – []

CaS:Eu2+ red  .; .  []

CaAlSiN3:Eu2+ red  .; .  []

Figure 8.1.5: Photographic images of selected LED phosphors under 365 nm excitation (top row,
from left to right): CaAlSiN3:Eu

2+, Sr2Si5N8:Eu
2+, Lu3Al5O12:Ce

3+, Y3Al5O12:Ce
3+, Sr2SiO4:Eu

2+,
(Ba,Sr)2SiO4:Eu

2+, and (bottom row, from left to right): Ba2Si5N8:Eu
2+, Y3Al5O12:Ce

3+, and
Lu3Al5O12:Ce

3+. (Photographs: Dr. Danuta Dutczak).
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centered at 610 nm. Sulfides are very hygroscopic, a drawback that prevented com-
mercial application of these phosphors. This led to the development of Eu2+ acti-
vated nitrides that often show red emission. Nowadays, the nitrides (Ba,Sr)2Si5N8:
Eu2+ and specifically (Sr,Ca)AlSiN3:Eu

2+ are found as the red-emitting component in
most pcLEDs for general lighting [47].

8.1.5 White LEDs

Recently, white-emitting LEDs became the dominant light source in general light-
ing. They consist of a blue-emitting (In,Ga)N semiconductor that is coated with a
single or a blend of phosphors dispersed in epoxy or silicone resin. Typically, 10–15
wt% of phosphor are present in the coating. The primary radiation from the LED
chip is partially absorbed by the phosphor layer upon which it exhibits lumines-
cence, i.e. it emits light. The combined emission from the semiconductor and the
phosphor layer yields a continuous spectrum that is perceived as white by the
human eye. By using more than one conversion phosphor, the CRI of the white LED
can be increased. However, due to the human eye sensitivity curve, this results in a
decreased luminous efficacy. To achieve a very high CRI, full-conversion LEDs are
employed. In that case, a 400–420 nm emitting semiconductor chip is used, whose
radiation is fully converted by phosphors. Thus, at least blue, green and red-emitting
phosphors are required to generate white light with a high CRI. The advantage of this
approach is the higher versatility, due to the fact that the primary radiation of the
semiconductor is only responsible for exciting the phosphors, whereas in conventional
white LEDs, the primary radiation is used for excitation and as the blue component.
Furthermore, the quantum efficiency of 400–420 nm semiconductors is expected to
surpass that of the blue-emitting chips shortly [48].

Early white LEDs consisted of a 450–465 nm blue-emitting (In,Ga)N semiconduc-
tor chip coated with yellow-emitting Y3Al5O12:Ce

3+. They possess a high correlated
color temperature (CCT) beyond 4000 K and a rather low CRI of around 70–80, due
to a lack of emission intensity in the red spectral range, as depicted in Figure 8.1.6 a).
To enable a lower CCT, i.e. warm-white LEDs, higher CRI and a red-emitting phosphor
are required. Fluorescent lamps use Eu3+-activated phosphors as the red emitter;
however, the absorption of these phosphors in the blue spectral region is too low for
efficient excitation via an (In,Ga)N semiconductor. Therefore, new red emitters on the
basis of Eu2+ were developed that exhibit strong absorption around 450 nm. The sul-
fides SrGa2S4:Eu

2+ and SrS:Eu2+ are excellent green and red-emitting materials, re-
spectively, and LEDs with very high CRI can be constructed by a blend of these
phosphors (see Figure 8.1.6 b)) [41]. They are hygroscopic, though, and thus suffer
from stability issues. It was found that various nitrides, such as Sr2Si5N8:Eu

2+ and
CaAlSiN3:Eu

2+, exhibit similar optical properties, but possess a much higher chemical
and physical stability. Today, the majority of LEDs for general lighting employ such
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Figure 8.1.6: Emission spectra of a blue-emitting (In,Ga)N semiconductor chip coated with
a) Y3Al5O12:Ce

3+ with lower (solid line) and higher (dashed line) phosphor concentration,
b) SrGa2S4:Eu

2+ and SrS:Eu2+, c) Y3Al5O12:Ce
3+ and CaAlSiN3:Eu

2+, d) Lu3Al5O12:Ce
3+ and K2SiF6:Mn4+.

The correlated color temperature (CCT), color-rendering index (CRI) and luminous efficacy (LE) of the
respective spectrum is listed as well.
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Eu2+-activated nitrides as the red-emitting component [48]. However, they show also
emission in the deep-red to NIR spectral region, as depicted in Figure 8.1.6 c), which
decreases the luminous efficacy as the human eye sensitivity in that region is very
low [49]. Therefore, many research activities focused on the development of narrow
band or line-emitting phosphors. The red line emitter K2SiF6:Mn4+ can be excited in
the blue spectral region and has a narrow emission spectrum centered around 625 nm
without any spill-over to the deep-red or NIR region (see Figure 8.1.6 d)) [50]. K2SiF6:
Mn4+ has some drawbacks, such as the absorption cross-section of Mn4+ being much
lower than that of Eu2+, due to the parity-forbidden nature of the respective transition.
Furthermore, the phosphor is hygroscopic and decomposes slowly due to a redox re-
action between Mn4+ and F– which leads to the formation of MnF3. The stability issues
could be solved by depletion of Mn4+ close to the surface of the individual particles,
preventing direct contact of Mn4+ with moisture from the environment.

8.1.6 Application areas of LEDs

LEDs widely replaced the traditional incandescent and gas-discharge lamps in indoor
lighting. While initially LEDs were only used in lamps for signaling, their market
share in many areas further increases. The following list summarizes application
areas where inorganic LEDs heavily penetrated the established lighting markets:
– Advertisement and decoration lighting
– Office and residential lighting
– Automotive lighting
– LCD backlighting
– Flood-lighting
– Architecture lighting
– Street lighting

Figure 8.1.7: Photographic image of an LED comprised of a semiconductor chip contacted
with gold wires and a clear epoxy dome. (Photograph: Patrick Pues).
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In other words, the high energy efficiency and long lifetime of inorganic LEDs
makes them highly useful for all kind of lighting applications. Due to the develop-
ment of special LED phosphors, the initial problems such as low CRI and high CCT
were eliminated. For instance, in automotive lighting, the advantage of the LED is
mainly the high illuminance that can be achieved, the long lifetime and the possi-
bility to selectively illuminate specific segments of the road. Backlights for liquid
crystal displays (LCDs) require narrow emission bands to obtain primaries with a
high color purity and thus a large color space. Therefore, today all kinds of LCDs
employ LEDs for backlighting, while discharge lamps completely disappeared here!

Even in special applications such as flood-lights, the LED steadily increases its
market share. The problem of a comparatively low luminous flux of a single LED
has been overcome by the arrangement of a large number of LEDs in an array.

8.1.7 The future of LEDs

For general lighting, the newest generation of inorganic LEDs already exhibit a very
good performance in terms of CRI, energy efficiency, luminous flux and lifetime. To
increase the luminous efficacy even further upon maintaining a high CRI, the broad-
band red-emitting component would need to be substituted by narrow band or even
line-emitting phosphors. The Eu2+-activated nitrides show relatively strong emission in
the deep-red to NIR spectral region, where the human eye sensitivity is low. These pho-
tons can be considered as loss, as they do not significantly enhance the luminous flux
or perceived brightness of the respective light source [51]. Potential activators for red
line emission are Eu3+ and Mn4+; however, both possess disadvantages compared to
Eu2+. This is mainly a low absorption cross-section in the blue spectral region in case
of Eu3+ and emission that is mostly slightly too far in the deep-red spectral range in the
case of Mn4+. Presently, many research activities are dedicated to the sensitization of
Eu3+ in order to achieve sufficient absorption strength in the blue spectral range. While
it can show strong absorption in that region, Ce3+ cannot be used as a sensitizer, as it
will cause quenching of the photoluminescence due to metal-to-metal charge transfer
between Ce3+ and Eu3+. Various means of sensitization were investigated, such as sep-
arating Ce3+ and Eu3+, by employing a core-shell particle with energy migration via a
Tb3+ or Gd3+ substructure [52], or sensitization via the uranyl cation [UO2]

2+ [53]. Al-
though promising results were obtained, there is no commercial application so far.

However, Mn4+ is used commercially, as it exhibits an emission multiplet around
625-630 nm, while the ion shows sufficient absorption strength around 450 nm if it is
located in a fluoride host material. These properties of K2SiF6:Mn4+ were published in
1973 by Paulusz [54], but the compound shows fast degradation, due to a redox reac-
tion between 2 F– and 2 Mn4+ ions to form F2 and 2 Mn3+ that is accelerated by mois-
ture. In 2010, General Electric patented a method to stabilize Mn4+ doped fluorides by
the depletion of Mn4+ close to the surface of the phosphor particles [55].
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Broad-band, continuous IR sources are required for applications, such as IR sen-
sors and spectroscopy, where the replacement of incandescent lamps is required due
to their phase-out. LEDs without a phosphor conversion layer show narrow emission
bands and are thus not suitable in this respect. Therefore, highly efficient IR-emitting
phosphors are under investigation that can be used in combination with a blue-
emitting LED to generate broadband IR emission. Cr3+ is a useful activator, as it pos-
sesses a sufficiently large absorption cross-section in the blue spectral region and
can exhibit band emission in hosts where the emission originates from a 4T2 →

4A2

transition [56]. Additionally, Cu2+, Cr4+, Ni2+ or Co2+ are potential candidates for
broadband NIR emission. Table 8.1.2 lists the most red-shifted documented emission
wavelength and exemplary host materials for these activators.

As the production of Hg discharge lamps will likely come to an end in the near future,
there is also strong interest in UV radiation sources based on the LED technology. The
theoretical limit for III–V nitride semiconductors is 210 nm upon the use of single
phase AlN. To date, such LEDs are only available in the form of prototypes and their
efficiency is very low. Nonetheless, the efficiency of UV-C emitting LEDs increases
continuously while prices decrease at a fast pace and 265 nm emitting (Al,Ga)N LEDs
are already commercially available. To generate a broadband continuous UV emis-
sion spectrum, phosphor-converted LEDs will have to be employed. For this purpose,
Pr3+ appears to be the most promising activator ion, since the interconfigurational
[Xe]5d14 f1-[Xe]4 f2 radiative transitions are mostly located in the UV-C to UV-A range,
while its excitation is possible either via the allowed [Xe]4f2-[Xe]5d14f1 transitions or via
the band gap of the host material. Lu3Al5O12:Pr

3+ has been demonstrated to exhibit
broad-band emission in the UV-B to UV-A range and could be used in combination with

Table 8.1.2: Broad-band activators that can show emission in the NIR spectral region
with exemplary host materials.

Activator
ion

Exemplary host materials Longest known emission
wavelength at about (nm)

Mn+ SrLaAlO, CaLaMgSbO 

Eu+ CaScSiO 

Cr+ SrMgLa(PO) 

Cu+ CaCuSiO 

Mn+ BaSO 

Cr+ MgSiO 

Ni+ KMgF 

Co+ ZnSe 

326 8 Photofunctional materials



a UV-C emitting LED to provide a continuous UV emission spectrum [57]. Table 8.1.3
lists various Pr3+ activated phosphors with their peak emission wavelength.
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8.2 Upconverters

Florian Baur, Thomas Jüstel

By definition, upconverters are optically active materials, which convert absorbed
photons with a certain energy into photons with a higher energy, i.e. they cause a
blue-shift of electromagnetic radiation. This phenomenon is called upconversion,
as opposed to downconversion, the much more frequently occurring luminescence
process, where the energy of the absorbed photon is higher than that of the emitted
photon.

To comply with the conservation of energy, in all but one case upconversion
requires two photons to be absorbed per emitted photon, which fundamentally lim-
its the quantum efficiency to 50%. Regardless, upconverters are widely used due to
their unique properties.

8.2.1 Historical remarks

A 2-photon process that can result in upconversion luminescence was first dis-
cussed as a theoretical concept by Maria Göppert-Mayer in her 1931 doctoral thesis
[1]. The first experimental proof of this mechanism was published by Kaiser and
Garrett in 1961 for CaF2:Eu

2+ [2]. Later in the 1960s, François Auzel, an important
figure in modern upconversion, began his research on the topic. He was introduced
to the idea by a 1959 paper from Bloembergen, who discussed the theoretical possi-
bility of IR detection via simultaneous excitation of an ion by an IR photon and a
visible light photon [3], and Auzel chose upconversion as the topic for his thesis at
CNET [4]. In 1966 he published the first report on upconversion between trivalent
lanthanides, namely green upconversion emission due to Yb3+ and Er3+ in Na(La,Yb)
W2O8:Er

3+ [5] and shortly afterwards on blue upconversion emission due to Yb3+ and
Tm3+. In both cases, the compounds are excited with IR radiation.

Since then, there has been steady research on upconversion phosphors, which
resulted in the discoveries of various different upconversion mechanisms with dif-
ferent emission and excitation wavelengths. Upconversion phosphors with emis-
sion in the spectral range from red to UV-C have been found [6, 7] with excitation
ranging from the IR to the blue spectral region.

8.2.2 Upconversion mechanisms

While the initially discovered upconversion phosphors relied on 2-photon excita-
tion and energy-transfer upconversion (ETU), it was found over the next decades,
that various other mechanisms can be responsible for upconversion luminescence.
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With the exception of anti-Stokes emission, they are all based on the principle of
simultaneous (within a certain timeframe) absorption of two photons. Therefore,
the theoretical limit for the quantum efficiency, i.e. ratio of the number of emitted
photons and the number of absorbed photons, amounts to 50%.

In practice, downconversion luminescence and non-radiative return to the
ground state decrease the upconversion efficiency significantly. Upconversion effi-
ciencies of 10–2 or 10–1 are the largest reported values. The efficiency depends
strongly on the upconversion mechanism and on the excitation density. Due to up-
conversion being a 2-photon process, usually a quadratic dependence of the upcon-
version emission intensity on the excitation density is observed. The presence of
such a dependence serves as a strong indicator of upconversion luminescence. The
upconversion efficiencies listed for the mechanisms in this section are the ratios of
optical power of the emitted upconversion photons and the incident excitation pho-
tons – i.e. not only of the absorbed photons.

8.2.2.1 Anti-Stokes
In anti-Stokes luminescence, the luminescent species possesses a low-lying, ther-
mally populated excited state E1, which is usually a vibronic state. The excitation
transition occurs between E1 and a higher-lying excited state E2. The radiative tran-
sition takes place between E2 and the ground state G. Thus, the energy of the emit-
ted photon is higher than that of the absorbed photon by the amount of energy
difference ΔE between E1 and G. Since E1 is thermally populated, ΔE must not be
greater than 100–200 cm–1 for room-temperature anti-Stokes luminescence. Con-
sequently, only short upconversion shifts can be realized, e.g. about 10 nm in the
red spectral range. Anti-Stokes luminescence is a special case of upconversion, in-
sofar that solely one photon is absorbed per emitted photon and the excitation
density does not influence the upconversion efficiency. Due to the usually low
thermal population density of the excited state, the efficiency is on the order of
magnitude of 10–13.

8.2.2.2 Two-photon excitation
This mechanism was first proposed by Maria Göppert-Mayer in her doctoral thesis in
1931 [1] and later demonstrated by laser excitation of CaF2:Eu

2+ by Kaiser and Garrett
in 1961 [2]. Two photons, whose combined energy amounts to the energy difference
between excited state E and ground state G, are absorbed simultaneously. The emit-
ted photon has, therefore, twice the energy of the absorbed photons i.e. a wavelength
of 1/2 λabs. To achieve 2-photon excitation, the excitation density has to be high, to
ensure simultaneous absorption of 2 photons with a sufficiently high probability. The
upconversion efficiency amounts to 10–13.
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8.2.2.3 Cooperative luminescence
Cooperative luminescence can be seen as the reverse process of 2-photon excitation.
In this case, two ions are in an excited state E and return to the ground state G simul-
taneously. One photon is emitted with an energy of the sum of the two individual
transitions. Similar to 2-photon excitation, high excitation densities are required. In
1970 Nakazawa and Shionoya reported this phenomenon in YbPO4 for excitation
with 998 nm at excitation densities between 1017 and 1019 photons cm–2 s–1, corre-
sponding to energy densities of 2 105 to 2 107 J cm–2 s–1. They observed a “weak” emis-
sion at 449 nm, with a maximum efficiency of 10–8 [8].

8.2.2.4 Cooperative sensitization
Cooperative sensitization is an extension of cooperative luminescence, where the
energy released from the simultaneous return to the ground state by the ion pair is
transferred to another ion. This process has been demonstrated by Ostermayer and
Van Uitert in 1970 for YF3:Yb

3+,Tb3+ [9]. Upon excitation with 930 nm radiation, an
excited Yb3+ ion pair decays cooperatively with subsequent energy transfer to Tb3+,
which returns to the ground state radiatively. Ostermayer and Van Uitert reported an
upconversion efficiency on the order of 10–6.

8.2.2.5 Excited state absorption (ESA)
Excited state absorption occurs when an ion in an excited state E1 absorbs another
photon and transitions to the higher excited state E2, as depicted in Figure 8.2.1.
ESA requires a meta-stable excited state E1, so that sufficiently high population ra-
tios can be achieved. To that end, generally trivalent rare-earth cations are used,
whose respective transitions are spin- and parity-forbidden, and transition rates are
on the order of 103 s–1. A common example for this type of upconversion is Er3+,
such as in SrF2:Er

3+. Specifically, for Er3+ the E1 state corresponds to the 4I13/2 level
with an energy of approximately 6600 cm–1 (1500 nm) and the E2 state corresponds
to the 4I9/2 level at 12,500 cm–1. Upconversion emission does not occur immediately
from that level, though, but the slightly lower-lying 4I11/2 level is populated via
multi-phonon relaxation. Thus, excitation in the NIR at around 1500 nm results in
emission at around 950–1000 nm with the energy difference being converted into
lattice vibrations, i.e. heat [10, 11].

Additionally, upconversion of 980 nm photons is possible by ESA from the 4I11/2
state (approximately 10,300 cm–1) to the 4F7/2 state (approximately 20,600 cm–1).
Multi-phonon relaxation to a lower lying level takes place and the subsequent radia-
tive transition originates from the 2H11/2 or the

4S3/2 state (18,400 and 19,200 cm–1,
respectively), which results in emission in the green spectral range, or from the 4F9/2
state (15,300 cm–1), and results in emission in the red spectral range [12].
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In conclusion, ESA of Er3+ can be employed for upconversion luminescence
from the NIR to green and red, i.e. for converting invisible to visible radiation. The
upconversion efficiency of ESA is on the order of 10–5.

8.2.2.6 Energy transfer upconversion (ETU)
Energy transfer upconversion is similar to ESA. In the first step, a lower-lying ex-
cited state E1 is populated via photoexcitation, however, the transition from E1 to
the higher excited state E2 occurs via energy transfer from a second excited ion. The
process is depicted schematically in Figure 8.2.2.

Both the donor and the acceptor ion are of the same element and ionic charge.
Furthermore, ETU and ESA can take place simultaneously in the same host, e.g. in
SrF2:Er

3+. To discern the two types of upconversion is not simple, but can be at-
tempted via monitoring of the decay times of the involved excited states. Further-
more, ETU has been reported for YF3:Er

3+ and can even take place in non-crystalline
solids, such as in Er3+-doped fluorozirconate and oxyfluoroaluminate glasses [13].
Generally, in an amorphous environment, the probability for non-radiative transi-
tions increases, which reduces the upconversion efficiency. In highly crystalline sol-
ids, upconversion efficiencies of up to 10–3 could be achieved [14].

8.2.2.7 Sensitized energy transfer upconversion (sensitized ETU)
The sensitized ETU follows the same basic principle as ESA and ETU: a system is in
a lower-lying excited state E1 and further excitation occurs to a higher-lying excited
state E2. In the case of sensitized ETU, the donor is a different type of cation than
the acceptor. A commonly employed donor or sensitizer is Yb3+ with Er3+ or Tm3+

being the acceptors. The sensitizer is usually substituted in the host in high concen-
trations of 20–35% to ensure sufficient absorption from the quantum mechanically
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Figure 8.2.1: Schematic depiction of excited state absorption
upconversion comprising three steps. Subsequent absorption
of two photons, followed by radiative transition to the ground
state.
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forbidden transition of Yb3+. As for ESA, the low-lying excited state E1 must be
meta-stable with a low transition probability to suppress a radiative return to the
ground state in favour of energy transfer. This choice invariably results in a low ab-
sorption cross-section.

In these co-substituted systems, the 2F7=2!2F5=2 transition of Yb3+ is excited
with 960–1020 nm photons. Energy transfer originates from the 2F5=2 level of Yb

3+

(at approximately 10,000 cm−1) to Er3+ or Tm3+. The acceptor transition of Er3+ is
either from the 4I15/2 ground state to the 4I11/2 excited state E1 or from the E1 state to
the higher-lying excited E2 state 4F7/2. The radiative return to the ground state is
analogous to the case discussed for ESA and results in green or red luminescence.

For Tm3+, the energy transfer is slightly more complex, as five excited states of
Tm3+ are involved; in order of increasing energy: 3F4 E1að Þ, 3H5 E1bð Þ, 3H4 E2að Þ3
F2, 3 E2bð Þ, and 1G4 E3ð Þ. From the Yb3+

2
F5=2 level energy transfer can occur to the E1b

level, followed by non-radiative relaxation to the E1a level. Subsequent energy transfer
from Yb3+ can excite the transition from E1a to E2b, followed by non-radiative relaxa-
tion to E2a, and lastly a third energy transfer from E2a to E3. Radiative transitions are
generally observed from 1G4 (E3) to the 3H6 ground state (480 nm) or to the 3F4 (E1a)
excited state (660 nm), as well as from 3H4 (E2a) to the ground state (800 nm). Thus,
NIR radiation can be converted into short-wave NIR, deep-red or blue light by the Yb3+–
Tm3+ dopant pair. The dominant transitions are usually the 480 nm and the 800 nm
emissions, with the exact ratios depending on the choice of host material [15, 16].

Sensitized ETU has been reported for other donor/acceptor combinations, such as
Yb3+/Ho3+ or tri-doped materials such as Yb3+/Er3+/Tm3+ or Nd3+/Yb3+/Er3+, where in
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Figure 8.2.2: Schematic depiction of energy transfer upconversion comprising three steps.
1: Photoexcitation of two ions into excited state E1. 2: The first ion returns to the ground state
with energy transfer to the second ion, resulting in excitation to E2. 3: The second ion returns
radiatively to the ground state.
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the latter Nd3+ acts as a sensitizer for Yb3+ to provide excitability at 808 nm. Materials
with low phonon-frequencies are used as hosts to decrease the probability of multi-
phonon relaxation, e.g. YF3, NaYF4, BaY2F8, or YOCl. The efficiency of sensitized ETU is
higher yet than that of non-sensitized ETU and can reach values of 10–1.

8.2.3 Applications areas of upconverters

Despite its relatively low efficiency, upconversion is used in various fields due to its
unique properties. Some important, exemplary, fields of application are discussed
in this section. Specialized literature is available to grant a more detailed view [17].

In medicine, upconverters are applied in form of nanoparticles to allow their
distribution within tissue and even cells. In that respect, the abbreviation UCNP is
often used, which stands for upconverting nanoparticles.

8.2.3.1 Diagnostics
Tissue exhibits a relatively low absorption coefficient in the deep-red to NIR spec-
tral region (roughly 650 to 1300 nm). This section of the electromagnetic spectrum
is called the biological window and plays an important role in the usage of upcon-
version in medicine. UCNP can be excited in vivo from outside the body with NIR
radiation and if the resulting upconversion emission is in the deep red spectral re-
gion, it can be detected from outside the body as well. Using this concept, it is pos-
sible to trace the concentration of UCNP is various parts of the body. By means of
surface modification, the UCNP can be constructed to accumulate in specific types
of tissue, e.g. tumor cells. UCNP are therefore often used for medical imaging.

Co-doping with Yb3+ and Er3+ provides upconversion excitable at 960 nm with
emission wavelengths of 660, 545, and 525 nm. Since the emission around 525 and
545 nm is strongly absorbed by tissue, UCNP are optimized to show an increased
red-to-green emission intensity ratio. This can be achieved by increasing the Yb3+

concentration, which facilitates cross-relaxation from the higher excited states of Er3+,
thereby increasing the intensity of the 660 nm emission. In addition, excitation at
808 nm, where absorption of tissue is weaker than at 960 nm, can be enabled by
employing Nd3+ as a sensitizer for Yb3+. This results in two-fold energy transfer,
from Nd3+ to Yb3+ to Er3+ [18, 19].

8.2.3.2 Therapy
Upconversion is used in photodynamic therapy to treat cancer. In conventional
photodynamic therapy, a photosensitizing compound is administered and excited
with radiation in the UV to blue spectral range. Upon photoexcitation, these com-
pounds produce reactive oxygen species that destroy the surrounding cells. To that
end, radiation of the adequate wavelength has to reach the photosensitizer from
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outside the body, which is difficult if the target cells are in deeper regions of the
body, due to the high absorption coefficient of tissue in the UV to blue spectral
range [20].

By combining the photosensitizer with a suitable upconverter, 808 nm (Nd3+,
Yb3+) or 960–980 nm (Yb3+) excitation can be used, which can penetrate much
deeper into the tissue. The upconverter emits in the visible spectrum and excites the
photosensitizer in its immediate surrounding. Typically, NaYF4 doped with Yb3+ as
sensitizer (optionally with Nd3+ to provide 808 nm excitability) is used for photody-
namic therapy in combination with Er3+ or Tm3+ to provide emission around 460,
540 and 660 nm.

8.2.3.3 Anti-counterfeiting
Documents such as bank notes, ID cards, and passports, or products such as clothing
and machinery, are counterfeit in large numbers. Security features help to distinguish
the original from the counterfeit. Printable upconverters, so-called upconverter ink,
can be used to print invisible codes or markings on the product. To verify the identity,
hand-held analytical equipment can be used that excites the ink with NIR radiation
and detects the emitted visible light. There are several advantages of using upconvert-
ers instead of conventional downconverting phosphors as security markers [21]:
– Upconverters are not as widely available and easy to reproduce as the standard

downconverters
– Surfaces often show luminescence upon excitation with UV radiation or blue

light, which makes detection of downconversion markers difficult; NIR radia-
tion generally only excites the upconversion marker and not the surface

– Upconversion intensity is strongly dependent on the excitation density, i.e. the
counterfeiter would have to reproduce the same dependency to imitate the se-
curity marker

8.2.3.4 Photovoltaics
Photovoltaic systems convert electromagnetic radiation into electric energy. Photo-
voltaic systems that convert solar radiation into electric energy are usually based on
silicon. The efficiency of the conversion strongly depends on the energy, viz. the
wavelength, of the incident photons. Photons with energy higher than the bandgap
are partially thermalized, while photons with energy lower than the bandgap are not
absorbed at all. This factor alone is responsible for approximately 50% of the losses
in silicon solar cells.

Upconverters can increase the efficiency by converting low-energy, long-
wavelength photons into photons that are absorbed by the photovoltaic cell. Sili-
con solar cells have a maximum efficiency of 31% (Shockley-Queisser limit) which
could be increased to nearly 48% with upconversion phosphors [22]. For this ap-
plication Yb3+=Er3+ or Yb3+=Tm3+ upconverters (sensitized ETU) are used [23].
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8.2.4 Remaining issues

Even though upconverters are widely applied, there are still some tremendous
shortcomings. Most annoying is the relatively low efficiency: even upconverters
based on sensitized ETU only reach efficiencies of around 10%. Since the funda-
mental limit for a two-photon process is 50%, the efficiency of upconverters can in
theory be strongly increased and thus research activity in this regard is high.

Furthermore, upconversion requires a high excitation density. The upconver-
sion material, therefore, has to be stable even under prolonged irradiation. As dis-
cussed previously, fluorides are commonly employed hosts and they can be prone
to incorporation of oxygen impurities which decreases the upconversion efficiency.
Additional demand is placed on the stability if the upconverters are used in anti-
counterfeiting security markers on bank notes or clothing [24]. In the medical field,
the upconverters have to be non-toxic and stable in the in vivo environment.

Another open issue is the lack of established upconverters with emission in the
UV spectral range. While Tm3+ can show emission in the UV, the dominant transi-
tions result in emission in the visible spectral region. To achieve UV upconversion
emission, other activators such as Pr3+ will have to be used. The 4f-4f transitions of
Pr3+ in the visible range have a long decay time and can be used for ESA to the fast
decaying 5d states. The radiative 5d-4f transition of Pr3+ is usually located in the UV
region. Thus, Pr3+ activated upconversion phosphors are under heavy development
[6]. Lu3Al5O12:Pr

3+ was shown to exhibit highly efficient upconversion emission in the
UV-A/B region upon excitation at 488 nm [25] und SrLi2SiO4:Pr

3+ reportedly shows
emission in the UV-C upon excitation with a 450 nm laser [26].

8.2.5 Outlook

With increasing efficiency and especially with additional emission wavelengths,
upconverters can gain further application areas. In the medical field, NIR to NIR
upconverters could significantly increase the detection efficiency, since in that case
both excitation and emission are in the 700 to 1000 nm region, where the transpar-
ency of biological tissue is very high. Such upconverters would allow deep penetra-
tion and are useful for in vivo imaging [27].

Night vision can be realized with NIR-to-visible upconverters [28]. Either envi-
ronmental NIR radiation is converted into visible, e.g. green light, or a NIR-torchlight
is used to increase the intensity of the incident NIR radiation. It was even shown in
animal experiments that mice could gain night-vision upon injection with specially
crafted UCNPs [29].

UV-emitting upconverters can be used for disinfection, photobiology, and photo-
catalysis. While strong UV sources, such as Hg-gas discharge lamps, LEDs or Xe exci-
mer lamps, are available, upconverters exhibit advantages over them. For example, it

338 8 Photofunctional materials



can be difficult to direct the UV radiation to a specific spatial position. The penetra-
tion depth of UV radiation in water is several orders of magnitude smaller than that
of blue to cyan light. By exciting an upconverter with blue light, UV radiation can be
generated at the point of care and thus increase the energy efficiency of the disinfec-
tion process [30]. Surfaces coated with a visible-to-UV upconverter can be disinfected
upon excitation with visible light, without irradiating the surface with UV radiation,
which can be harmful to humans and can degrade the material [31]. Figure 8.2.3
shows a Pr3+ activated silicate upconverter for UV-C emission, the greenish hue is a
result of a set of absorption lines of Pr3+ in the blue and red range.
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8.3 Organometallic Ir(III) and Pt(II) complexes
in phosphorescent OLEDs: an industrial perspective

Ilona Stengel, Stefan Schramm

8.3.1 Introduction

Thin, efficient, flexible and infinite contrast – all these are the attributes of a technol-
ogy that has shaped the last 10 years’ development of disruptive innovations (such as
smartphones) like no other, and is now becoming ever more an increasingly impor-
tant topic for large displays and TVs. The name of this technology is organic light-
emitting diodes – short OLED – and organometallic complexes containing Ir(III) and
Pt(II) are at the heart of it.

In this chapter, we want to give the reader an overview on this topic from an
industrial point of view in order to enrich the fundamental academic knowledge
from an application-specific perspective.

Before we explain the precise role of Ir(III) and Pt(II) complexes in OLEDs in fur-
ther detail, we would like to take time and give a general introduction into the topic.

Then, we will discuss in detail a selection of Ir(III) and Pt(II) complexes sorted
by their emission color, and we will use some relevant examples to illustrate key
factors in the development of these molecular species.

Thereafter, we will conclude our overview by highlighting some of the corner
stones that, in our view, will drive the development of OLEDs in the future.

Fiat lux!

8.3.1.1 The OLED working principle
Figure 8.3.1 shows an RGB OLED in a side-by-side configuration. This means that
each pixel has three subpixels: red, green and blue. Every subpixel is an OLED in
itself and therefore comprised of many functional layers. Between an anode and a
cathode there are typically charge transporting layers. Close to the anode side there
are the hole injection and transport layers (HIL & HTL), whereas on the cathode
side are electron injection and transport layers (EIL & ETL). In the middle of the
OLED stack, one can typically find the EML – the emissive layer. This is the place
where the actual light emission happens.

In the OLED context, positive charges that are injected on the side of the anode
are typically called “holes”. Negative charges that are injected on the cathode side
are called “electrons”. Both meet in an ideal case only within the EML. Here, they
recombine forming an exciton, a quasiparticle that describes the excited hole – elec-
tron pair. When the exciton relaxes to its ground state, the emission of light can hap-
pen. In most OLEDs, the light exits the system through one transparent electrode; in
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many cases, this is the anode built of indium-tin-oxide (ITO, a conductive transparent
material deposited onto a suitable substrate).

The whole OLED stack is about 100–200 nm in height, which means that it is
about 500 times thinner than a human hair. In some cases, the layers are only a
few nanometers thick. Nevertheless, a modern OLED is made of at least a dozen dif-
ferent molecular species that are organized in the various layers, which illustrates
the enormous technical understanding and expertise that goes into the design and
the construction of such a complex system.

Looking at the OLED stack from an architectural point of view, it is important
to realize that the energy levels of the materials that constitute each functional
layer have to be perfectly tuned and aligned towards each other. The right part of
Figure 8.3.1 can be interpreted as an energy diagram where the lower edge of each
functional layer marks the highest occupied molecular orbital (HOMO) and the
upper edge corresponds to the lowest unoccupied molecular orbital (LUMO) of the
material used therein. Optimizing the energetic matching of levels to fit adjacent
layers is a fundamental requirement for efficient charge transport and recombination.
In general, there are no “good” or “bad” HOMO/LUMO levels for a given material;
however, they have to be well-adjusted to the other compounds used in the device.

8.3.1.2 Organometallic triplet emitters: a milestone in the history of OLED
There are several mechanisms which can lead to the emission of light in the EML.
The two basic ones are fluorescence and phosphorescence.

Earliest experiments and reports on organic-material-based electrolumines-
cence were related to the emission from purely organic fluorescent molecules,
such as anthracene crystals [1, 2]. The first ever made OLED, which was invented in
the laboratories of Eastman Kodak in 1987 [3], used a fluorescent emitter based on

Figure 8.3.1: The OLED display of a smartphone (left) is comprised of many RGB (red, green, blue)
subpixels in a side-by-side configuration (middle). Each of these subpixels is by itself constructed
of an entire OLED stack, and is made of several functional layers such as HIL, HTL, EML, ETL or EIL
deposited between the cathode (abbreviated as Cath.) and the anode (right).
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three 8-hydroxyquinolinato ligands linked to an aluminum(III) center in a quasi-
octahedral coordination environment; the name of this complex is usually abbrevi-
ated as Alq3. This first OLED was able to emit green light at 550 nm with less than 1%
external quantum efficiency (EQE) and enormous driving voltages of ca. 10 V.

The EQE can be described as ratio of extracted photons from a device by the
number of injected charges, and can be expressed by the following formula:

ηEQE = γ × ΦL × ηr × ηout = ηint × ηout

where ηEQE is the EQE, γ the charge carrier balance factor, ΦL the intrinsic photo-
luminescence quantum yield of the emitter, ηr the radiative exciton utilization
ratio, ηint and ηout the overall internal quantum efficiency and light outcoupling
efficiency [4].

Reflected in there is the central point that the photoluminescence quantum
yield of the emitting species should be large, and the excitons should be utilized to
a maximum.

Today, only blue OLEDs rely on fluorescent emitters in which the maximum
EQEs lie around 10% [5]. Modern green and red OLEDs make use of phosphores-
cence, which can achieve typically EQEs of 25–30% [6].

When two uncorrelated charges (hole and electron, each with a spin angular
momentum characterized by s =½) meet and recombine to an exciton in an OLED
stack, the chance that they form a non-degenerate singlet state (S = 0) is 25% and
75% for threefold-degenerate triplet state (S = 1), due to spin statistics (Figure 8.3.2).
In the case of fluorescent devices, the internal quantum efficiency (IQE) is limited
to 25%, since the triple excitons relax via radiationless deactivation paths as the
phosphorescence (i.e. radiative deactivation from the triplet state into the ground
state) is spin-forbidden. Thus, only excitons corresponding to the lowest excited
singlet state of the molecular species lead to the emission of light, meaning that
75% of the excitons are lost as heat (even if the intrinsic fluorescence quantum
yield of the emitter reaches 100%). Since light outcoupling from the device also oc-
curs under a significant loss factor, the EQE of the early fluorescent OLEDs is typi-
cally low.

The utilization of diamagnetic iridium(III) and platinum(II) complexes as triplet
emitters in OLEDs was pioneered by the research groups of Forrest and Thompson,
giving the EQE and OLED technology in general a great boost. They found a way of
harvesting the remaining 75% of excitons to get a maximum possible IQE of 100%
[7], and realized that phosphorescent molecules could be employed to also access
the so-far lost triplet excitons. Unfortunately, phosphorescence of pure organic mol-
ecules rarely occurs at room temperature, so they needed to find a way to accelerate
the radiative relaxation of the excited triplet states by strong spin-orbit coupling
(SOC). This can be realized by means of the heavy-atom effect, which mixes singlet
character into the lowest triplet state while making the radiative relaxation feasible.
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The singlets, on the other hand (and supported by the aforementioned mixing of
states) rapidly intersystem-cross into the triplet manifold, from where the phospho-
rescence can occur; hence, both classes of excitons are harvested. Consequently,
luminescent metal-organic complexes of Ir(III) and Pt(II) became of large interest.

These triplet emitters are typically applied in conjunction with suitable host
materials. Their purpose is to disperse the emitter in the EML and therefore to atten-
uate several detrimental effects, such as aggregation-caused emission quenching
and exciton annihilation processes [8].

The underlying process of the phenomenon comprising a molecular entity that
emits light upon application of an electric field is called electroluminescence, and
was already discovered in the 1950s [9]. Nevertheless, it took about 50 years from ini-
tial conception to the first real-world application of an OLED device (Figure 8.3.3).

The discovery of organometallic triplet emitters marked a milestone in the tech-
nological development of OLEDs and soon after it enabled early display applica-
tions, at first in the high-end consumer market. An early product, with rather
prototype character, was the Sony XEL-1 released in 2007 [10]. In the following
years, OLED technology matured further by incorporating new ideas and concepts
to finally yield significant improvements in EQE, lifetime, color accuracy and maxi-
mal luminance.

In the year 2013, the production of active-matrix OLED (AMOLED) smartphone
displays by Samsung Display (SDC) hit the mark of 500.000.000, making small
OLED panels a mass market product [11]. Today, large-area OLED TVs by LG Display
are getting increasingly popular and are not a niche product anymore.

Figure 8.3.2: Exciton utilization in an OLED for a) a fluorescent emitter and b) a phosphorescent
emitter.
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8.3.2 OLED emitter materials based on organometallic complexes

8.3.2.1 Highly efficient green and red complexes as phosphorescent emitters
comprising Ir(III) or Pt(II) centers

While the first reported coordination compound utilizing singlets and triplets in an
OLED was a Pt(II) tetrapyrrolate, namely PtOEt [7], the Ir(III)-based complexes have
been more relevant in industrial OLED applications so far. Nonetheless, in recent
years, Pt(II) complexes have become increasingly prominent, due to their perfectly
competitive emission properties, if compared to Ir(III) emitters, mainly due to con-
stantly evolving and optimization-driven ligand sophistication.

Generally speaking, it is necessary to use chromophoric ligands that ensure (i) a
high participation of the metal center on the excited state configuration to maximize
SOC and the radiative deactivation rate kr, (ii) a high rigidity to suppress radiationless
deactivation channels characterized by the rate constant knr and (iii) a strong ligand-
field splitting to destabilize dissociative metal-centered p/d-d✶-configurations to
avoid their thermal population from the emissive state of interest (which otherwise
leads to radiationless deactivation or photochemical decomposition). These measures
maximize the intrinsic quantum yield ΦL = knr= kr + knrð Þ and shorten the excited state
lifetime τ = 1= kr + knrð Þ.

The first highly efficient (and in detail studied) green-emitting Ir(III) complex
was fac-Ir(ppy)3 [12, 13]. This homoleptic complex can be synthesized in one or two
steps, starting from Ir(acac)3 or IrCl3

. xH2O, respectively [14, 15]. fac-Ir(ppy)3 is the
most widely used green OLED emitter, both in academia and in industry, due to its
elegantly simple structure, easy access and bright emissive properties [16–18]. Start-
ing from this basic emitter structure, several series of derivatives have been devel-
oped finding applications in green and red OLEDs. An overview of commonly
utilized structures can be found in Figure 8.3.4.

All commercially relevant iridium-based OLED emitters contain low-spin Ir(III)
centers (with six paired 5d electrons) in a quasi-octahedral coordination envi-
ronment. Ir(III) emitters are generally neutral coordination compounds with three
monoanionic ligands. Although the literature also reports on tridentate ligands,
mainly Ir(III) complexes bearing three bidentate ligands carrying evenly distrib-
uted negative charges are commercially relevant for display applications. Thus,
all Ir(III) emitters have a HOMO located sizeably on the metal center, whereas the
LUMO located either solely on the ligands, or partly on the ligands and partially
on the metal center. As a result, the excited electronic configurations involve one
unpaired electron in each frontier orbital, namely in the HOMO and in the LUMO,
whereas the energy gap between these orbitals can be inversely correlated with
the wavelength emitted from the excited state. The excited state configurations
generally have a metal-to-ligand charge transfer (MLCT) character. These MLCT
states produce relatively broad emission bands (due to a shallower potential en-
ergy hypersurface with an increased density of vibrational states), but also giving

8.3 Organometallic Ir(III) and Pt(II) complexes 347



versatile options for tuning of the luminescence properties by ligand design, as
we will see in the following examples.

Favorable luminescence properties comprise narrow emission spectra (defined
by the maximum emission peak wavelength λmax nm½ � and the full-width-at-half-
maximum (FWHM) in [eV] or [nm]), high photoluminescence quantum yields (ΦL)
in films and in solution, and shortest possible excited state decay times τ [µs] to
avoid triplet-triplet annihilation. Quite often, it can be observed in the literature
that for one complex and one particular photoluminescence (PL) parameter, differ-
ent values are reported. The nature of the solvent or the matrix, the concentration,
the partial pressure of oxygen in the sample, the temperature and other possible
variations resulting from experiments in different laboratories have a drastic influ-
ence on the measured values, as reported in Table 8.3.1. For instance, reference [17]
reports the ΦL and τ of fac-Ir(ppy)3 in different solvents and film-forming matrices.
These values stand in strong contrast to previously reported ΦL and τ values of fac-
Ir(ppy)3 using the same medium [16, 17].

After the discovery that homoleptic fac-Ir(ppy)3 is a very useful phosphorescent
emitter for OLED applications, mainly heteroleptic Ir(III) complexes followed the
developments and succeeded in commercial display applications up to date. In
such compounds, typically two identical aromatic and cyclometalated ligands are
present, which define and carry the LUMO, and one aromatic or non-aromatic ancil-
lary ligand.

An early example of such a compound is Ir(ppy)2(acac), which was one of the
first examples that pushed the maximum external quantum efficiencies to a new
high level [19]. If the ligands are available, the heteroleptic complexes can be synthe-
sized in two steps. First, two cyclometalating ligands are introduced. Second, the an-
cillary ligands, such as acetylacetone (acac), are attached [20–22]. If substituted

Figure 8.3.4: Overview of commonly utilized Ir(III) and Pt(II) structures in green and red OLED
display applications.
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phenyl pyridines are introduced instead of ppy, or other ancillary ligands are utilized,
these ligands have to be prepared upfront by additional synthesis.

Comparing fac-Ir(ppy)3 and Ir(ppy)2(acac), one can see that there is little differ-
ence in the synthetic effort to produce them, as well as in their photoluminescence
properties. The emission spectra and also the ΦL and decay times are very similar,
which is due to the fact that the HOMO is located mostly on the iridium center and
only partly on the ppy ligands, while the LUMO is predominantly located on the
ppy units.

There are also heteroleptic complexes which comprise three cyclometalated
ppy ligands with one of them being differently substituted, e.g. Ir(ppy)2(tpy) [23].
Depending on how electron poor or rich the ancillary ligand is (compared to the
other two cyclometalated ligands), it might contribute more or less to the LUMO. In
the case of Ir(ppy)2(tpy), the additional methyl group has little influence on the
spectral profiles, ΦL and decay times, when compared to homoleptic Ir(ppy)3 (ref.
[23] took the ΦL of 40% for Ir(ppy)3 [17] as a reference when investigating the ΦL of
Ir(ppy)2(tpy) and thus, came to a similarly low value of 41%).

Nevertheless, there is an important effect that makes heteroleptic Ir(III) com-
plexes more favorable compared to their homoleptic analogs: They are able to show
a preferred orientation upon evaporation into the host of the emissive layer. This
holds true for all sorts of heteroleptic Ir(III) emitters and all emission colors while
determining the relative orientation of the transition dipole moments, hence affect-
ing the outcoupling efficiency.

Increasing the EQE of OLEDs via emitter orientation has become a topic of big
interest since it was first observed in 2011 [24, 25]. If fac-Ir(ppy)3 and Ir(ppy)2(acac)
are compared directly in the same device stack architecture, an increased EQE of
21.7% for Ir(ppy)2(acac) is observed, compared to 18.3% for fac-Ir(ppy)3 [26].

By making use of this effect, the outcoupling efficiency (ηout), and therefore the
EQE, is systematically addressed by structural design of the emitter molecules. If the
transition dipole moments of the emitters are oriented randomly, such as in the case
of homoleptic fac-Ir(ppy)3, the light is emitted isotropically from the EML. This results
in a sizeable amount of light losses from side and backward-directed emission as
well as multiple reflections. If the optical transition dipole moment vectors are hori-
zontally oriented with respect to the substrate plane, the light emission occurs per-
pendicularly towards them and hence becomes strongly anisotropic, raising the EQE
[27]. An ideal triplet emitter should therefore not only be designed in a way that its
ΦL approaches unity, but that it also aligns itself horizontally in evaporated films.

The initial observation of an oriented Ir(III) complex was made with Ir(MDQ)2(acac)
[25], which is a well-studied red phosphorescent emitter. Its synthesis was described
in analogy to the green phenyl pyridine derivative [28], and its photophysical proper-
ties are similarly suited for OLED applications. It shows an intense unstructured and
relatively broad emission band from an MLCT state peaking at 609 nm.
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Table 8.3.1: Relevant and representative PL properties of green and red Ir(III) and Pt(II) emitters.

Complex Matrix λmax [nm] FWHM [nm]/[eV] ΦL [%] τ [µs] Ref.

green
fac-Ir(ppy) toluene   / .  . []

toluene  . []
CBP ( wt%)  . []
PS ( wt%)  . []
MeTHF   / .  . []
DCM   / .  . []
DCM  . []
DCE   / .  . []
CBP   . []

Ir(ppy)(acac) toluene   . []
toluene   / .  . []
DCM  []
MeTHF   . []
DCM   / . []
MeTHF   / .  . []

Ir(ppy)(tpy) DCM   / .  . []
MeTHF   []

tetra-Pt-DPPA MeTHF   / .  . []
tetra-Pt-M DCM   . []

PMMA   / .  . []

red
Ir(MDQ)(acac) DCM   / .  []
Ir(piq)(acac) DCM   / . []

DCM   / .  . [, ]
DCM   / . []

Ir(phq)(acac) DCM  []
PMMA  . []
MeTHF   . []
DCE   /.  . []
CBP   . []

PtOEP PS    []
PS   / .  []
PS   / . []
toluene/DMF   []
toluene    []
THF    []

CBP = 4,4′-bis(9-carbazolyl)-1,1′-biphenyl; PS = polystyrene; MeTHF = 2-methyl-tetrahydrofuran;
DCM = dichloromethane; DCE = dichloroethane; PMMA = poly(methyl methacrylate); DMF =
dimethylformamide; THF = tetrahydrofuran; λmax = maximum of emission spectrum in nm; FWHM=
full-width-at-half-maximum of emission spectrum in nm and eV was extracted from the pdf of the
respective reference by the digitalization function of OriginPro 2021b;
ΦL = kr = kr + knrð Þ = photoluminescence quantumyield;
τ = 1= kr + knrð Þ = observed excited state decay time inμs.

350 8 Photofunctional materials



Further design improvements were mostly achieved around heteroleptic phenyl
quinoline (phq) or phenyl isoquinoline (piq) acac complexes, such as Ir(phq)2(acac)
[20, 22, 29] and Ir(piq)2(acac) in order to optimize the emission properties [30–33].
At the same time, as their green ppy counterpart became famous, also phq ligands
for Ir(III) derivatives gained relevance. The synthesis of these derivatives shows
strong similarities.

In order to emphasize the color purity and thus, the narrowness of emission
spectra, we extracted and collected the FWHM from spectra given in literature and
included the data in Table 8.3.1. Once more, it becomes obvious that literature data
on these parameters is pretty heterogeneous and very much dependent on the ex-
perimental conditions (vide supra).

Besides the fact that literature data on photophysical properties of phosphores-
cent complexes is subject to large deviations, another important trend becomes visible
when analyzing different literature reports: Emission properties measured in solution
often differ a lot from the emission characteristics obtained from doped films, in
which the emitter is applied in low concentrations (<10 wt%) into a film-forming solid
matrix. Even the nature of the matrix material can have a significant influence. There-
fore, the host material design carried out to match a particular emitter is equally im-
portant for OLED applications.

Additional aryl and alkyl-substitutions are helpful tools in order to tune the
emission properties of green and red Ir(III) complexes for deeper color purity and
higher efficiency. Several such series of emitter compounds have been successfully
synthesized and investigated [29, 34, 35].

The search for new and optimized emitter structures brought the attention back
to Pt(II) complexes. Already PtOEP, with an emission peak of 648 nm and a FWHM
of 26 nm in a polystyrene matrix, was one of the first examples to show that phos-
phorescent Pt(II) emitters can have very narrow emission spectra [36], a particularly
favorable attribute for OLED display applications. However, PtOEP also presents
the weak point of square planar complexes, which is their tendency to form aggre-
gates via stacking interactions. This phenomenon is usually observed when spectra
of films with increasing concentrations are measured [37]. As a result, broadened
and red-shifted emission profiles are obtained, which are problematic for industrial
applications. The incorporation of sterically bulky substituents, such as twisted
ortho-alkyl-phenyl rings or tert-butyl groups (as comprised by the green emitter
tetra-Pt-M [38]) is an effective countermeasure in this respect. Many Pt(II) com-
plexes have a reduced MLCT character in their excited states, and the enhanced
ligand-centered (LC) character provides a sharp vibrational progression in the
emission profile with higher color purity. In turn, the lowered metal participation
in the excited state goes along with a reduced radiative deactivation rate and with
a prolonged excited state lifetime.

Another downside of Pt(II) complexes is their high susceptibility towards radi-
ationless decay. Due to the square-planar configuration, distorted excited states
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geometries are generally more accessible compared to octahedral Ir(III) com-
plexes, opening up channels for internal conversion and thus, lowering the ΦL.
Rigid ligands which are able to reduce distortions and to cause a strong splitting
of d-orbitals are required in order to realize efficient Pt(II) emitters (typically via
cyclometallation of polydentate ligands to push the metal-centered π/d-d* states
up in energy, making them less thermally accessible) [39].

As a result of the aggregation and radiationless decay tendencies, the early in-
vestigated Pt(II) emitters, which were designed in analogy to the Ir(III) emitters
while bearing bidentate cyclometalated ppy ligands and acac, could not compete
their Ir(III)-based counterparts [40]. The first examples of Pt(II) complexes showing
a stronger ligand field splitting and more efficient emission typically comprised tri-
dentate and cyclometalated 1,3-di(pyridylbenzene) ligands [41].

Along with a stronger ligand field splitting, also the luminescence decay times
of such Pt(II) compounds became shorter by increasing the participation of the
metal on the excited state. While for early bidentate chromophoric units the life-
times were commonly above 8–10 µs [40], tridentate 1,3-di(pyridylbenzene) ligands
provide decay times of 7 µs while the latest examples of Pt(II) emitters are able to
go well below 4 µs (as it is the case for tetra-Pt-M, listed in Table 8.3.1 [38]).

Modern green Pt(II) emitters, such as tetra-Pt-M, are well-armed against aggre-
gation and possess tetradentate ligands providing a strong ligand field splitting.
Thus, they are able to compete with green Ir(III) emitters in OLED display applica-
tions in every respect.

For red phosphorescent emitters, Ir(III) complexes hold a strong position, be-
cause they offer very high efficiency and long durability, creating little need for sub-
stantial improvement. There has been little effort in Pt(II) chemistry attempting to
keep up with red Ir(III) emitters. Since the situation is different in the green, where
more efficient, more color pure and more stable green phosphorescent OLED emitters
are needed, Pt(II) complexes can provide extra levers in order to narrow down the
FWHM [42], pushing the efficiency and making green emitter materials more stable.

It is an ongoing endeavor in OLED material research and development to find
the right ligand and substitution pattern for deepest color, highest efficiency, short-
est luminescence decay time and longest device durability.

8.3.2.2 Stable and blue phosphorescent Ir(III) and Pt(II) emitters
In analogy to green and red bis or tris-cyclometalated Ir(III) complexes, there is a
broad variety of blue Ir(III) emitters reported in the literature since their discovery
almost 20 years ago. Besides fac-Ir(ppy)3, the most widely studied Ir(III) emitter is
FIrpic [43, 44]. It shows sky-blue emission with a CIE-y coordinate of around 0.3,
which does not fulfill the deep-blue color requirements of display applications (a CIE-
y coordinate below 0.1 is needed). Nevertheless, it has often been used as a model
compound to investigate blue phosphorescent OLEDs [45–48]. Synthetically, it is
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obtained in a similar fashion as its green and red counterparts by a two-step ap-
proach [48, 49]. There is much literature data available on the photophysical proper-
ties of FIrpic, a representative collection is listed in Table 8.3.2. Here, a scattering of
experimental data can also be observed, although to a lesser extent if compared with
the green and red emitter examples given in Table 8.3.1. While FIrpic is brightly lumi-
nescent, a deeper blue emission color is required for display applications. Thus, fur-
ther ligand systems have been investigated over the years, such as phenyl-pyridine
derivatives with additional electron-withdrawing substituents [50, 51], or completely
different core structures, such as imidazole or carbene-based ligands.

An example of a deep-blue carbene-based Ir(III) emitter is shown in Figure 8.3.5.
Due to the asymmetric ligand, isomeric mixtures are obtained in the synthesis of Ir(cb)3.
However, all facial isomers have similar photophysical properties [52]. While the synthe-
sis and isolation of the derivative without the tert-butyl group is more straightforward,
the unsubstituted version gives a rather light-blue emission [53], which does not meet
deep-blue color requirements.

Homoleptic Ir(III) complexes with phenyl-imidazole ligands, such as CNImIr,
also show bright and deep blue emission [54]. Nevertheless, deep-blue phosphores-
cence has not been realized in OLED display applications so far. Besides reaching
the required deep-blue color with phosphorescent emitters, the most fundamental
obstacle to make such phosphorescence fit for industrial OLED applications is their
durability. Up to date, blue OLEDs utilizing phosphorescence suffer from short de-
vice lifetime [55]. This is mainly related to the higher energy content of the emissive
triplet state, which can lead to thermal population of dissociative states promoting
the breakup of metal-ligand bonds.

Tackling the challenge of blue OLED durability can be addressed from a device
and a material point of view. The intrinsic material stability has been investigated
intensively during the past 20 years. Although this topic is still relevant for all col-
ors and all sort of OLED materials, FIrpic is a particularly popular model compound
for degradation studies [56–59]. The weakest bonds in OLED materials can be iden-
tified by investigating the structures of decomposition products after heavily stress-
ing the materials, or by computational methods calculating bond dissociation
energies (BDE). Ligand dissociation reactions such as degradation pathways are a
weak point to consider. Therefore, the idea of using multidentate ligands is espe-
cially interesting for blue emitters. Pt(II) complexes with tetradentate ligands show
bright, and most importantly also deep-blue emission properties. Similar to their
green analogues, they have raised an increasing attention in recent years [60, 61].
Especially deep-blue Pt(II) emitters, such as PtON7-dtb [61], are able to show highly
favored emission spectra with narrow maxima. Despite sophisticated ligand design
for many years, the search for a stable phosphorescent deep-blue OLED emitter is
still an ongoing challenge.
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Figure 8.3.5: Overview of commonly utilized Ir(III) and Pt(II) structures in research of blue OLEDs.

Table 8.3.2: Relevant and representative PL properties of blue Ir(III) and Pt(II) emitters.

Complex Matrix λmax [nm] FWHM [nm]/[eV] ΦL [%] τ [µs] Ref.

FIrpic DCE  /.  . []
mCP   . []
DCM  /. []
DCM   . []
ACN  /.  []
DCM  /.  . []
THF   . []
PMMA   . []

Ir(cb) toluene  /. []
PS (%)  . []
PMMA ( wt%) – – .–. []

CNImIr toluene  /. []
mCP ( wt%)  . []

PtON DCM  /.  . []
PMMA   . []

PtON-dtb PMMA (%)  . []
DCM  /. []

DCE = dichloroethane; mCP = 1,3-bis(N-carbazolyl)benzene; DCM = dichloromethane; ACN =
acetonitrile; THF = tetrahydrofuran; PMMA = poly(methyl methacrylate); PS = polystyrene; λmax =
maximum of emission spectrum in nm; FWHM= full-width-at-half-maximum of emission spectrum
in nm and eV was extracted from the pdf of the respective reference by the digitalization function
of OriginPro 2021b;
ΦL = kr= kr + knrð Þ =photoluminescence quantum yield;
τ = 1= kr + knrð Þ = observed excited state decay time inμs.
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8.3.3 Industrial relevance and next generation approaches

In the previous part, we discussed a series of relevant Ir(III) and Pt(II) complexes
that are commonly used as triplet emitters in OLEDs. These compounds are a key
ingredient for today’s success of OLED displays. Much has been achieved for green
and red emitters to improve their performance in devices, such as higher efficiency
by making use of emitter orientation (e.g. with heteroleptic complexes), higher
color purity (narrowing the emission spectra, e.g. by sterically demanding substitu-
ents) and increasing the durability through enhanced chemical stability (e.g. with
polydentate ligands).

Nevertheless, to this date, there is no commercial blue OLED that uses a phos-
phorescent triplet emitter in its EML [62]. This can be explained by the still too
short operational lifetime of phosphorescent blue OLED. For the emission of deep
blue light (typically around 450 nm), a wide HOMO-LUMO gap of about 3 eV is
required. Long exciton lifetimes of the phosphorescent emitters that are in the
order of microseconds (compared to nanoseconds for fluorescence emitters) and
exciton-polaron interactions can create “hot” excited states that have needlessly
high energies [63], lying beyond typical bond dissociation energies, and leading
to degradation of the material.

While the search for stable and efficient phosphorescent blue emitters has been
ongoing for about 20 years now, there are several alternative materials and technolo-
gies which are being developed as a potential solution for the blue range, but which
could possibly also find applications in green and red devices. Phosphor-sensitized
fluorescence (PSF) has long been known [64], but generated more interest in recent
years [53]. It can be regarded as a follow-up technology to classical phosphorescence,
even though it still relies on Ir(III) or Pt(II) complexes. So far, most widely investi-
gated alternatives without organometallic compounds are high triplet-triplet annihi-
lation (TTA) host materials for fluorescent emitters [65], and thermally activated
delayed fluorescence (TADF) materials [66], as well as related approaches such as hy-
perfluorescence [62, 67, 68].

All these follow-up and alternative technologies proved to have their advan-
tages and disadvantages, if compared to classical phosphorescence. It is currently
vividly discussed among experts which technology might be the most promising
one to realize efficient and stable blue OLEDs. Common ground in these discussions
is the thesis that the excited state decay time has to be shortened with respect to
state-of-the-art phosphorescent decay times [69]. Similarly to efficiency enhance-
ment via either molecular orientation and/or device-engineered outcoupling techni-
ques, reducing the excited state decay time in phosphorescent devices may be done
by means of judicious molecular design [70] and/or additionally engineered outcou-
pling layers in the device [71].

Finally, we can conclude that Ir(III) and Pt(II) complexes are the key com-
pounds that made OLED display applications successful during the past 20 years,
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and yet research on new materials still remains a challenge in order to realize effi-
cient and stable blue OLEDs, for which organometallic Ir(III) and Pt(II) compounds
remain promising candidates.
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8.4 Luminescent thermometry materials

Miroslav Dramicanin

Luminescence thermometry is a semi-invasive method for temperature measure-
ments [1]. In this method, a luminescent probe material is placed in a contact with
an object where the temperature should be measured. After the probe and object
reach thermal equilibrium, the temperature is determined from temperature-
induced changes in the luminescent features of the probe. These changes are the
fluctuations in emission intensity, the shape of the emission spectrum, spectral po-
sition and width of the emission band and a lifetime of the excited state, as illus-
trated in Figure 8.4.1. Temperature readings from changes in the shape of the
emission spectrum and excited state lifetimes are self-calibrated methods, meaning
that they do not require calibration with a reference, and are the preferable choice.
Luminescence thermometry is used for many applications where conventional ther-
mometry is not reliable or completely fails, such as, for example, for temperature
measurements at the nanoscale, in biomedicine and in optoelectronics [2]. It is use-
ful also for measurements in harsh environments, such as high-energy radiation
fields [3], and on rotating or moving objects.

Figure 8.4.1: Changes in luminescence of materials that can be used for measurements of
temperature: (a) emission intensity, (b) shape of the emission spectrum, (c) spectral position
and width of the emission band and (d) a lifetime of the excited state.

https://doi.org/10.1515/9783110798890-023
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Since luminescence of all materials depends on temperature, there are endless
possibilities in selecting a material for the luminescence thermometry probe. The
selection is usually done considering application requirements and the measuring
environment. As a rule of thumb, the probe material should be chemically stable
and have strong sensitivity of luminescence on temperature (>1%/K) in the mea-
surement range of interest. So far, lanthanide and transition metal ion-activated
phosphors and semiconductor quantum dots have been the most frequently se-
lected materials for luminescence thermometry probes. Other materials include or-
ganic dyes, metal-organic frameworks, luminescent polymers and carbon materials.

8.4.1 Phosphors activated with trivalent lanthanide ions

Lanthanide luminescence centers in solids are created from the triply or doubly
charged lanthanide ions. These two types of lanthanide centers provide distinct lu-
minescence appearances, even though they are formed from the same elements. Lu-
minescence of trivalent lanthanide ions (Ln3+) mainly occurs from 4f-4f electronic
transitions, and it is characterized by narrow emission bands and long excited state
lifetimes (>μs). The abundance of 4fn energy levels and transitions between them
provides emissions that cover a vast energy range of about 40000 cm−1, from UV
through VIS into NIR. Ln3+-activated phosphors generally show excellent chemical
stabilities and can be prepared in many forms: micro and nano-powders, crystals,
composites, glasses, glass ceramics, thin films and coatings. They are also the class
of materials that up to now has received, by far, the greatest attention in lumines-
cence thermometry [4]. Transition energies of Ln3+ centers show weak sensitivity on
temperature fluctuations (<0.1 cm−1/K), so the thermally induced shifts in the en-
ergy of their emission bands are rarely exploited for thermometry. The same stands
for thermally induced changes in Ln3+ emission bandwidths.

When using Ln3+-activated phosphors, the temperature is determined either from
the ratio of emission intensities that commence from the adjacent thermally coupled
excited levels (LIR) or from the excited state lifetime. In both cases, one can exploit
both downshifting and upconversion emissions, as illustrated in Figure 8.4.2 for Dy3+

and Yb3+/Er3+ LIRs, respectively.
The population of the higher energy excited state increases with temperature,

in accordance with the Boltzmann statistical distribution when two excited states
are in thermal equilibrium. Then, the ratio of emission intensities from thermally
coupled levels is expressed as

LIR Tð Þ=B · exp −
ΔE
kT

� �
;

where B is a constant, ΔE is the energy difference between thermally coupled levels,
k is the Boltzmann’s constant and T is the temperature. The LIR sensitivity to
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temperature changes is greater for larger ΔE values (the largest difference of ap-
proximately 1750 cm−1 is between Eu3+ 5D0 and 5D1 excited states) and decreases
with an increase in temperature. Emission and thermometric properties of Ln3+ cen-
ters are easily estimated using the famous Judd-Ofelt theory [5].

Measurements of excited state lifetimes are not affected by the concentration and
distribution of probe material and are not influenced by fluctuations in excitation
power. For these reasons, lifetime-based luminescence thermometry can be consid-
ered a robust method. It is a convenient technique suitable for luminescence thermal
imaging and mapping, since it requires monitoring of just one emission band. On the
other hand, this technique requires more complex equipment and provides smaller
temporal resolution than intensity-based LIR thermometry. When used with Ln3+

probes, the major problem of this technique is its measurement range. A Ln3+ excited
state lifetime shows negligible change with an increase in temperature over a wide
range, and starts to decrease only at very high temperatures, as shown in Figure 8.4.3
for several Eu3+-activated phosphors. For this reason, the method cannot be used in a
physiologically relevant temperature range (from 20 °C to 50 °C), thus, it is not useful
for most biomedical applications. However, the technique is appropriate for high-
temperature thermometry.

LIR thermometry with Ln3+-activated phosphors are used for the thermal mapping
of surfaces with a high spatial resolution in a scanning thermal microscope (SThM)

Figure 8.4.3: Changes in lifetime values with temperature for several Eu3+-activated phosphors
(Adapted from Ref. [6], with permission from Elsevier).
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[7]. In this instrument, the luminescent temperature probe is attached to the end of
the tip of a scanning probe microscope (SPM) and the measuring object is placed
on a piezoelectric scanning stage, Figure 8.4.4. During scanning, the luminescent
probe that contains Yb3+ and Er3+ ions is excited with a 980 nm laser, the upconver-
sion radiation from the tip is passed through an objective, then divided into two
beams by a beam splitter, and finally passed to two photodetectors through interfer-
ence filters (one centered at 520 nm and a second at 550 nm). After the scan, a ther-
mal image is obtained as the ratio of respective pixel intensities in 520 nm and
550 nm images.

Biomedical subcutaneous in vivo thermal imaging is difficult to perform with thermo-
graphic cameras since they record only tissues’ surface temperature. However, it can
be done by using luminescence thermometry with near-infrared-emitting nano-
particles, whose emission is strongly temperature-dependent in the physiological
range of temperatures (20–50 °C). Er3+, Tm3+ and Yb3+-activated core-shell LaF3
nanoparticles emit in the near-infrared spectral range under 690 nm excitation with
emission bands centered at 1000, 1230 and 1550 nm, due to electronic f–f transitions
in Yb3+, Tm3+ and Er3+ ions, respectively [8]. The ratio between emission intensity at
1000 nm (Yb3+ emission) and 1230 nm (Tm3+ emission) is highly sensitive to tempera-
ture changes, and it is suitable for the in vivo acquisition of two-dimensional thermal
images at the subcutaneous level. The thermal subcutaneous imaging during laser
heating of the mouse is illustrated in Figure 8.4.5 [8]. It involves the injection of a

Figure 8.4.4: Schematic of the luminescence scanning thermal microscope (SThM) (reprinted from
Ref. [1], with permission from Elsevier).
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phosphate-buffered saline dispersion of nanoparticles into a mouse, excitation of the
nanoparticles at 690 nm laser and the collection of NIR emission through two band-
pass filters (1000 and 1200 nm) placed in a motorized wheel (with a 0.3 Hz switching
frequency).

Ln3+-activated phosphors can be used to give forensic evidence of the temperatures
that they have experienced during thermal events [9]. In such cases, they act as off-
line thermometers, i.e. thermal history sensors, usually in high-temperature envi-
ronments for the development and safe use of chemical reactors, engines and gas
turbines. Furthermore, off-line temperature measurements are sometimes the only
option to assess the temperature distribution on an object placed in harsh environ-
ments, such as during a laser annealing or an explosion. In recent years, thermal
history sensors have been used also for monitoring the integrity of pharmaceutical
products, ensuring the quality of foods and beverages, and monitoring the degradation

Figure 8.4.5: The two-dimensional subcutaneous in vivo thermal imaging on a mouse, acquired
from the ratio of intensities of emissions at 1000 and 1230 nm from Er/Yb@Yb/Tm LaF3 core-shell
nanoparticles. (Reprinted from Ref. [8], with permission from Wiley.).
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of consumer electronics and batteries. The operation of these sensors is based on an
irreversible and repeatable change of sensor properties with temperature, most fre-
quently the phase transformation, crystallization of phosphor, diffusion of activator/
sensitizer ions or emission killer center ions as well as oxidation of activator ions.

8.4.2 Phosphors activated with divalent lanthanide ions

In some host materials that have divalent constituent ions, Sm2+, Eu2+, Tm2+ and Yb2+

are stable and can luminesce. These luminescent centers provide a broadband emis-
sion due to 5d → 4f transitions with a wavelength of the emission band that signifi-
cantly depends on the host material, and a line emission due to 4f → 4f transitions.
The energy difference between 5d and 4f levels is relatively high, much higher than
the difference between adjacent 4f levels in trivalent lanthanide centers. For this rea-
son, luminescence thermometry based on the temperature dependence of the ratio of
intensities between 5d → 4f and 4f → 4f transitions is more sensitive to temperature
fluctuations than conventional LIR with Ln3+ centers. However, thermal coupling be-
tween d and f centered configurations is only possible when there is a strong elec-
tron-phonon coupling.

Thermal image of operating printed circuit boards (PCB) can be acquired using
fine Sm2+-doped SrB4O7 luminescent powder and a luminescence microscope [10], as
shown in Figure 8.4.6. To make a thermal image, the part of the operating PCB is
covered with the powder, illuminated with 365 nm radiation, and the lumines-
cence is recorded with two monochrome CMOS cameras after splitting the emis-
sion beam and passing one of them through a short-wave pass-filter (590 nm),
and the second through a long-wave pass-filter (650 nm). The thermal image is then
created by rationing the respective pixel intensities of two images and calculating the
temperature with calibration data. These two emission windows correspond to the
5d → 4f and 4f → 4f transitions, respectively.

8.4.3 Phosphors activated with transition metal ions

Phosphors activated by Cr3+ (in a strong crystal field) and Mn4+ are frequently used
as luminescence thermometry probes both in LIR and in lifetime-based measure-
ments. Thermally induced shifts in the energy of their emission bands and band-
widths can be exploited for thermometry since they are much larger than in Ln3+.
These materials are efficient emitters in the deep-red and NIR spectral regions,
which make them attractive for many applications, for example, in biomedicine [11]
due to low interference between biological media and radiation of long wave-
lengths. In the LIR approach, the temperature can be determined from the ratio of
emission intensities from the 4T2 →

4A2 and
2E → 4A2 transitions in Mn4+ and Cr3+,
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Figure 8.4.7. However, these emissions overlap, and data processing requires de-
convolution of the emission spectrum [12].

Figure 8.4.6: (left) Image of the printed circuit board with a circle marking the imaged area; (upper
right) the optical monochrome image of the thermally imaged area; (lower right) thermal image of
the marked circuit area operating with a DC current of 5.3 A; the scale bars represent 100 μm.
(Reprinted from Ref. [10] under a Creative Commons Attribution 4.0 license.).

Figure 8.4.7: Overlapping emissions from the 4T2 →
4A2 and

2E → 4A2 transitions in Cr3+ and Mn4+

used for measurements of temperature.
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Both Cr3+ and Mn4+ have long excited state lifetimes, ranging from a few hun-
dred μs to a few ms, depending on the host material, and are strongly affected by
temperature variations. Temperature quenching of their emission occurs by a ther-
mally-activated crossover through the 4T2 level or by thermally-activated auto-
ionization in the case of hosts with small energy band gaps. These processes lead to
temperature-sensitive lifetimes in the 0.5–3%/K range. As a rule of thumb, in phos-
phors with a small 4T2 energy, the lifetime sensitivity on temperature is large. In
recent times, Ti3+ luminescence centers have been demonstrated as efficient probes
for both LIR and lifetime luminescence thermometry [13]. The 2E level lifetime from
Ti3+ centers in SrTiO3 shows a sensitivity to temperature as high as 5.5%/K.

8.4.4 Phosphors with two luminescent activator ions

The main limitation for applications of LIR and lifetime-based luminescent thermome-
ters is their relatively low sensitivity on temperature, which affects the temperature res-
olution of measurements. To overcome the sensitivity limitation, it is useful to use
probes that contain two types of luminescence centers that have different sensitivity
on temperature. They can be sought among different combinations of Ln3+ and transi-
tion metal centers. These may be co-doped into a single host material or separated into
different hosts comprising a mixture. With such probes, the LIR thermometry usually
utilizes transition metal centers for rapidly decaying emissions and Ln3+ centers for
temperature-independent or slow-changing emissions. Some exemplary dual-activated
probes are a Ho3+:Y2O3 and Mn4+:Mg2TiO4 binary mixture, Dy3+/Mn4+:BaLaMgNbO6,
Er3+/Ni2+:SrTiO3, Nd

3+/Cr3+:Gd5Al5–xGaxO12, Ce
3+/Mn4+:Lu3Al5O12, Eu

3+/Mn4+:Y3Al5O12

and Eu3+:GdVO4 + Cr3+:Al2O3 hybrid particles.
A high sensitivity of luminescence thermometry can be achieved with several

probes activated by two Ln3+ centers (for example, Nd3+/Eu3+:YVO4 and Ce3+/Tb3+:
YBO3 phosphors) and a combination of Ln2+ and Ln3+ centers, such as Eu2+/Eu3+:
Sc2O3 nanoparticles [14]. Different quenching rates for Eu2+ and Eu3+ emissions by
temperature is easily observed from changes in the color of Eu2+/Eu3+:Sc2O3 nano-
particles in Figure 8.4.8. The use of defect emissions from the host material and
Ln3+ luminescence is another possibility for the creation of highly sensitive ther-
mometry probes. The typical examples are anatase TiO2 nanoparticles doped with
Eu3+ or Sm3+.
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8.4.5 Semiconductor quantum dots

In addition to the well-known set of the size-dependent properties of semiconductor
quantum dots (QDs), their luminescence also displays sensitivity to temperature,
which is dependent on nanoparticle size. This feature boosted the use of QDs in lu-
minescence thermometry, especially at nanoscale and in biomedical environments.
Temperature fluctuations affect QDs emission intensity, the spectral position of the
emission peak, the width of the band and the lifetime. All these luminescence fea-
tures usually change linearly with temperature, which simplifies calibration of lu-
minescence thermometry sensors and provides an invariable sensitivity across the
complete measurement range. The extent of temperature-induced changes in lumi-
nescence is different for different types of QDs, it depends on their size and surface
chemistry. The emission intensity of QDs demonstrates the strongest variation with
temperature changes (it rapidly decreases with temperature increase, i.e. emission
quenching). However, in some cases, the emission of QDs may exhibit an anti-
quenching effect, i.e. the increase in the intensity of emission with a rise in temper-
ature [15].

The sensitivity to temperature of QDs emission maxima can be either positive
or negative. The emission peak redshifts with a negative temperature sensitivity in
cases of QDs with a strong confinement of electrons and holes, while the QDs emis-
sion peaks show blueshift with temperature increase when there is a weak electron
and hole confinement. For example, in PbS QDs with a diameter <5 nm, the emis-
sion peak redshifts with a rise in temperature, but for larger dots (diameter >5 nm)
the blueshift occurs and becomes more pronounced with an increase in dot size.

Figure 8.4.8: Eu2+/Eu3+:Sc2O3 luminescence thermometry nanoprobes (reprinted from Ref. [14],
with permission from Wiley).
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Highly sensitive luminescence thermometry probes can be constructed by doping
QDs with Ln3+ or transition metals (for example, Eu3+-doped ZnS, Mn2+-doped ZnSe
or Mn2+-doped CsPbCl3). In such probes, intensities and shapes of spectra are deter-
mined by the QDs’ exciton energy, energies of excited states from impurities and the
energy difference between them; see Figure 8.4.9.

For luminescence thermometry, the interest focusses on in QDs where impurity
levels are located within the semiconductor energy gap, close to exciton energy
states (Figure 8.4.9b; illustrated for the Mn2+ 4T1 level). Then, the excited popula-
tions are shared between excitonic states and impurity energy levels. The ratio of
intensities of the exciton recombination emission and impurity emission is excep-
tionally sensitive to temperature fluctuations and can be exploited for thermometry.
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8.5 Crystals for solid-state lasers

Christian Kränkel

8.5.1 Introduction

Lasers based on solid-state gain materials can be roughly classified into three groups:
semiconductor-based lasers, fiber lasers and crystal lasers. Only the last are typically
referred to as solid-state lasers. They usually utilize single crystalline host materials,
which are optically inactive in the region of interest and doped with few per mill to
few percent of an optically active ion, in most cases from the transition metal or rare-
earth group. In recent years, also polycrystalline host materials, so-called ceramic
laser materials, raised the interest of researchers. This chapter is focused on single
crystals, but many of the considerations made here are valid for ceramics, too. The
brevity of this chapter requires to present several correlations without supplying
proper physical or chemical background and some are just useful rule-of-thumb
guidelines.

Figure 8.5.1 highlights the multitude of parameters to be considered for the
proper choice of a host crystal for a solid-state laser application. In most cases com-
promises have to be made, because some desirable properties are even contradictory.
As an example, a large gain bandwidth required for the generation of ultrashort laser
pulses often goes along with a disordered structure, which is detrimental for the

Figure 8.5.1: Aspects and properties to be considered for the choice of a suitable laser host crystal.
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thermal conductivity. Thus, when targeting high average output powers in ultrashort
pulses, there is always a trade-off between highest thermal conductivity and largest
gain bandwidth.

In the following, several of the parameters listed in Figure 8.5.1 and their rele-
vance will be introduced briefly, before some aspects on crystal growth of laser ma-
terials are highlighted. Finally, the most common host crystals for solid-state lasers
with their advantages and disadvantages are introduced.

8.5.2 Crystal properties relevant for solid-state lasers

In this section, the most relevant properties for the choice of a proper host material
for a rare-earth-doped laser are introduced. Some of the parameters may appear ob-
vious. However, in order to get a complete picture for the interrelations between
important parameters, it is essential to mention them as well.

8.5.2.1 The doping ion site
With only a few exceptions, most solid-state lasers are based on intra-shell transi-
tions. For rare-earth laser active ions these transitions take place within the 4f shell,
while for transition metals the 3d shell is relevant. According to the Laporte rule,
such transitions are parity forbidden and an inversion-center-free site symmetry is re-
quired to promote relevant transition cross sections for active ions incorporated on
this site. The 11 Laue groups among the 32 point groups exhibit inversion centers and
are thus not suited for the incorporation of laser active ions (Table 8.5.1).

Table 8.5.1: Overview of the 32 crystallographic point groups in Hermann-Mauguin (Schoenflies)
notation. Dark grey background indicates sites without inversion symmetry, light grey background
indicates the presence of inversion symmetry, making these sites unsuited for laser ions.

Symmetry Point group

Triclinic 1 (C1) �1 (Ci)

Monoclinic 2 (C2) m (Cs) 2=m (C2h)

Orthorhombic 222 (D2) mm2 (C2v) mmm (D2h)

Tetragonal 4 (C4) �4 (S4) 4=m (C4h) 422 (D4) 4mm (C4v) �42m (D2d) 4=mmm

(D4h)

Trigonal 3 (C3) �3 (C3i) 32 (D3) 3m (C3v) �3m (D3d)

Hexagonal 6 (C6) �6 (C6h) 6=m (C6h) 622 (D6) 6mm (C6v) �6m2 (D3h) 6=mmm

(D6h)

Cubic 23 (T) m�3 (Th) 432 (O) �43m (Td) m�3m (Oh)
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For the actual incorporation of a dopant into the structure, the charge and the
size of the dopant are relevant. Most rare earths ions are only incorporated in their
trivalent state, which is usually desired for laser applications. However, Ce3+ with
only one electron in the 4f shell and Tb3+ with a half-plus-one filled 4f shell are
prone to be incorporated in the tetravalent state. In turn, ytterbium, located at the
end of the lanthanide row, is sometimes found to be incorporated in the divalent
state to completely fill its 4f shell; also samarium exists as a divalent ion. The situa-
tion is even more complicated for transition metal ions, many of which can exist in
various oxidation states from II to VII.

Both criteria, size and charge, have to be considered when selecting a suitable
host material to avoid the incorporation in an unwanted oxidation state or a strong
segregation of the doping ion in the host crystal. Even possible clustering of the
doping ions must be considered when rare-earth ions are incorporated on divalent
sites, e.g. in CaF2 or SrF2 [1]. To avoid this, monovalent co-doping (mostly by Na+) is
often applied.

The ionic radius of trivalent rare-earth ions is on the order of 1 Å, while the ionic
radius of transition metals varies strongly between ~0.3 Å and ~0.9 Å depending on ele-
ment and oxidation state. Further details can be found in Table 8.5.2. From this aspect,
it is straightforward to assume that a rare-earth doping ion replacing another rare-earth
ion in the host crystal is a good choice. However, most rare-earth ions are optically ac-
tive and their energy levels are likely to interact with the dopants’. Only Sc3+, Y3+

with their empty 4f shell and Lu3+ with its completely filled 4f shell are usually good
choices for cations to be replaced in the host – though the effective radius of Sc3+

of 0.87 Å is somewhat smaller than for the optically active rare-earth ions (Table 8.5.2),
possibly leading to low segregation coefficients. Gd3+ is another possible choice, as its
half-filled 4f shell is strongly bound and the lowest excited states are found in the ul-
traviolet (UV) with a low probability to interact with visible or infrared lasers.

Regarding the size of a site, the coordination number of a doping ion site can also
serve as a rough guideline. As an example, fourfold coordinated sites with tetrahedral
coordination spheres are too small to incorporate rare-earth ions. Figure 8.5.2 shows
which sites are occupied by common doping ions for the example of the popular laser
host material YAG (Y3Al5O12). Due to the lanthanide contraction, lighter rare-earth
ions including e.g. Nd3+ exhibit a larger ionic radius and can thus only incorporated
in small amounts, typically below 2%, into YAG, whereas from a crystallographic
point of view, the growth of YbAG, i.e. YAG doped with 100% of Yb3+, is possible.

In most cases, there is an upper limit for the doping ion concentration useful
for efficient laser operation. Electric dipole-dipole interaction probabilities follow a
strong R–6 dependency on the distance R. Thus, with increasing doping level and
reduced average distance of the doping ions, a quite drastic onset of – usually detri-
mental – processes such as cross-relaxation and upconversion can be observed. To
increase the doping limit for the onset of such processes, host materials with a
larger distance between the doping ion sites are useful in some cases.
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8.5.2.2 Transparency
A laser host crystal should be optically inactive and transparent for the pump and
laser wavelength. This requires the absence of optically active ions in the host
structure, which would be prone to interact with the energy level scheme of the de-
sired dopant. Besides this aspect, the short wavelength transmittance range is ulti-
mately limited by the band-gap energy and the long wavelength limit is determined

Figure 8.5.2: Preferred doping sites of rare-earth and transition metal ions for the example of
yttrium aluminum garnet (YAG).

Table 8.5.2: Effective ionic radii and masses of typical doping ions in oxide [fluoride] configuration
with data from [2]. Values in (parentheses) are from [3] for halide and chalcogenide configurations.
In [3] also a value of 1.27 Å for Nd3+ in twelvefold coordination is found. “–” indicates that the ion
is usually not found in the respective coordination. For missing
values, no data are available. Diameters of respective cations in the host structure are found in
Table 8.5.3 a-d (vide infra).

Coordination Fourfold Sixfold Eightfold Ninefold Atomic
mass [u]

Ion Ionic radius in Å

Pr+ – . [.] . [.] (.) .

Nd+ – . [.] . [.] . [.] .

Tb+ – . [.] . [.] .

Ho+ – . [.] . [.] (.) .

Er+ – . [.] . [.] (.) .

Tm+ – . [.] . [.] (.) .

Yb+ – . [.] . [.] (.) .

Cr+ – . [.] . [.] – .

Cr+ – . [.] – – .

Cr+ . [.] . [.] – – .

Ti+ – . [.] – – .
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by the phonon energies of the host materials, leading to the so-called phonon cut-
off. However, this definition of a transmission window covers the whole range with
a transmittance above zero, while for efficient laser operation the absorption losses
in the host crystal should be significantly below the output coupler transmission,
i.e. on the order of 1% or lower.

As an example, the transmission of YAG is usually stated to range from ~0.2 µm
to >6 µm (Figure 8.5.3). Still, the range with a transmittance high enough to warrant
efficient laser operation is much narrower and extends only from ~0.4 µm to ~3.0 µm.
To account for this fact, in Table 8.5.3 at the end of this chapter the minimum pump
and laser wavelength are defined by the energy at which two photons can bridge the
band gap, either by two-photon absorption or by excited state absorption (ESA) from
the upper laser level. The long wavelength limit of the transmission is the wavelength
corresponding to photon energies of four times the maximum phonon energy of the
host material. The possibility of a fourth-order multiphonon decay process was shown
to decrease the radiative transition probability enough to be detrimental for the laser
process [4]. Even though other factors are relevant for the actual wavelength limits of
laser transitions in a host material, these simple approximations can serve as useful
rules of thumb to compare different host materials. It should, however, be noted, that
the ground state of rare-earth ions can be energetically located within the band gap,
i.e. even lower photon energies can be sufficient to reach the conduction band by two-
photon processes.

Figure 8.5.3: Transmittance of an undoped 10 mm long YAG sample. The curve shows the
transmission range, the grey area roughly indicates the range useful for efficient laser operation.
Note that the transmission does not reach 100% due to Fresnel reflection at both surfaces of the
sample, which amounts to ~8% e.g. at 1 µm.
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Notably, in most cases, transmittance curves are not corrected by (wavelength
dependent) Fresnel reflections at the surfaces of the sample. This is also seen in
Figure 8.5.3, where the transmittance of YAG appears to be below 90% at any
wavelength, caused by the total Fresnel reflection of more than 10% at any wave-
length. In a laser, Fresnel losses can be avoided e.g. by respective surface coatings
or Brewster-angle arrangement of the laser crystal.

The transparency range can further be affected by impurities, in particular
broadband absorbing transition metal ions like the omnipresent iron and by the
presence of color centers in the host crystals. In oxides, color centers are caused by
a lack of oxygen atoms in the crystal, which can result from a very reducing growth
atmosphere sometimes required to protect the crucible from damage. The empty
O2–-sites are filled by electrons (e–), causing characteristic broad absorption bands
in the visible, which gave color centers their name.

8.5.2.3 Thermal conductivity and phonon energies
Besides influencing the transparency of laser host crystals, phonons are also rele-
vant for the thermal conductivity of a crystalline material. The thermal conductivity
κ of a solid-state material is given by the relation

κ= cp · ρ · α (8:5:1)

with the specific heat capacity cp, the density ρ and the thermal diffusivity α. In in-
sulating laser crystals, α is mainly driven by photon propagation due to the lack of
mobile conduction band electrons, which provide the main contribution to heat
transport in metals. In eq. (8.5.1), it may appear as if a high density of a material
promotes high thermal conductivity. However, this effect is partially counterbal-
anced in the phonon energy, which decreases with the mass m of the oscillating
atoms and is proportional to m− 1=2 . As a consequence, e.g. among the isostructural
cubic sesquioxide crystals scandia (Sc2O3), yttria (Y2O3) and lutetia (Lu2O3), yttria
possesses the highest phonon energies and also the highest thermal conductivity in
the un-doped state (Figure 8.5.4) despite having the lowest density among the three
materials.

As a general trend, oxide crystals exhibit higher phonon energies than fluoride
crystals. However, besides high phonon energies, also an efficient propagation of the
phonons is required. In the context of ion-doped laser crystals, mass difference pho-
non scattering must be considered: It is intuitive that a heavy doping ion replacing a
light cation in a crystal structure is detrimental for the propagation of phonons.
Therefore, thermal conductivity often drops significantly with doping concentration
(Figure 8.5.4). This effect can be reduced in materials with a low mass difference be-
tween the doping ion and the replaced cation. For example, the thermal conductivities
of Lu2O3 and LuAG (Lu3Al5O12), both shown in blue in Figure 8.5.4, drop only margin-
ally with increasing Yb3+-doping concentration, because lutetium and ytterbium are
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neighbors in the Periodic Table with very similar atomic masses, whereas a significant
decrease of the thermal conductivity with Yb3+-doping can be observed in Y2O3 and
YAG, both shown in green in Figure 8.5.4. As a consequence, due to the strong influ-
ence of the doping ions on the thermal conductivity, the value for the undoped crystal
is in many cases not sufficient for the thermal design of a laser.

The average phonon propagation length further reduces in materials with a dis-
ordered structure incorporating different ions statistically distributed on the same
lattice site – and obviously in glasses with an amorphous structure. Such materials
possess low thermal conductivities even when undoped, which, however, does not
significantly decrease with doping ion density. This is also seen in Figure 8.5.4 for
the disordered mixed sesquioxide crystal (Lu,Sc)2O3 (red curve), where Lu3+ and Sc3+

share the same crystallographic sites.

Lattice phonon energies are also relevant for other aspects of laser gain media. As
briefly mentioned before, a too low energetic difference between the excited level
and the next energetically lower level (not necessarily the laser terminal level), im-
poses a risk of a multiphonon decay of the excited state, creating phonons (i.e. heat)
instead of photons. This risk exists for laser transitions with an energetic gap, which
is smaller than four to five times the maximum phonon energy. As the phonon ener-
gies in laser crystals typically do not exceed 1000 cm–1 (the unit cm–1 chosen here for
convenience is a unit of wavenumbers; multiplication with hc yields the actual en-
ergy), this has in most cases low implications for visible and near-infrared lasers. In
contrast, for mid-infrared lasers in the 3 µm range, corresponding to ~3000 cm–1, the
phonon energies are crucial for the choice of a host material. It should be noted that

Figure 8.5.4: Thermal conductivity of different garnet and sesquioxide laser host materials vs. Yb3+

doping concentration. The x-axis extends to ~14 at% doping in YAG or ~7 at% doping in Lu2O3,
which are realistic upper limits for the use of Yb3+ in efficient lasers.
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not only nonradiative decay directly on the laser transition is detrimental for the
laser efficiency. The energy level scheme of Pr3+ is an example for a highly energetic
laser transition, which is prone to detrimental nonradiative decay from the upper
laser level 3P0 into an intermediate 1D2 energy level in host materials with high pho-
non energies.

The Dieke diagram (Figure 8.5.5) clearly reveals that the presence of phonons
with hundreds of cm–1 energy in typical laser host crystals alone is responsible for
most of the energy levels not being useful upper laser levels, because their lifetimes
are strongly quenched by (multi)phonon decay. While this process is always detri-
mental for the upper laser level, it is required to efficiently depopulate the laser ter-
minal level back into the ground state and, also for a fast energy transfer from the
pump acceptor level into the upper laser level, if not in-band pumping is applied.

Figure 8.5.5: The Dieke diagram after [5] updated with data from [2, 6] shows the energy levels of
rare-earth ions in LaCl3. As the influence of the crystal field on the energy levels is low, this
diagram is also useful for all other rare-earth-doped laser crystals. It should be noted that various
further energy levels exist at higher energies, while most of them are not relevant for the
respective laser schemes (though ESA into these levels may be relevant).
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8.5.2.4 Crystal field strength
It goes beyond the scope of this chapter to introduce all peculiarities of possible laser
ions. Rare-earth ions possess a shielded 4f shell, making their energy levels widely
insensitive to a change of the host matrix. Therefore, the Dieke diagram in Figure 8.5.5
is very useful, as the characteristic spectroscopic fingerprint of any rare-earth doping
ion can be recognized in all host materials. In contrast, for transition metals as
the second class of prominent laser ions, the laser transitions take place in the un-
shielded 3d shell, which makes this class of ions highly sensitive to changes of the
crystal field. For the case of transition metals, thus, the less intuitive Tanabe-Sugano
diagrams [7] are required, which indicate the level energies versus a normalized rela-
tive crystal field strength.

Despite the low influence of the crystal field on rare-earth ions, depending on
the laser ion, a high or a low crystal field strength can be desirable. A low crystal
field strength decreases the splitting of energy levels of the 4f n–15d1 configuration
of rare-earth ions, which is beneficial e.g. for visible lasers based on Pr3+ and Tb3+,
which are prone to ESA from the upper laser level into 4f n–15d1 energy levels. Even
though the influence of the crystal field on the energetic positions of the energy lev-
els is low, the transition cross sections can vary by orders of magnitude, depending
on the symmetry of the doping ion site. The combination of both effects shifts the
spectral emission peak positions only slightly, but it may change the ratio of the
intensity of different emission peaks so that another peak becomes the dominant
laser transition. Moreover, effects like ESA or cross relaxation may become more (or
less) resonant, which can also strongly influence the laser performance. It should
again be noted, that many of these effects – namely the interionic processes – also
strongly depend on the (average) distance between the doping ions. This quantity
depends stronger on the chosen doping ion density than on the doping ion site dis-
tance of the host.

Figure 8.5.6 shows the redshift of the luminescence from Ce3+ doped into differ-
ent host materials compared to the free Ce3+ ion. Due to the strong effect of the crystal
field on the unshielded 5d levels, an increasing crystal field strength shifts the lowest
energy levels of the 5d configuration downwards. This reduces the energy of 5d → 4f
transitions and yields a red-shift. Thus, the crystal field depression of the 5d fluores-
cence of Ce3+ can serve as an indicator for the strength of the crystal field of a given
host material. P. Dorenbos performed such measurements for a vast number of mate-
rials [8–12], and deduced some general trends. As can be seen in Figure 8.5.6, the
crystal field depression of oxide host materials is usually stronger than that of fluo-
ride host materials. This can be easily understood, because in the same coordination
with similar distances, a divalent O2– ligand provides a stronger Coulomb field than a
singly charged F–. In the same manner, a highly coordinated site provides a lower
crystal field strength than a site with a lower coordination number, because usually
the distance between the ligands and the doping ion increases with coordination
number and the Coulomb field decreases.
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For this reason, for visible lasers which are prone to 4f-5d ESA as previously
mentioned, fluoride crystals are often preferred. Nevertheless, as already men-
tioned, too, fluorides provide a lower mechanical strength and lower thermal con-
ductivities, thus they are not the first choice when it comes to high power laser
operation. Here, highly coordinated materials, such as the twelvefold coordinated
SRA (SrAl12O19) from the hexaaluminate family, may be favorable. However, as a
trade-off, a high coordination number intrinsically brings the coordination sphere
closer to a spherical symmetry, which often goes along with significantly reduced
transition cross sections.

8.5.2.5 Further thermal and mechanical properties
Though not of paramount importance in many cases, there are various further prop-
erties which can make a laser host crystal more or less useful for the targeted laser
ion and/or application. Among these are the mechanical stability of the crystal in-
cluding its hardness, brittleness and fracture toughness. These properties can
strongly hamper the possibility to prepare and polish samples of the desired orien-
tation and/or geometry. The handling of brittle and soft materials is obviously quite
delicate.

Chemical properties such as hygroscopicity and solubility must as well be con-
sidered, as they influence storage and cleaning of the samples. In these aspects, in
particular most chloride and bromide crystals are not favorable, but also various
nonlinear crystals such as ß-BBO (ß-Ba(BO2)2) are slightly hygroscopic.

When it comes to high power laser operation and/or the layout of fundamen-
tal mode resonators, thermal effects such as thermal expansion dL/dT and the

Figure 8.5.6: Crystal field depression represented by the redshift of the 5d → 4f fluorescence of
Ce3+ in various host materials over their material identification number modified from [8]. The
material identification number is somewhat random, but it clearly separates fluorides, oxides and
other classes of materials. The solid line connects the respective La compositions and serves as a
guide to the eye to indicate the increasing trend of redshift from left to right.
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temperature coefficient of the refractive index dn/dT have to be considered, as
both effects contribute to thermal lensing, i.e. the formation of a lens effect due to
temperature gradients between the pumped center of a laser crystal and its colder
outer regions.

Mechanical, thermal and chemical properties as well as the refractive index are
also relevant, when a coating of the laser crystal is desired. Obviously, the crystal
should be inert towards the coating materials, but less obviously a certain heating of
the sample during the coating process is unavoidable and strong differences between
the thermal expansion of the coating and the sample may lead to stress, resulting in
an exfoliation of the coatings or even the formation of cracks in the samples.

Finally, there is a large number of further materials properties, which have to
be considered. These include linear and nonlinear refractive indices, the possible
formation of transient and permanent color centers by intense and/or high photon
energy light, thermal shock resistance, Young modulus and tensile strength, along
many others, which can not be discussed in detail here.

8.5.3 Growth of laser crystals

The growth of high-quality laser crystals (see also Chapter 6.7) can be very demand-
ing. The melting points of oxide materials can exceed 2000 °C, imposing harsh con-
ditions for all materials involved. On the other hand, the success of a laser material
is largely determined by the possibility to grow it in sufficient size and quality by a
cost-efficient growth method. Consequently, only for few established laser crystals,
such as YAG, YVO4 and Ti:sapphire, a steady commercial supply is available. In
contrast, for many other laser crystals, further research is required to adapt existing
growth techniques for this purpose. The details of laser crystal growth methods ex-
tend far beyond the scope of this chapter and can be found e.g. in [13, 14]. However,
few aspects are mentioned here to explain the difficulties for the commercial avail-
ability of laser crystals and existing variations in their quality.

One important aspect regards the required crucible material. Materials with a
phase transition from the solid to the liquid phase without strong evaporation of any
component can be melted in a chemically inert crucible with a sufficiently high melt-
ing point. For oxides, only few suitable crucible materials exist. Among them are mo-
lybdenum, tungsten, tantalum and rhenium as well as the noble metals osmium,
iridium and platinum. The material price and its volatility as well as the fabrication
costs of a crucible can be limiting factors for the availability of a laser crystal. As an
example, sesquioxide crystals like Lu2O3 are typically grown from expensive to fabri-
cate rhenium crucibles [15], which are prone to damage in insufficient growth atmos-
pheres. On the other hand, fluoride crystals possess typically much lower melting
temperatures below 1500 °C. Such temperatures allow for the growth from comparably
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cheap to fabricate platinum crucibles, but also affordable vitreous carbon crucibles
are feasible due to the required oxygen free growth atmosphere.

Besides the crucible materials, also the cost of the starting materials should be
considered. As an example, starting powders of the widely applied yttria are easily
available in very high purities of 6 N (99.9999%) for few hundred euros per kg, while
lutetia powder is usually an order of magnitude more expensive. In addition, due to
lutetia’s nearly twice molecular weight compared to yttria, the actual mass required
for a specified crystal volume is higher. Therefore, despite the good match of weight
and size of Lu3+ and the heavy rare-earth ions Yb3+, Tm3+, Er3+ and Ho3+ and the cor-
responding advantages, the commercial availability of Lu-containing crystals is cur-
rently lower than for those incorporating yttrium (Y).

The Czochralski technique [16] is widely applied to the growth of laser crystals
including garnet crystals such as YAG, vanadates, CALGO (CaAlGdO4) and fluoride
crystals, such as YLF (LiYF4) or LiCAF (LiCaAlF6). Recently, there are also first re-
ports on the growth of mixed sesquioxides by this method [17]. In the Czochralski
technique, the crystals are grown on a seed from the crucible. Even without detailed
knowledge on phase diagrams, it is evident that the composition of a melt steadily
changes if the composition of the growing crystal differs from that of the melt. For
such incongruent melts, where the segregation coefficients strongly deviate from
unity, not all of the melt can be used, limiting the achievable crystal size. For Pr3+

in YLF, the segregation coefficient is ~0.2 [18], which leads to strong and often un-
desired gradients of the doping ion in the grown crystal. Some materials, including
most double tungstates such as KYW (KY(WO4)2) and many borate crystals, do not
crystallize in the desired phase at their melting temperature. Successful growth is
realized by adding a solvent to the melt, which solves the material at temperatures
significantly below the actual melting point. This so-called flux growth method usu-
ally significantly decreases the growth velocity and bears the risk for undesired incor-
poration of the flux into the grown crystal, which explains strong quality fluctuations
in commercially available tungstate crystals.

Others like the Bridgman technique [19], the Bagdasarov method [20] and heat
exchanger growth (HEM) [21] and their modifications are based on a directional solid-
ification in the crucible. Such methods allow for the growth of large crystals, e.g.
used as amplifier crystals for petawatt Ti:sapphire based laser facilities, but they are
also successfully applied to some fluoride crystals such as LaF3 and CaF2. In particu-
lar, HEM proved useful for the growth of sesquioxide laser crystals [15, 22]. For direc-
tional solidification methods, a (nearly) congruent melting behavior is a prerequisite
for homogeneous crystals of useful size. It should also be noted that in some cases it
is not straightforward to release the crystal as a whole from the crucible.

Crucible-free crystal growth methods like the optical floating zone growth
(OFZ) [23] and laser heated pedestal growth (LHPG) [24] do exist. However, due to
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the low yield, these methods are of low practical relevance for the growth of laser
crystals.

Chalcogenides like ZnSe and ZnS sublimate well below their melting points.
These crystals need to be grown by chemical or physical vapor transport growth (CVT
or PVT) in high pressure ampules [25, 26]. These methods exhibit very low growth
rates and yield limited crystal sizes. Both growth methods do not allow for an in-situ
doping during the growth process and successive diffusion doping is required [27].
As an alternative, more recently the growth of polycrystalline chalcogenide ceramics
by chemical vapor deposition (CVD) gained increasing attention [28].

The feasibility and yield of a growth method are determined by many further
effects. Evaporation of one component of the melt – often observed in gallium con-
taining melts, e.g. the garnet YGG (Y3Ga5O12) [29] – can be another serious issue as
it changes the composition of the melt and pollutes the growth chamber.

Finally, in some cases, very sophisticated (and possibly toxic) growth atmos-
pheres including H2 and CO are required to keep the oxygen partial pressure low
enough to prevent damage of the crucible. In particular, for fluorides, very aggressive
growth atmospheres (e.g. CF4 or even HF to fluorinate the starting material and bind-
ing oxygen atoms in the growth atmosphere) yield best growth results. In some
cases, e.g. for ZnSe, but also for the beryllium containing alexandrite (BeAl2O4), even
the starting materials are highly toxic, which further complicates safe crystal growth.

8.5.4 Common laser host materials

There is a vast variety of host materials for lasers. In combination with about 20
laser-active rare-earth and transition metal-doping ions, the number of actual laser
crystals, i.e. combinations of doping ion and host crystal, becomes innumerable. It
can thus not be the purpose of this section to provide a complete list of laser crystals
and much more extensive lists can be found e.g. in the work of A. Kaminskii [2, 30].
Instead, the materials presented here are chosen with a focus on a commercial rele-
vance and/or outstanding laser properties.

8.5.4.1 Oxide host materials
Oxide crystals are the most established host materials for laser applications. They
often possess a good mechanical stability, they are very often inert to usual atmo-
spheric conditions and their thermal conductivity is in many cases higher than that
of fluoride crystals. Sophisticated cooling concepts allow for several kW of continu-
ous wave output power in the 1 µm spectral range, based on oxide host materials [31].
There is a broad variety of oxide crystals that have been established as laser host ma-
terials and in the following only the most prominent oxide laser host materials are
shortly introduced hereafter.
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8.5.4.1.1 Garnets
Garnets are the most prominent class of laser host crystals, and Yb:YAG and Yb:LuAG
crystals deliver the highest solid-state laser output powers up to now. Garnets are
composed according to A3B2C3O12, where for laser crystals A is mainly Y, Lu or Gd.
The octahedral B-site exhibits the optically inactive C3i symmetry (Table 8.5.1) and is
thus of low relevance for doping ions. In laser host materials, the B-site is usually oc-
cupied by Al, Ga and Sc. The tetrahedral C-site (S4 symmetry) is too small for Sc and
only occupied by Al and Ga. Rare-earth doping ions are incorporated on the dodecahe-
dral A-site. Large amounts of heavier rare-earth ions such as Ho, Er, Tm and Yb can
be incorporated on this site, but only few percent of lighter and larger rare-earth ions
such as Nd fit on this site. Transition metals such as Cr and Ti are typically incorpo-
rated on the C sites, but lasers based on transition metal-doped garnets do not have a
strong market. However, Cr is a widely used sensitizer co-dopant to enhance the ab-
sorption efficiency in flash-lamp-pumped lasers, e.g. for Cr,Tm,Ho:YAG (CTH:YAG)
emitting around 2 µm. In addition, Cr4+:YAG and V3+:YAG are widely applied passive
saturable absorbers for Q-switched pulse-lasers in the 1 and 1.5 µm spectral range,
respectively.

Garnets possess a cubic crystal structure. They are very hard and show a compa-
rably high thermal conductivity. Despite a high melting point of ~1930 °C, very large
YAG crystals of more than 10 cm diameter can be easily grown by the Czochralski
method from iridium or molybdenum crucibles [32]. Due to its advantageous proper-
ties, YAG is one of the most common laser host materials and commercially available
in large quantities, sizes and with arbitrary doping. In particular, Nd:YAG and Yb:YAG
are of very high commercial relevance. As a disadvantage, rare-earth-doped garnets
often exhibit lower transition cross sections than for rare-earth ions in other materials
and their gain bandwidth is lower. As previously mentioned, the thermal conductivity
drops strongly when doped with larger amounts of heavy rare-earth ions (Figure 8.5.4),
but this issue can be circumvented by the use of LuAG as a host material [31]. Ga-
garnets like YSGG (Y3Sc2Ga3O12) or GGG (Gd3Ga5O12) possess somewhat lower phonon
energies and – though more difficult to grow – are better suited for 3 µm lasers based
on Er3+-doping than YAG [33].

8.5.4.1.2 Perovskites
The perovskites represent a vast range of crystals. Among these, only YAP (YAlO3)
and LuAP (LuAlO3) are of relevance as laser hosts. The twelvefold coordinated rare-
earth site in these orthorhombic crystals provides a particularly low crystal field,
which enables laser operation at unusual wavelengths, e.g. at 999.4 nm in Yb:LuAP
[34], and avoids a strong decrease of the 5d energy levels, but on the down-side it
does not feature strong transition cross sections. Nevertheless, Pr:YAP is one of the
few oxide host materials suitable for efficient visible laser operation [35]. Due to the
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orthorhombic crystal structure, attention has to be paid to proper orientation of the
samples. YAP and LuAP can be grown by the conventional Czochralski method.

8.5.4.1.3 Double tungstates
The tungstate crystals KGW (KGd(WO4)2) and KYW are very attractive laser host mate-
rials. The low level of symmetry of the monoclinically coordinated C2 cation sites
yields very high cross sections, making tungstates attractive host materials for com-
pact and microchip lasers. Moreover, their emission spectra are comparably broad,
Yb:KGW and Yb:KYW routinely supply sub-150-fs pulse durations [36] and many
commercial fs-pulse seed lasers are equipped with these gain crystals.

On the negative side, these crystals exhibit a strongly incongruent melting be-
havior and need to be grown by flux methods. Due to the difficulties of this growth
method, the quality of commercially available double tungstate crystals may strongly
vary. Moreover, their thermal conductivity below 3 Wm–1K–1 only slightly exceeds
that of glasses. Finally, when doped with RE = Tb or Pr, tungstates are prone to an
intervalence charge transfer RE3+, W6+ → RE4+, W5+ [37] at comparably low photon
energies, which makes them unsuitable for visible lasers based on these ions.

8.5.4.1.4 Vanadates
Despite a high symmetry of the D2d doping ion sites, the orthovanadate crystals
YVO4 and GdVO4 exhibit very high transition cross sections, e.g. when doped with
Nd3+. In combination with their tetragonal crystal structure, featuring polarized
emission, they are first choice gain materials for frequency-doubled lasers. Most
green laser pointers incorporate a Nd:YVO4 laser crystal, but due to their high ther-
mal conductivity, vanadates are also useful for high-power green emitting laser
sources at 532 nm. However, their crystal field splitting is too low to qualify them as
host materials for Yb-doping, and their low band-gap energy makes them unsuit-
able for visible lasers. Vanadate crystals can be grown by the Czochralski method
and are readily commercially available.

8.5.4.1.5 Sesquioxides
The sesquioxide crystals Sc2O3, Y2O3, and Lu2O3 as well as their solid solutions are
very difficult to synthesize, due to their high melting points. The Czochralski method
does not yield good results and HEM growth requires very expensive and sensitive
crucible and isolation materials, which hindered commercialization up to now. Re-
cently, the growth of mixed sesquioxide crystals by the Czochralski method from irid-
ium crucibles has been reported [17], paving the way for commercial applications.
Sesquioxides possess quite high thermal conductivities, which in particular for Lu2O3

does not drop for doping with the heavy rare-earth ions Ho, Er, Tm and Yb and ena-
bles efficient high-power laser operation [38]. Depending on the substituted cation
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(Sc, Lu or Y), the crystal field varies strongly, enabling for a shift of the gain peak in a
wide range for many doping ions. Moreover, though at the expense of a reduced ther-
mal conductivity (see Figure 8.5.4), doping of mixed sesquioxide crystals combines
the gain spectra of the constituents, enabling broad emission bandwidths suitable for
wavelength tuning or ultrafast pulse generation. It should be noted that sesquioxides
provide 32 cation sites per unit cell, of which only 24 are optically active, while dop-
ing ions incorporated on the remaining C3i sites with inversion symmetry are consid-
ered to be optically inactive, i.e. they do not strongly contribute to the laser process.
Despite being out of the scope of this chapter, it should be noted that ceramic synthe-
sis methods are well suited for these cubic host materials [39], and sesquioxide laser
ceramics are commercially available.

8.5.4.1.6 Aluminates
CALGO (CaGdAlO4) is exceptionally well suited for ultrashort pulse generation.
Yb:CALGO has a much higher thermal conductivity than other Yb-doped materials
with a comparably broad emission bandwidth, despite a high level of disorder
that should go along with a statistical distribution of Ca2+ and Gd3+ ions on the
same site. This is attributed to the formation of a superstructure [40]. In addition,
the negative dn/dT compensates for the positive dL/dT, avoiding a strong thermal
lensing even at high pump power levels [41]. CALGO can be grown by the Czo-
chralski method. A slight yellow color observed in CALGO crystals with stoichio-
metric composition is usually not detrimental for infrared laser performance and
can be avoided by growing with an excess of Gd in the melt [42].

SRA (SrAl12O19) and other members of the hexaaluminate family exhibit a ratio of
Al and O close to 2:3, similar to the composition of sapphire. They are hard and pos-
sess a high thermal conductivity. The only suitable rare-earth doping site in SRA is the
D3h coordinated Sr2+-site. Thus, e.g. Pr:SRA is often co-doped with the same amount of
divalent Mg2+ to be incorporated on trivalent Al3+-sites for charge compensation. Due
to its twelvefold coordinated doping ion site, SRA exhibits one of the lowest crystal
field depression values of all oxides. Therefore, it is well suited for visible lasers based
on Pr3+-doping, even though the high symmetry of such a highly coordinated site
yields low transition cross sections. SRA can be grown by the Czochralski method.

8.5.4.2 Fluoride host materials
Fluorides possess in general lower phonon energies than their oxide counterparts.
The corresponding wide mid-infrared transmission window makes them suitable host
materials for 3 µm lasers based on Er3+, Ho3+ and Dy3+ as the doping ion. On the
other hand, they exhibit large band-gap energies and often a transparency far into
the UV. The monovalent F– ligands introduce a weaker crystal field than O2– ligands.
The 5d energy levels thus remain at high energies, reducing the risk of ESA for visible
lasers, e.g. based on Pr3+ or Tb3+-doping [43]. As a disadvantage, fluoride crystals
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often exhibit a low thermal conductivity (associated with their low phonon energies)
and are in general softer than oxide materials. In addition, the growth of fluorides
requires oxygen-free and dry starting materials and growth atmosphere, while many
as-grown fluorides are neither hygroscopic nor sensitive to air atmosphere.

8.5.4.2.1 Scheelites
The isostructural scheelite crystals YLF (LiYF4) and LLF (LiLuF4) exhibit a tetrago-
nal crystal structure and thus polarization-dependent spectroscopic features when
doped with active ions. Both crystals feature very similar spectroscopic and thermo-
mechanical properties. They are successfully grown by the Czochralski growth
method, even though some researchers report a slightly incongruent melting behav-
ior for YLF [44]. A minor drawback of LLF might be the higher cost of the required
LuF3 starting materials. Due to their wide transmission window, both materials are
suited for laser transitions from the UV when doped with Ce3+ [45], to the mid-
infrared when doped with Er3+ [46]. They are the most successful host materials for
visible Pr3+ or Tb3+ lasers [43], while it should be noted that the segregation coeffi-
cients of <0.2 and ~0.7, respectively, are rather low and may lead to strong doping
concentration gradients. Both crystals exhibit a negative dn/dT, but a positive ther-
mal expansion, which – depending on laser wavelength and orientation – can can-
cel out each other and avoid the formation of a strong thermal lens. For this reason,
Nd:YLF is also a common gain material for frequency-doubled low repetition rate/
highly energetic/nanosecond-pulsed green lasers emitting at a characteristic wave-
length of 527 nm and used as pump sources for Ti:sapphire lasers. It is in related to
particular difficulties in avoiding oxygen impurities, that the quality of commer-
cially available scheelite-structure crystals may strongly vary.

8.5.4.2.2 Fluorites
CaF2 exhibits an exceptionally high thermal conductivity for a fluoride crystal. It crys-
tallizes in the cubic fluorite structure and can be grown in very large boules of more
than 30 cm in diameter. Like in the scheelites, its negative dn/dT and positive dL/dT
may cancel out and reduce thermal lensing. Doping trivalent rare-earth ions onto the
divalent Ca2+ site introduces a certain level of disorder, which yields inhomogene-
ously broadened absorption and emission characteristics, even when co-doped with
monovalent Na+ for charge compensation. All these features make CaF2 an interesting
host material for ultrahigh peak power laser pulses based on the 1 µm transition of
Yb3+ [47]. However, like for other fluorides, the low crystal field depression and the
large transparency range enable laser operation with a variety of rare-earth dopants
at wavelengths from the visible to the mid-infrared spectral range.
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8.5.4.3 Host materials for transition metals
For transition metal doping, a suitable crystal field strength of the host crystal on the
doping ion site is even more important than good thermo-mechanical properties. As
previously mentioned, the 3d orbitals of transition metal ions are not shielded by
outer shells, and thus the position of the energy levels is very sensitive to changes of
the host crystal field. Due to the corresponding stronger coupling of the electronic
transitions to the host properties, transition metal ions exhibit broad absorption and
emission spectra, but are also prone to phonon-assisted nonradiative decay. We have
seen that materials with lower phonon energies are often disadvantageous in their
thermo-mechanical properties. Therefore, the highest output powers obtained with
transition metal-doped lasers are orders of magnitude lower than the kW laser
powers obtained with rare-earth doped crystals. In turn, the broad spectra enable
widely tunable lasers and ultrashort pulse generation, which are required in a wide
range of applications.

8.5.4.3.1 Sapphire
α-Al2O3, also known as corundum or sapphire, was the host material for the first
laser [48]. However, even though ruby (Cr:Al2O3) lasers are still around (e.g. for tat-
too removal), ruby has never been an efficient laser material. Sapphire is one of the
hardest minerals, exhibits a very high thermal conductivity, a comparably large
transparency window and can be grown by the Czochralski method. It could thus
be seen as an ideal host material. Unfortunately, it does not exhibit a doping site
large enough for rare-earth ions and, though a Nd:sapphire laser has been demon-
strated [49], the prospects for the growth of rare-earth doped sapphire crystals with
practically relevant dimensions and good optical quality are low. Still, sapphire is
one of the most important host materials: Ti:sapphire lasers generate pulses with
sub-5-fs pulse duration [50, 51], and large Ti:sapphire amplifier crystals with tens of
centimeter diameter amplify short pulses to unprecedented peak powers in the petawatt
(1015 W) range. Ti:sapphire lasers find many commercial applications and Ti:sapphire
crystals are thus readily available. It should, however, be noted, that Ti3+ ions are larger
and heavier than Al3+ (Tables 8.5.2 and 8.5.3c). Ti:sapphire is thus prone to strong gra-
dients in the doping concentration, the maximum achievable doping concentrations are
low and the thermal conductivity of sapphire drops drastically with Ti-doping. More-
over, Ti:sapphire is prone to nonradiative decay at elevated temperatures, and therefore
requires thorough temperature management.

8.5.4.3.2 Chrysoberyl (Alexandrite)
Chrysoberyl is the mineralogic name of BeAl2O4, while Cr:BeAl2O4 is named Alexan-
drite. Chrysoberyl provides two different Al3+ sites, of which the Ci site is optically
inactive (see Table 8.5.1). Thus, when doped with Cr3+, about 50% of the ions do not
contribute to the laser process. The crystal field for Cr3+-ions on the remaining Cs
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sites features a complicated energy level structure, which benefits from operation at
elevated temperatures (>50 °C) for efficient broadband lasing from the high-spin 4T2
level. Alexandrite features high slope efficiencies. More than 100 nm wavelength tun-
ing range and sub-100-fs pulse duration can be obtained around the center wavelength
of 780 nm [52]. Alexandrite is very hard, features a very high thermal conductivity and
can be grown by the Czochralski method. However, the use of toxic beryllium requires
strict safety measures for the growth and starting materials preparation, which limits
the availability of this crystal.

8.5.4.3.3 Forsterite
Forsterite (Mg2SiO4) is the most successful host material for lasers based on tetravalent
chromium (Cr4+). The doping ion is incorporated on the Si4+-site with tetrahedral con-
figuration. Despite typical issues owed to the energy level scheme of Cr4+ such as ESA
and nonradiative decay of the excited state [53] – the latter supported by the high pho-
non energies – Cr4+:Mg2SiO4 enables laser efficiencies of more than 35% in the wave-
length range between 1.15 and 1.35 µm [54], which is sparsely covered by other laser
materials. The broad emission band also supports the generation of sub-100-fs pulses,
but the output powers are currently limited to a few watts [55], which is partially owed
to the comparably low thermal conductivity of Cr:forsterite, and its comparably high
thermal expansion and dn/dT values. Forsterite is hard and large crystals of high opti-
cal quality can be grown by the Czochralski method, even though attention should be
paid to suppress the formation of unwanted Cr3+.

8.5.4.3.4 Colquiriites
LiCAF (LiCaAlF6) and LiSAF (LiSrAlF6) are among the materials with the widest UV
transparency range, which can extend down to below 110 nm. Their sixfold coordi-
nated D3 symmetry Al3+ site is well-suited for Cr3+ doping. A comparably low crystal
field strength ensures that the high-spin 4T2 level is the lowest excited state, provid-
ing a strong phononic broadening of the absorption and emission spectra. Laser
wavelength tuning ranges of more than 300 nm around the center wavelength of
850 nm are obtained in Cr:LiSAF, slightly lower ranges in Cr:LiCAF. Such broad
emission bands enabled the generation of 10-fs pulses in both materials. Colquiri-
ites can be grown in high optical quality by the Czochralski method. The main dis-
advantage is the low thermal conductivity typical for fluorides, further reduced by
Cr3+-doping, which hinders power scaling of the output power. Further details on
colquiriite crystals can be found in [52].

It should further be noted, that colquiriites are among the most suitable materi-
als for lasers based on the “transition metal-like” broad 5d → 4f transition of Ce3+,
yielding UV lasers at wavelengths between 280 and 320 nm [56]. These are, how-
ever, hardly operated in continuous wave mode, due to the lack of suitable pump
sources.
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8.5.4.3.5 Chalcogenides
The very low phonon energies of chalcogenide host materials like ZnS, ZnSe and CdSe
enable efficient laser operation of Cr2+ and Fe2+ at wavelengths up to 5 µm. Their com-
parably low crystal field strengths ensure simple laser schemes from the excited 5E to
the 5T2 state with all possible ESA channels being spin forbidden. Cr2+:ZnSe enabled
an enormous wavelength tuning range between 1.8 and 3.3 µm [57], for Cr2+:CdSe,
even laser wavelengths above 3.6 µm are reported [58]. Such a broad emission band-
width goes along with the possibility to generate ultrashort pulses, and indeed sub-
50-fs pulses are obtained from Cr2+-doped chalcogenides [59]. Even longer laser wave-
lengths up to 5 µm are realized with Fe2+-doped chalcogenides even at room tempera-
ture [60].

Laser output power scaling in chalcogenides is difficult. Even though ZnS and
ZnSe possess fairly high thermal conductivities, their dn/dT values are about an
order of magnitude higher than in oxides and fluorides, resulting in very strong
thermal lensing effects even at moderate pump power levels. Finally, as previously
mentioned, chalcogenides are grown from the gas phase and often diffusion doping
is required, which limits the availability of high quality, large size laser samples.

8.5.5 Materials properties of laser host crystals

In this section, the most relevant properties for the evaluation of a host material are
listed in Tables 8.5.3 a-d. The materials are sorted by “crystal type”, where this term
can refer to many different meanings, including the material class, a reference
structure mineral, a chemical compound or in the case of sesquioxides (Greek ses-
qui: one and a half times) to the ratio between cations and oxygen. Thus, one can
argue about the actual meaning of these names, but it is important to state them, as
they are commonly used in the solid-state laser community.

Several of the values for the listed properties strongly depend on the experi-
mental conditions, i.e., mainly the temperature and the wavelength. Where possi-
ble, the values are thus stated for 1.1 µm test wavelength and room temperature to
enable a practical comparison. However, it is important to note that, at the actual
laser wavelength, the properties may strongly differ. Additionally, the values for
the thermal conductivity depend strongly on the purity and structural quality of the
host material. As a consequence, literature values in different references may con-
siderably differ.

As previously mentioned, the usually stated transmission window of a host ma-
terial is not suitable to evaluate the suitability for laser operation at a particular
wavelength. To account for this, the minimum laser wavelength λmin stated in the
tables is defined as the wavelength, for which the energy of a photon corresponds
to half the band-gap energy, i.e.

390 8 Photofunctional materials



λmin =
2 · h · c
Ebandgap

. (8:5:2)

For shorter wavelengths, ESA from the emitting laser level or two-photon absorp-
tion into the conduction band is feasible, which may strongly suppress efficient
lasing.

Accordingly, an increasing risk for nonradiative multiphonon decay of the
upper laser level (and a starting decrease of the transmission of a host material in
general) is observed if the laser photon energy becomes so low, that it equals four
times the maximum phonon energy Eð Þphonon,max (N.B.: in cm–1) or less [4]. The cor-
responding maximum laser wavelength λmax is calculated as

λmax =
1

4 · Eð Þphonon,max
. (8:5:3)

Both of these estimations do not set strict limits and are rather to be seen as rules-of-
thumb. They are, however, in reasonable agreement with the experimental trends.

Another remark regards the crystal field depression according to Dorenbos [9,
10]. This value is defined as the shift of the 5d → 4f fluorescence of Ce3+ compared
to the free ion. Thus, values can only exist for host materials with a suitable site for
Ce3+-doping.

All missing literature data is indicated by “–” in the tables. Values marked by
“~” represent an average of different literature data. Estimated values are indicated
by “(est.)”. The tables were created with data from [2, 3, 9, 10, 41, 42, 52, 61–135]
and references therein.

In conclusion, though effort was made to present only plausible values, all data
presented here are intended to be useful for a first evaluation only. Attention
should be paid to find data fitting to the planned experimental conditions.

8.5 Crystals for solid-state lasers 391



Ta
bl
e
8.
5.
3a

:M
at
er
ia
ls

pr
op

er
ti
es

of
ga

rn
et

an
d
pe

ro
vs
ki
te

la
se

r
ho

st
m
at
er
ia
ls
.

Cr
ys
ta
lt
yp

e
G
ar
ne

ts
G
ar
ne

ts
G
ar
ne

ts
G
ar
ne

ts
G
ar
ne

ts
G
ar
ne

ts
Pe

ro
vs
ki
te
s

Pe
ro
vs
ki
te
s

H
os

t
cr
ys
ta
l

YA
G

Lu
A
G

YG
G

G
G
G

G
S
G
G

YS
A
G

YA
P

Lu
A
P

C
he

m
ic
al

fo
rm

ul
a

Y 
A
l 
O



Lu

A
l 
O



Y 
G
a 
O



G
d 
G
a 
O



G
d 
S
c 
G
a 
O



Y 
S
c 
A
l 
O



YA
lO


Lu

A
lO



C
ry
st
al

sy
st
em

cu
bi
c

cu
bi
c

cu
bi
c

cu
bi
c

cu
bi
c

cu
bi
c

or
th
or
ho

m
bi
c

or
th
or
ho

m
bi
c

S
pa

ce
gr
ou

p
Ia
‾d

Ia
‾d

Ia
‾d

Ia
‾d

Ia
‾d

Ia
‾d

Pn
m
a

Pn
m
a

M
ai
n
do

pi
ng

si
te

Y
+

Lu

+

Y
+

G
d

+
G
d

+
Y

+
Y

+
Lu


+

C
at
io
n
si
te

sy
m
m
et
ry

D


D


D


D


D


D


C s
C s

C
oo

rd
in
at
io
n
nu

m
be

r













C
at
io
n
si
te

si
ze

[Å
]


.



.



.



.



.



.



.



.


C
at
io
n
de

ns
it
y
[



cm

–

]


.



.



.



.



.



.



.



.


C
at
io
n
at
om

ic
m
as

s
[u
]



.




.



.




.




.



.



.




.

B
an

d
ga

p
en

er
gy

[e
V
]


.


.


.


.


.


.


.


.

M
in
.l
as

er
w
av
el
en

gt
h
[µ
m
]


.



.



.



.



.



.



.



.


M
ax

.p
ho

no
n
en

er
gy

[c
m

–

]





















~












M
ax

.l
as

er
w
av
el
en

gt
h
[µ
m
]


.


.


.


.


.

~

.


.


.

Th
er
m
al

co
nd

uc
ti
vi
ty

(u
nd

op
ed

)[
W
m

–

K
–

]





.



.


.


.



.

(a
),


.

(b
),


.

(c
)

~



C
ry
st
al

fi
el
d
de

pr
es

si
on

[c
m

–

]



,





,





,



~


,



(e
st
.)

~


,



(e
st
.)

~


,



(e
st
.)



,





,



392 8 Photofunctional materials



G
ro
w
th

m
et
ho

d
C
z

C
z

C
z

C
z

C
z

C
z

C
z

C
z

M
el
ti
ng

po
in
t
[°
C
]









































M
oh

s
ha

rd
ne

ss

.


.


.




~



.

~

.

(e
st
.)

dn
/d

T
[

–

K
–

]


.


.

–




–


.
(a
),

.

(b
),


.

(c
)

–

dL
/d

T
[

–

K
–

]


.


.

~

.


.


.

~

(e
st
.)


.
(a
),


.

(b
),


.

(c
)

~


(a
),
~


(b
),
~


(c
)

C
z:

C
zo

ch
ra
ls
ki
.

8.5 Crystals for solid-state lasers 393



Ta
bl
e
8.
5.
3b

:M
at
er
ia
ls

pr
op

er
ti
es

of
tu
ng

st
at
e,

va
na

da
te

an
d
se

sq
ui
ox

id
e
ho

st
m
at
er
ia
ls
.

Cr
ys
ta
lt
yp

e
(D
ou

bl
e-
)

Tu
ng

st
at
es

(D
ou

bl
e-
)

Tu
ng

st
at
es

Va
na

da
te
s

Va
na

da
te
s

Va
na

da
te
s

S
es

qu
io
xi
de

s
S
es

qu
io
xi
de

s
S
es

qu
io
xi
de

s

H
os

t
cr
ys
ta
l

K
YW

K
G
W

YV
O

G
V
O
,G

dV
O

Lu
V
O

YO
S
cO

Lu
O

C
he

m
ic
al

fo
rm

ul
a

K
Y(
W
O

) 

K
G
d(
W
O

) 

YV
O


G
dV

O


Lu
V
O


Y 
O


S
c 
O


Lu

O


C
ry
st
al

sy
st
em

m
on

oc
lin

ic
m
on

oc
lin

ic
te
tr
ag

on
al

te
tr
ag

on
al

te
tr
ag

on
al

cu
bi
c

cu
bi
c

cu
bi
c

S
pa

ce
gr
ou

p
C

/c
C

/c
I


/a
m
d

I

/a

m
d

I

/a

m
d

Ia
‾

Ia
‾

Ia
‾

M
ai
n
do

pi
ng

si
te

Y
+

G
d

+
Y

+
G
d

+
Lu


+

Y
+

S
c

+
Lu


+

C
at
io
n
si
te

sy
m
m
et
ry

C 
C 

D

d

D

d

D

d

C 
&
C 

i
C 

&
C 

i
C 

&
C 

i

C
oo

rd
in
at
io
n
nu

m
be

r













C
at
io
n
si
te

si
ze

[Å
]


.



.



.



.



.



.



.



.


C
at
io
n
de

ns
it
y
[



cm

–

]


.



.



.



.



.



.



.



.


C
at
io
n
at
om

ic
m
as

s
[u
]



.




.



.




.




.



.



.




.

B
an

d
ga

p
en

er
gy

[e
V
]


.


.


.


.


.


.


.


.

M
in
.l
as

er
w
av
el
en

gt
h
[µ
m
]


.



.



.



.



.



.



.



.


M
ax

.p
ho

no
n
en

er
gy

[c
m

–

]

































M
ax

.l
as

er
w
av
el
en

gt
h
[µ
m
]


.


.


.


.


.


.


.


.

Th
er
m
al

co
nd

uc
ti
vi
ty

(u
nd

op
ed

)[
W
m

–

K
–

]


.

(b
)


.

(p
),

.

(m
),


.

(g
)

~

(a
),

~

.

(c
)

~

.

(a
),

~

.

(c
)

~

.

(a
),

~

(c
)



.






.

394 8 Photofunctional materials



C
ry
st
al

fi
el
d
de

pr
es

si
on

[c
m

–

]

H
ig
h

H
ig
h

Lo
w

Lo
w

Lo
w



,


(C


)



,


(C


)



,


(C


)

G
ro
w
th

m
et
ho

d
Fl
ux

Fl
ux

C
z

C
z

C
z

H
EM

H
EM

H
EM

M
el
ti
ng

po
in
t
[°
C
]





a
)





a
)






~

























M
oh

s
ha

rd
ne

ss

.


.



.
–



.


.


–

.

dn
/d

T
[

–

K
–

]

−


.

(p
),
−

.

(m
),
−


.

(g
)

−


(p
),
−



(m
),
−


(g
)



(a
),


(c
)


(a
),



(c
)


(a
),



(c
)


.


.


.

dL
/d

T
[

–

K
–

]


.

(p
),


.

(m
),



(g
)


.

(p
),


(m

),


(g
)

~

(a
),

~


(c
)

~

(a
),
~



(c
)

~

(a
),

~


(c
)


.


.


.

C
z:

C
zo

ch
ra
ls
ki
,H

EM
:H

ea
t
ex
ch

an
ge

r
m
et
ho

d.
a
)
Th

e
re
qu

ir
ed

lo
w
-t
em

pe
ra
tu
re

ph
as

e
is

gr
ow

n
at

<8
50

°C
fr
om

th
e
fl
ux

.

8.5 Crystals for solid-state lasers 395



Ta
bl
e
8.
5.
3c

:M
at
er
ia
ls

pr
op

er
ti
es

of
se

sq
ui
ox

id
e,

al
um

in
at
e,

co
ru
nd

um
,s

ch
ee

lit
e
an

d
fl
uo

ri
te

ho
st

m
at
er
ia
ls
.

Cr
ys
ta
lt
yp

e
S
es

qu
io
xi
de

s
S
es

qu
io
xi
de

s
A
lu
m
in
at
es

H
ex

aa
lu
m
in
at
es

Co
ru
nd

um
S
ch

ee
lit
es

S
ch

ee
lit
es

Fl
uo

ri
te
s

H
os

t
cr
ys
ta
l

Lu
S
cO

YS
cO

C
A
LG

O
S
RA

S
ap

ph
ir
e

YL
F

Li
Lu

F,
LL
F

C
aF

C
he

m
ic
al

fo
rm

ul
a

(L
u 

.
,

S
c 

.
) 
O


(Y

.
S
c 

.
) 
O


C
aG

dA
lO


S
rA
l 

O



α-
A
l 
O


Li
YF


Li
Lu

F 
C
aF



C
ry
st
al

sy
st
em

C
ub

ic
C
ub

ic
Te
tr
ag

on
al

H
ex
ag

on
al

H
ex
ag

on
al

Te
tr
ag

on
al

Te
tr
ag

on
al

C
ub

ic

S
pa

ce
gr
ou

p
Ia
‾

Ia
‾

I
/m

m
m

P

/m

m
c

R
‾c

I

/a

I

/a

Fm
‾m

M
ai
n
do

pi
ng

si
te

Lu

+
/S

c
+

Y
+
/S

c
+

C
a

+
/G

d
+

S
r

+
A
l
+

Y
+

Lu

+

C
a

+

C
at
io
n
si
te

sy
m
m
et
ry

C 
&
C 

i
C 

&
C 

i
C 

v
D

h

C 
S 

S 
C 

v

C
oo

rd
in
at
io
n
nu

m
be

r

&



&












C
at
io
n
si
te

si
ze

[Å
]


.

/

.



.

/

.



.

/~


.



.



.



.



.



.


C
at
io
n
de

ns
it
y
[



cm

–

]


.



.



.



.



.



.



.



.


C
at
io
n
at
om

ic
m
as

s
[u
]




.
/


.



.
/


.



.
/



.



.



.



.




.



.

B
an

d
ga

p
en

er
gy

[e
V
]

~

.

~

.


.


.


.



.



.




M
in
.l
as

er
w
av
el
en

gt
h
[µ
m
]


.



.



.



.



.



.



.



.


M
ax

.p
ho

no
n
en

er
gy

[c
m

–

]

~







(e
st
.)













~




~








M
ax

.l
as

er
w
av
el
en

gt
h
[µ
m
]


.


.


.


.


.


.


.


.

Th
er
m
al

co
nd

uc
ti
vi
ty

(u
nd

op
ed

)
[W

m
–

K
–

]


.


.


.

(a
),


.

(c
)






(a
),



(c
)


.

(a
),


.

(c
)


.

(a
),


.

(c
)




396 8 Photofunctional materials



C
ry
st
al

fi
el
d
de

pr
es

si
on

[c
m

–

]



,


(e
st
.)



,


(e
st
.)

~


,



(e
st
.)



,



(

,


)

N
o
C
e

+
si
te



,





,





,



G
ro
w
th

m
et
ho

d
H
EM

H
EM

&
C
z

C
z

C
z

C
z
&
H
EM

C
z

C
z

C
z
&
D
S

M
el
ti
ng

po
in
t
[°
C
]






































M
oh

s
ha

rd
ne

ss

.


.



.
–



–


–



dn
/d

T
[

–

K
–

]

~

(e
st
.)

~

(e
st
.)

−

.

(a
),

−

.

(c
)

–


.

(a
),


.

(c
)

−

.

(a
),

−

.

(c
)

−

.

(a
),

−

.

(c
)

−


.

dL
/d

T
[

–

K
–

]

~

(e
st
.)

~

(e
st
.)



(a
),


(c
)


.

(a
),

.

(c
)



.

(a
),



.

(c
)



.

(a
),



.

(c
)



.

H
EM

:H
ea

t
ex
ch

an
ge

r
m
et
ho

d,
C
z:

C
zo

ch
ra
ls
ki
,D

S
:D

ir
ec
ti
on

al
so

lid
if
ic
at
io
n

8.5 Crystals for solid-state lasers 397



Ta
bl
e
8.
5.
3d

:M
at
er
ia
ls

pr
op

er
ti
es

of
co

lq
ui
ri
it
e,

sp
in
el

an
d
ch

al
co

ge
ni
de

ho
st

m
at
er
ia
ls
.

Cr
ys
ta
lt
yp

e
Co

lq
ui
ri
it
es

Co
lq
ui
ri
it
es

O
liv

in
e

Ch
ry
so

be
ry
l

Ch
al
co

ge
ni
de

s
Ch

al
co

ge
ni
de

s
Ch

al
co

ge
ni
de

s

H
os

t
cr
ys
ta
l

Li
C
A
F

Li
S
A
F

Fo
rs
te
ri
te

A
le
xa

nd
ri
te

b
)

Zn
S

Zn
S
e

C
dS

e

C
he

m
ic
al

fo
rm

ul
a

Li
C
aA

lF


Li
S
rA
lF


M
g 
S
iO


B
eA

l 
O


Zn
S

Zn
S
e

C
dS

e

C
ry
st
al

sy
st
em

Tr
ig
on

al
Tr
ig
on

al
O
rt
ho

rh
om

bi
c

O
rt
ho

rh
om

bi
c

C
ub

ic
C
ub

ic
H
ex
ag

on
al

S
pa

ce
gr
ou

p
P
‾

c
P
‾

c
Pn

m
a

Pn
m
a

F‾

m

F‾

m

P

m
c

M
ai
n
do

pi
ng

si
te

A
l
+
/C

a
+

A
l
+
/S

r
+

S
i
+

A
l
+

Zn

+

Zn

+

C
d

+

C
at
io
n
si
te

sy
m
m
et
ry

D

/D


d

D

/D


d

C s
C i
,C

s
T d

T d
C 

v

C
oo

rd
in
at
io
n
nu

m
be

r

/


/









C
at
io
n
si
te

si
ze

[Å
]


.

/

.



.

/

.



.



.



.



.



.


C
at
io
n
de

ns
it
y
[



cm

–

]


.



.




.



.



.



.



.


C
at
io
n
at
om

ic
m
as

s
[u
]



.



.



.



.



.



.




.

B
an

d
ga

p
en

er
gy

[e
V
]



.



.


.



.


.


.


M
in
.l
as

er
w
av
el
en

gt
h
[µ
m
]


.



.



.



.



.



.



.


M
ax

.p
ho

no
n
en

er
gy

[c
m

–

]





























M
ax

.l
as

er
w
av
el
en

gt
h
[µ
m
]


.


.


.


.


.



.



.

Th
er
m
al

co
nd

uc
ti
vi
ty

(u
nd

op
ed

)
[W

m
–

K
–

]


.

(a
),


.

(c
)


.

(a
)
.

(c
)


.

b
)











.

(a
),

.

(c
)

C
ry
st
al

fi
el
d
de

pr
es

si
on

[c
m

–

]



,





,





,



M
ed

iu
m

(N
o
C
e

+
si
te
)

Lo
w

(N
o
C
e

+
si
te
)

Lo
w

(N
o
C
e

+
si
te
)

V
er
y
lo
w

(N
o
C
e

+
si
te
)

398 8 Photofunctional materials



G
ro
w
th

m
et
ho

d
C
z

C
z

C
z

C
z

G
P

G
P

G
P

M
el
ti
ng

po
in
t
[°
C
]


































M
oh

s
ha

rd
ne

ss



–



.






dn
/d

T
[

–

K
–

]

−

.

(a
),

−

.

(c
)

−

.

(a
),

−

.

(c
)


.

(a
),

.

(b
),



.

(c
)


.

(a
),

.

(b
),



.

(c
)









(a
),


(c
)

dL
/d

T
[

–

K
–

]



(a
),


.

(c
)



(a
),

−


(c
)





.

(a
),

.

(b
),


.

(c
)


.


.


.

(a
),

.

(c
)

b
) C
r4

+
-d
op

ed
.

C
z:

C
zo

ch
ra
ls
ki
,G

P:
G
ro
w
th

fr
om

th
e
ga

s
ph

as
e

8.5 Crystals for solid-state lasers 399



References

[1] Sottile A, Damiano E, Rabe M, Bertram R, Klimm D, Tonelli M. Widely tunable, efficient 2 µm
laser in monocrystalline Tm3+:SrF2. Opt Express, 2018, 26, 5368–80.

[2] Kaminskii AA. Laser Crystals – Their Physics and Properties, 2nd edition, Springer-Verlag,
Heidelberg, 1990.

[3] Shannon RD. Revised effective ionic radii and systematic studies of interatomic distances in
halides and chalcogenides. Acta Crystallogr, 1976, A32, 751–67.

[4] Moos HW. Spectroscopic relaxation processes of rare earth ions in crystals. J Lumin, 1970,
1–2, 106–21.

[5] Dieke GH, Crosswhite HM. The spectra of the doubly and triply ionized rare earths. Appl Opt,
1963, 2, 675–86.

[6] Morrison CA, Leavitt RP. Properties of Triply Ionized Lanthanides in Transparent Host
Crystals, North-Holland Publishing Co, Amsterdam, 1982.

[7] Tanabe Y, Sugano S. On the absorption spectra of complex ions II. J Phys Soc Jpn, 1954, 9,
766–79.

[8] Dorenbos P. 5d-level energies of Ce3+ and the crystalline environment. II. Chloride, bromide,
and iodide compounds. Phys Rev B, 2000, 62, 15650–59.

[9] Dorenbos P. The 5d level positions of the trivalent lanthanides in inorganic compounds. J
Lumin, 2000, 91, 155–76.

[10] Dorenbos P. 5d-level energies of Ce3+ and the crystalline environment. I. Fluoride
compounds. Phys Rev B, 2000, 62, 15640–48.

[11] Dorenbos P. 5d-level energies of Ce3+ and the crystalline environment. III. Oxides containing
ionic complexes. Phys Rev B, 2000, 64, 125117.

[12] Dorenbos P. The 4fn <-> 4fn-15d transitions of the trivalent lanthanides in halogenides and
chalcogenides. J Lumin, 2000, 91, 91–106.

[13] Dhanaraj G, Byrappa K, Prasad V, Dudley M. Handbook of Crystal Growth, Springer, Berlin,
Heidelberg, 2010.

[14] Rudolph P. Handbook of Crystal Growth: Bulk Crystal Growth (Volume 2A-2B), 2nd edition,
Elsevier, Amstardam, 2014.

[15] Peters R, Kränkel C, Petermann K, Huber G. Crystal growth by the heat exchanger method,
spectroscopic characterization and laser operation of high-purity Yb:Lu2O3. J Cryst Growth,
2008, 310, 1934–38.

[16] Czochralski J. Ein neues Verfahren zur Messung der Kristallisationsgeschwindigkeit der
Metalle. Z Phys Chem Stoechiom Verwandtschafts, 1917, 92, 219–21.

[17] Kränkel C, Uvarorova A, Haurat E, Hülshoff L, Brützam M, Guguschev C, Kalusniak S, Klimm
D. Czochralski growth of mixed cubic sesquioxide crystals in the ternary system Lu2O3-Sc2O3-
Y2O3. Acta Crystallogr B, 2021, B77, 550–58.

[18] Metz PW. Visible lasers in rare earth-doped fluoride crystals. Dissertation, Institut für Laser-
Physik, Universität Hamburg, 2014.

[19] Bridgman PW. The compressibility of thirty metals as a function of pressure and temperature.
Proc Amer Acad, 1923, 58, 165–242.

[20] Arzakantsyan M, Ananyan N, Gevorgyan V, Chanteloup JC. Growth of large 90 mm diameter
Yb: YAG single crystals with Bagdasarov method. Opt Mat Express, 2012, 2, 1219–25.

[21] Schmid F, Viechnicki D. Growth of sapphire disks from melt by a gradient furnace technique.
J Am Ceram Soc, 1970, 53, 528–29.

[22] Peters R, Petermann K, Huber G. Growth technology and laser properties of Yb-doped
sesquioxides. In: Capper P, Rudolph P. (Eds.) Crystal Growth Technology – Semiconductors
and Dielectrics, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 2010, 267–82.

400 8 Photofunctional materials



[23] Koohpayeh SM, Fort D, Abell JS. The optical floating zone technique: A review of
experimental procedures with special reference to oxides. Prog Cryst Growth Charact Mater,
2008, 54, 121–37.

[24] Fejer MM, Nightingale JL, Magel GA, Byer RL. Laser-heated miniature pedestal growth
apparatus for single-crystal optical fibers. Rev Scient Inst, 1984, 55, 1791–96.

[25] Cantwell G, Harsch WC, Cotal HL, Markey BG, McKeever SWS, Thomas JE. Growth and
characterization of substrate-quality ZnSe single-crystals using seeded physical vapor
transport. J Appl Phys, 1992, 71, 2931–36.

[26] Li HY, Jie WQ. Growth and characterizations of bulk ZnSe single crystal by chemical vapor
transport. J Cryst Growth, 2003, 257, 110–15.

[27] Demirbas U, Sennaroglu A, Somer M. Synthesis and characterization of diffusion-doped Cr2+:
ZnSe and Fe2+:ZnSe. Opt Mater, 2006, 28, 231–40.

[28] Firsov KN, Gavrishchuk EM, Ikonnikov VB, Kazantsev S, Kononov IG, Rodin SA, Savin DV,
Sirotkin AA, Timofeeva NA. CVD-grown Fe2+:ZnSe polycrystals for laser applications. Laser
Phys Lett, 2017, 14, 055805.

[29] Henderson B, Gallagher HG, Han TPJ, Scott MA. Optical spectroscopy and optimal crystal
growth of some Cr4+-doped garnets. J Phys: Condens Matter, 2000, 12, 1927–38.

[30] Kaminskii AA. Laser crystals and ceramics: Recent advances. Laser Phot Rev, 2007, 1,
93–177.

[31] Beil K, Fredrich-Thornton ST, Peters R, Petermann K, Huber G. Yb-doped Thin Disk Laser
Materials: A Comparison between Yb:LuAG and Yb:YAG. Advanced Solid-State Photonics
(ASSP), Denver, USA, 2009, 28.

[32] Kvapil J, Kvapil J, Kubecek V. Laser properties of YAG:Nd grown from the melt contained in
molybdenum crucibles. Czech J Phys B, 1979, 29, 1282–92.

[33] Dinerman BJ, Moulton PF. 3-µm cw laser operations in erbium-doped YSGG, GGG, and YAG.
Opt Lett, 1994, 19, 1143–45.

[34] Rudenkov A, Kisel V, Yasukevich A, Hovhannesyan K, Petrosyan A, Kuleshov N. Spectroscopy
and continuous wave laser performance of Yb3+:LuAlO3 crystal. Opt Lett, 2016, 41, 5805–08.

[35] Fibrich M, Jelinkova H, Sulc J, Nejezchleb K, Skoda V. Diode-pumped Pr:YA Plasers. Laser
Phys Lett, 2011, 8, 559–68.

[36] Paunescu G, Hein J, Sauerbrey R. 100-fs diode-pumped Yb: KGW mode-locked laser. Appl
Phys B, 2004, 79, 555–58.

[37] Boutinaud P, Bettinelli M, Diaz F. Intervalence charge transfer in Pr3+- and Tb3+-doped double
tungstate crystals KRE(WO4)2 (RE = Y, Gd, Yb, Lu). Opt Mater, 2010, 32, 1659–63.

[38] Kränkel C. Rare earth-doped sesquioxides for diode-pumped high-power lasers in the 1-, 2-,
and 3-µm spectral range. IEEE J Sel Top Quant Electron, 2015, 21, 1602013.

[39] Liu ZY, Ikesue A, Li J. Research progress and prospects of rare earth doped sesquioxide laser
ceramic. J Eur Ceram Soc, 2021, 41, 3895–910.

[40] Zvereva I, Smirnov Y, Choisnet J. Demixion of the K2NiF4 type aluminate LaCaAlO4: Precursor
role of the local ordering of lanthanum and calcium. Mater Chem Phys, 1999, 60, 63–69.

[41] Loiko P, Druon F, Georges P, Viana B, Yumashev KV. Thermo-optic characterization of Yb:
CaGdAlO4 laser crystal. Opt Express, 2014, 4, 2241–49.

[42] Liebald C. Yb-dotierte Ultrakurzpuls-Lasermaterialien mit K2NiF4-Struktur – Züchtung und
Verbesserung der Kristallqualität. Dissertation, Fachbereich Chemie, Pharmazie und
Geowissenschaften, Johannes Gutenberg-Universität, Mainz, 2017.

[43] Kränkel C, Marzahl DT, Moglia F, Huber G, Metz P. Out of the blue: Semiconductor-laser-
pumped visible rare earth doped lasers. Laser Phot Rev, 2016, 10, 548–68.

[44] Thoma RE, Weaver CF, Friedman HA, Insley H, Harris LA, Yakel HA Jr. Phase equilibria in the
system LiF-YF3. J Phys Chem, 1961, 65, 1096–99.

8.5 Crystals for solid-state lasers 401



[45] Okada F, Togawa S, Ohta K, Koda S. Solid-state ultraviolet tunable laser – a Ce3+ doped LiYF4
crystal. J Appl Phys, 1994, 75, 49–53.

[46] Jensen T, Diening A, Huber G, Chai BHT. Investigation of diode-pumped 2.8-µm Er:LiYF4 lasers
with various doping levels. Opt Lett, 1996, 21, 585–87.

[47] Siebold M, Bock S, Schramm U, Xu B, Doualan JL, Camy P, Moncorgé R. Yb:CaF2 – a new old
laser crystal. Appl Phys B, 2009, 97, 327–38.

[48] Maiman TH. Stimulated optical radiation in ruby. Nature, 1960, 187, 493–94.
[49] Waeselmann SH, Heinrich S, Kränkel C, Huber G. Lasing of Nd3+ in sapphire. Laser Photon

Rev, 2016, 10, 510–16.
[50] Morgner U, Kärtner FX, Cho SH, Chen Y, Haus HA, Fujimoto JG, Ippen EP, Scheuer V, Angelow

G, Tschudi T. Sub-two-cycle pulses from a Kerr-lens mode-locked Ti:Sapphire laser. Opt Lett,
1999, 24, 411–13.

[51] Sutter DH, Steinmeyer G, Gallmann L, Matuschek N, Morier-Genoud F, Keller U, Scheuer V,
Angelow G, Tschudi T. Semiconductor saturable-absorber mirror-assisted Kerr-lens mode-
locked Ti:Sapphire laser producing pulses in the two-cycle regime. Opt Lett, 1999, 24,
631–33.

[52] Demirbas U. Cr:colquiriite lasers: Current status and challenges for further progress. Prog
Quant Electron, 2019, 68, 100227.

[53] Kück S. Laser-related spectroscopy of ion-doped crystals for tunable solid-state lasers. Appl
Phys B, 2001, 72, 515–62.

[54] Petricevic V, Seas A, Alfano RR. Slope efficiency measurements of chromium-doped forsterite
laser. Proc Adv Sol Stat Lasers, 1999, 10, C4L3.

[55] Chia SH, Liu TM, Ivanov AA, Fedotov AB, Zheltikov AM, Tsai MR, Chan MC, Yu CH, Sun CK. A
sub-100fs self-starting Cr:Forsterite laser generating 1.4 W output power. Opt Express, 2010,
18, 24085–91.

[56] Marshall CD, Speth JA, Payne SA, Krupke WF, Quarles GJ, Castillo V, Chai BHT. Ultraviolet
laser emission properties of Ce3+-doped LiSrAlF6 and LiCaAlF6. J Opt Soc Am B, 1994, 11,
2054–65.

[57] Demirbas U, Sennaroglu A. Intracavity-pumped Cr2+:ZnSe laser with ultrabroad tuning range
between 1880 and 3100 nm. Opt Lett, 2006, 31, 22932295.

[58] Akimov VA, Kozovskii VI, Korostelin YV, Landman AI, Podmar’kov Y, Skasyrskii Y,
Frolov M. Efficient pulsed Cr2+:CdSe laser continuously tunable in the spectral range from
2.26 to 3.61 µm. Quant Electron, 2008, 38, 205–08.

[59] Vasilyev S, Moskalev I, Mirov M, Mirov S, Gapontsev V. Three optical cycle mid-IR Kerr-lens
mode-locked polycrystalline Cr2+:ZnS laser. Opt Lett, 2015, 40, 5054–57.

[60] Kernal J, Fedorov VV, Gallian A, Mirov SB, Badikov VV. 3.9-4.8 µm gain-switched lasing of
Fe: ZnSe at room temperature. Opt Express, 2005, 13, 10608–15.

[61] Jain A, Ong SP, Hautier G, Chen W, Davidson Richards W, Dacek S, Cholia S, Gunter D,
Skinner D, Ceder G, Persson KA. Commentary: The materials project: A materials genome
approach to accelerating materials innovation. APL Materials, 2013, 1, 011002.

[62] Downs RT, Hall-Wallace M. The American mineralogist crystal structure database. Am Miner,
2003, 88, 247–50.

[63] Grazulis S, Chateigner D, Downs RT, Yokochi AFT, Quirós M, Lutterotti L, Manakova E, Butkus
J, Moeck P, Le Bail A. Crystallography open database – an open-access collection of crystal
structures. J Appl Crystallogr, 2009, 42, 726.

[64] Bermudez-G JC, Pinto-Robledo VJ, Kir’yanov AV, Damzen MJ. The thermo-lensing effect in a
grazing incidence, diode-side-pumped Nd:YVO4 laser. Opt Commun, 2002, 210, 75.

402 8 Photofunctional materials



[65] Czeranowski C. Resonatorinterne Frequenzverdopplung von diodengepumpten Neodym-
Lasern mit hohen Ausgangsleistungen im blauen Spektralbereich. Dissertation, Institut für
Laser-Physik, Universität Hamburg, 2002.

[66] Fredrich-Thornton ST. Nonlinear losses in single crystalline and ceramic Yb:YAG thin-disk
lasers. Dissertation, Institut für Laser-Physik, Universität Hamburg, 2010.

[67] Kränkel C. Ytterbium-dotierte Borate und Vanadate mit großer Verstärkungsbandbreite als
aktive Materialien im Scheibenlaser. Dissertation, Institut für Laser-Physik, Universität
Hamburg, 2008.

[68] Zhang HJ, Zhu L, Meng XL, Yang ZH, Wang CQ, Yu WT, Chow YT, Lu MK. Thermal and laser
properties of Nd: YVO4 crystal. Cryst Res Technol, 1999, 34, 1011.

[69] Zhao SR, Zhang HJ, Wang JY, Haikuan K, Xiufeng C, Junhai L, Jing L, Yanting L, Xiaobo H,
Xiangang X, Xinqiang W, Zongshu S, Minhua J. Growth and characaterization of the new laser
crystal Nd:LuVO4. Opt Mater, 2004, 26, 319.

[70] Mond M. Cr2+-dotierte Chalkogenide – Neue durchstimmbare Festkörperlaser und passive
Güteschalter im mittleren infraroten Spektralbereich. Dissertation, Institut für Laser-Physik,
Universität Hamburg, 2003.

[71] Wang YC. Passive mode-locking of 2-µm solid-state lasers: towards sub-10 optical cycle
pulse generation. Dissertation, Department of Physics, FU Berlin, 2017.

[72] Hu QQ, Jia ZT, Tang C, Lin N, Zhang J, Jia N, Wang S, Zhao X, Tao X. The origin of coloration of
CaGdAlO4 crystals and its effect on their physical properties. Cryst Eng Comm, 2016, 19,
537–45.

[73] Loiko PA, Yumashev KV, Schödel R, Peltz M, Liebald C, Mateos X, Deppe B. Thermo-optic
properties of Yb:Lu2O3 single crystals. Appl Phys B-Lasers Opt, 2015, 120, 601–07.

[74] Reichert F. Praseodymium- and Holmium-doped crystals for lasers emitting in the visible
spectral region. Dissertation, Institut für Laser-Physik, Universität Hamburg, 2013.

[75] Marzahl DT. Rare-earth-doped strontium hexaaluminate lasers. Dissertation, Institut für
Laser-Physik, Universität Hamburg, 2016.

[76] Ileri B. Lattice matching of epitaxial rare earth-doped dielectric PLD-films. Dissertation,
Institut für Laser-Physik, Universität Hamburg, 2007.

[77] Selivanov AG, Denisov IA, Kuleshov NV, Yumashev KV. Nonlinear refractive properties of
Yb3+-doped KY(WO4)2 and YVO4 laser crystals. Appl Phys B, 2006, 83, 61–65.

[78] Ghirnire K, Iqbal H, Collins R, Podraza N. Optical properties of single-crystal Gd3Ga5O12 from
the infraret to ultraviolet. Phys Stat Sol (B), 2015, 252, 2191–98.

[79] Panchal V, Errandonea D, Segura A, Rodríguez-Hernandez P, Muñoz A, Lopez-Moreno S,
Bettinelli M. The electronic structure of zircon-type orthovanadates: Effects of high-pressure
and cation substitution. J Appl Phys, 2011, 110, 043723.

[80] Koopmann P. Thulium- and holmium-doped sesquioxides for 2 µm lasers. Dissertation,
Institut für Laser-Physik, Universität Hamburg, 2012.

[81] Masubuchi Y, Hata T, Motohashi T, Kikkawa S. Synthesis and crystal structure of K2NiF4-type
novel Gd1+xCa1-xAlO4-xNx oxynitrides. J Alloys Compd, 2014, 582, 823–26.

[82] Luong MV, Sarukura N, Pham MH, Schwerdtfeger P, Cadatal-Raduban M. Numerical
investigation of the electronic and optical properties of LiLuF4 vacuum ultraviolet material.
Jpn J Appl Phys, 2020, 59, 072001.

[83] Shimizu T, Luong MV, Cadatal-Raduban M, Empizo MJF, Yamanoi K, Arita R, Minami Y,
Sarukura N, Mitsuo N, Azechi H, Pham MH, Nguyen HD, Ichiyanagi K, Nozawa S, Fukaya R,
Adachi S-I, Nakamura KG, Fukuda K, Kawazoe Y, Steenbergen KG, Schwerdtfeger P. High
pressure band gap modification of LiCaAlF6. Appl Phys Lett, 2016, 110, 141902.

[84] Luong MV, Empizo MJF, Cadatal-Raduban M, Arita R, Minami Y, Shimizu T, Sarukura N, Azechi
H, Pham MH, Nguyen HD, Kawazoe Y, Steenbergen KG, Schwerdtferger P. First-principles

8.5 Crystals for solid-state lasers 403



calculations of electronic and optical properties of LiCaAlF6 and LiSrAlF6 crystals as VUV to
UV solid-state laser materials. Opt Mater, 2017, 65, 15–20.

[85] Shankland TJ. Band gap of forsterite. Science, 1968, 161, 51–53.
[86] Loiko P, Ghanbari S, Matrosov V, Yumashev K, Major A. Dispersion and anisotropy of thermo-

optical properties of alexandrite laser crystal. Opt Mater Express, 2018, 8, 3000–06.
[87] Togo A. Phonon database at 2018-04-17. http://phonondb.mtl.kyoto-u.ac.jp/ph20180417/

index.html 2018. Accessed January 13th 2022.
[88] Hinuma Y, Pizzi G, Kumagai Y, Oba F, Tanaka I. Band structure diagram paths based on

crystallography. Comp Mater Sci, 2017, 128, 140.
[89] Fechner M. Seltenerd-dotierte Oxidkristalle für Festkörperlaser im sichtbaren

Spektralbereich. Dissertation, Institut für Laser-Physik, Universität Hamburg, 2011.
[90] Dimitrov D, Rafailov P, Marinova V, Babeva T, Goovaerts E, Chen YF, Lee CS, Juang JY.

Structural and optical properties of LuVO4 single crystals. J Phys: Conf Ser, 2017, 794,
012029.

[91] Song JJ, Klein PB, Wadsack RL, Selders M, Mroczkowski S, Chang RK. Raman-active phonons
in aluminum, gallium, and iron garnets. J Opt Soc Am B, 1973, 63, 1135–40.

[92] Papagelis K, Arvanitidis J, Vinga E, Christofilos D, Kourouklis GA, Kimura H, Ves S. Vibrational
properties of (Gd1-xYx)3Ga5O12 solid solutions. J Appl Phys, 2010, 107, 113504.

[93] Adachi S, Taguchi T. Optical properties of ZnSe. Phys Rev B, 1991, 43, 9569–77.
[94] Widulle F, Kramp S, Pyka NM, Göbel A, Ruf T, Debernardi A, Lauck R, Cardona M. The phonon

dispersion of wurtzite CdSe. Phys Rev B, 1999, 263–264, 448–51.
[95] Fang ZQ, Sun DL, Luo JQ, Zhang H, Zhao X-Y, Quan C, Hu L, Cheng M, Zhang Q-L, Yin S. Study

on the raman spectra of a new type GYSGG radiation resistant crystal. Mater Sci, 2017, 7,
515–22.

[96] Macalik L, Hanuza J, Kaminskii AA. Polarized Raman spectra of the oriented NaY(WO4)2 and
KY(WO4)2 single crystals. J Mol Struc, 2000, 555, 289–97.

[97] Macalik L, Hanuza J, Kaminskii AA. Polarized infrared and Raman spectra of KGd(WO4)2 and
their interpretation based on normal coordinate analysis. J Raman Spec, 2002, 33, 92–103.

[98] Llamas V, Loiko P, Kifle E, Romero C, Vázquez de Aldana JR, Pan Z, Serres JM, Yuan H, Dai X,
Cai H, Wang Y, Zhao Y, Zakharov V, Veniaminov A, Thouroude R, Laroche M, Gilles H,
Aguiló M, Díaz F, Griebner U, Petrov V, Camy P, Mateos X. Ultrafast laser inscribed waveguide
lasers in Tm:CALGO with depressed-index cladding. Opt Express, 2020, 3, 3528–40.

[99] Kontos AG, Tsaknakis G, Raptis YS, Papayannis A, Landulfo E, Baldochi SL, Barbosa E, Vieira
ND Jr. Spectroscopic study of Ce- and Cr-doped LiSrAlF6. J Appl Phys, 2003, 93, 2797–803.

[100] Doualan JL, Moncorgé R. Laser crystals with low phonon frequencies. Ann Chim Sci Mater,
2003, 28, 5–20.

[101] Daniel P, Gesland JY, Rousseau M. Raman scattering study of a new laser crystal: LiCaAlF6.
J Raman Spec, 1992, 23, 197.

[102] Calistru DM, Wang WB, Petricevic V, Alfano RR. Resonance Raman scattering in Cr4+-doped
forsterite. Phys Rev B, 1995, 51, 14980–86.

[103] Malickova I, Fridrichova J, Bacik P, Milovská S, Škoda R, Illášová Ľ, Štubňa J. Laser effect in
the optical luminescence of oxides containing Cr. Acta Geol Slov, 2018, 10, 27–34.

[104] Metz PW. Visible lasers in rare earth-doped fluoride crystals. Dissertation, Institut für Laser-
Physik, Universität Hamburg, 2014.

[105] Yu HH, Wu K, Yao B, Zhang H, Wang Z, Wang J, Zhang Y, Wei Z, Zhang Z, Zhang X,
Jiang M. Growth and characterization of Yb-doped Y3Ga5O12 laser crystal. IEEE J Quantum
Electron, 2010, 46, 1689–95.

404 8 Photofunctional materials

http://phonondb.mtl.kyoto-u.ac.jp/ph20180417/index.html
http://phonondb.mtl.kyoto-u.ac.jp/ph20180417/index.html


[106] Aggarwal RL, Ripin DJ, Ochoa JR, Fan TY. Measurement of thermo-optic properites of Y3Al5O12,
Lu3Al5O12, YAlO3, LiYF4, LiLuF4, BaY2F8, KGd(WO4)2, and KY(WO4)2 laser crystals in the
80–300 K temperature range. J Appl Phys, 2005, 98, 103514.

[107] Biswal S, O’Connor SP, Bowman SR. Thermo-optical parameters measured in ytterbium-
doped potassium gadolinium tungstate. Appl Opt, 2005, 44, 3093–97.

[108] Sirota NN, Popov PA, Ivanov IA. The thermal conductivity of monocrystalline gallium garnets
doped with rare earth elements and chromium in the range 6–300 K. Cryst Res Technol,
1992, 27, 535–43.

[109] Zagumennyi AI, Lutts GB, Popov PA, Sirota NN, Shecherbakov IA. The thermal conductivity of
YAG and YSAG laser crystals. Laser Phys, 1993, 3, 1064–65.

[110] Langenberg E, Ferreiro-Vila E, Leborán V, Fumega AO, Pardo V, Rivadulla F. Analysis of the
temperature dependence of the thermal conductivity of insulating single crystal oxides. APL
Mater, 2016, 4, 5, 104815.

[111] Vinnik DA, Popov PA, Archugov SA, Mikhailov GG. Heat conductivity of chromium-doped
alexandrite single crystals. Dokl Phys, 2009, 54, 449–50.

[112] Peters R. Ytterbium-dotierte Sesquioxide als hocheffiziente Lasermaterialien. Dissertation,
Institut für Laser-Physik, Universität Hamburg, 2009.

[113] Silvestre O, Grau J, Pujol MC, Massons J, Aguiló M, Díaz F, Borowiec MT, Szewczyk A,
Gutowska MU, Massot M, Salazar A, Petrov V. Thermal properties of monoclinic KLu(WO4)2 as
a promising solid state laser host. Opt Express, 2008, 16(7), 5022–34.

[114] Loiko PA, Yumashev KV, Kuleshov NV, Pavlyuk AA. Thermo-optical properties of pure and Yb-
doped monoclinic KY(WO4)2 crystals. Appl Phys B, 2012, 106, 663–68.

[115] Baryshevski VG, Korzhik MV, Livshitz MG, Tarasov AA, Kimaev AE, Mishkel II, Meilman ML,
Minkov BJ, Shkadarevich AP. Properties of forsterite and the performance of forsterite lasers
with lasers and flash lamp pumping. Adv Solid State Lasers, 1991, C4L1.

[116] Sirdeshmukh DB, Sirdeshmukh L, Subhadra KG, Kishan Rao K, Bal Laxman S. Systematic
hardness measurements on some rare earth garnet crystals. Bull Mater Sci, 2001, 24,
469–73.

[117] Kück S, Hartung S, Hurling S, Peterman K, Huber G. Optical transitions in Mn3+-doped
garnets. Phys Rev B, 1998, 57, 2203–16.

[118] Cornacchia F, Simura R, Toncelli A, Tonelli M, Yoshikawa A, Fukuda T. Spectroscopic
properties of Y3Sc2Al3O12 (YSAG) single crystals grown by µ-PD technique. Opt Mater, 2007,
30, 135–38.

[119] Tang LY, Lin ZB, Zhang LZ, Wang GF. Phase diagram, growth and spectral characteristic of
Yb3+:KY(WO4)2. J Cryst Growth, 2005, 282, 376–82.

[120] Klimm D, Lacayo G, Reiche P. Growth of Cr:LiCaAlF6 and Cr:LiSrAlF6 by the Czochralski
method. J Cryst Growth, 2000, 210, 683–93.

[121] Klimm D, Dos Santos IA, Ranieri IM, Baldochi SL. Phase equilibria and crystal growth for
LiREF4 scheelite laser crystals. MRS Online Proc Lib, 2008, 111, 107.

[122] Brown DC, Tornegard S, Kolis J, McMillen C, Moore C, Sanjeewa L, Hancock C. The application
of cryogenic laser physics to the development of high average power ultra-short pulse lasers.
Appl Sci, 2016, 6, 23.

[123] Tian L, Yuan H, Wang SX, Wu K, Pan Z, Cai H, Yu H, Zhang H. Evaluation of growth, thermal
and spectroscopic properties of Yb3+-doped GSGG crystals for use in ultrashort pulsed and
tunable lasers. Opt Mat Express, 2014, 4, 1953–65.

[124] Petrosyan AG, Shirinyan GO, Pedrini C, Durjardin C, Ovanesyan KL, Manucharyan RG,
Butaeva TI, Derzyan MV. Bridgman growth and characterization of LuAlO3-Ce

3+ scintillator
crystals. Cryst Res Technol, 1998, 33, 241–48.

8.5 Crystals for solid-state lasers 405



[125] Loiko PA, Yumashev KV, Schödel R, Peltz M, Liebald C, Mateos X, Deppe B, Kränkel
C. Thermo-optic properties of Yb:Lu2O3 single crystals. Appl Phys B, 2015, 120, 601–07.

[126] Roberts RB, White GK, Sabine TM. Thermal expansion of zinc sulfide: 300–1300 K. Austr J
Phys, 1981, 34, 701–06.

[127] Su CH, Feth S, Lehoczky SL. Thermal expansion coefficient of ZnSe crystal between 17 and
1080 °C by interferometry. Mater Lett, 2009, 63, 1475–77.

[128] Iwanaga H, Kunishige A, Takeuchi S. Anisotropic thermal expansion in wurtzite-type crystals.
J Mater Sci, 2000, 35, 2451–54.

[129] Hoefer CS, Kirby KW, DeShazer LG. Thermo-optic properties of gadolinium garnet laser
crystals. J Opt Soc Am B, 1988, 5, 2327–32.

[130] Fan TY, Ripin DJ, Aggarwal RL, Ochoa JR, Chann B, Tilleman M, Spitzberg J. Cryogenic Yb3+-
doped solid-state lasers. IEEE J Sel Top Quant Electron, 2007, 13, 448–59.

[131] Feldman A, Horowitz D, Waxler RM, Dodge J. Optical Materials Characterization Final
Technical Report. Nat Bur Stand (U.S.), Tech Note, 1979,993.

[132] Palik ED Ed. Handbook of Optical Constants, Elsevier, Amsterdam, 1997.
[133] Sennaroglu A. Solid-state Lasers and Applications, 1st edition, CRC Press, Boca Raton, 2017.

ISBN 9780367389871.
[134] Zverev PG. The influence of temperature on Raman modes in YVO4 and GdVO4 crystals. J Phys

Conf Ser, 2007, 92, 012073.
[135] Tung JC, Wu TY, Liang HC, Chen YF. Precise measurement of the thermo-optical coefficients of

various Nd-doped vanadates with an intracavity self-mode-locked scheme. Laser Phys, 2014,
24, 035804.

406 8 Photofunctional materials



8.6 NLO materials

Shilie Pan, Wenqi Jin, Zhihua Yang

8.6.1 Introduction

In 1961, Franken et al. discovered second harmonic generation (SHG) in a quartz crys-
tal, which reflects the response-dependent nonlinearly on the applied electromag-
netic field, namely, the nonlinear optical (NLO) phenomena [1]. When a laser beam is
transmitted through an NLO medium, it can generate a new beam via frequency con-
version such as SHG, difference frequency generation (DFG), or sum-frequency gener-
ation (SFG) [2]. Owing to the role in broadening the wavelength range of the laser,
NLO materials have been widely used in laser technology, i.e., laser communication,
laser guidance, signal processing, laser medical treatment and laser micromachining.
In a nonlinear medium, the polarization P depends nonlinearly on the electric field E
[3, 4]:

P = P0 + χ 1ð ÞE + χ 2ð ÞE2 + χ 3ð ÞE3 + . . . . . . (8:6:1)

where the nth-order susceptibility χ(n) (n = 1, 2, 3, . . . ) is a (n+1)-rank tensor with
3(n+1) elements. In general, NLO phenomena mainly refer to the second-order or
third-order nonlinear susceptibility, especially the SHG process, which concerns
two photons to produce a third photon ðω + ω ! 2ω Þ [5]. It should be noticed that
the SHG (or higher even-order nonlinear polarization) can only occur in noncentro-
symmetric crystals.

According to the application, the spectral region of the second-order NLO mate-
rials (NLO materials, for short) can be classified into, (1) ultraviolet (UV)/deep-UV
region (200–400 nm/≤200 nm); (2) visible-near infrared (IR) region (400 nm-2 μm);
(3) middle and far-IR region (2–20 μm).

During the SHG process, when the fundamental wave and second-harmonic
have the same propagation velocity, all second-harmonic waves produced from
every position that are passed by the fundamental wave can achieve phase super-
position with increased SHG intensity. Thus, a phase-matching wavelength located
at the corresponding application spectral region is expected for the targeted crystal,
which depends on the bandgap, birefringence and refractive dispersion. Of course,
when the birefringence is too small, other methods like quasi-phase matching are
also adopted for a periodically poled crystal. In the case of UV/deep-UV inorganic
NLO crystals, most of them are alkali/alkaline earth metal borates since β-BaB2O4 (β-
BBO)[6] and LiB3O5 (LBO) [7, 8] identified as NLO crystals; alkali/alkaline earth metal
carbonates/phosphates/sulfates can also perform UV/deep-UV properties. Introduc-
ing d0, d10 or lone pair metal cation to the systems above can enhance the NLO coef-
ficients, but the application region will be red-shifted to the visible or even to the IR
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region. In the IR region, niobates, pnictides, chalcogenides are the most commonly
researched systems.

This chapter introduces the most widely used and newly developed inorganic
NLO crystals with promising applications, which are classified and discussed ac-
cording to the different systems and the main synthesis methods.

8.6.2 Borates

In the past 30 years, borates have been regarded as state-of-the-art candidates for
UV/deep-UV NLO materials, owing to their outstanding intrinsic properties [9, 10]. In
borates, the large electronegativity difference between the boron and oxygen atoms
is favorable for the transmittance of short-wavelength light [11]. Moreover, boron
atoms can be tri- or tetra-coordinated with oxygen atoms, forming (BO3)

3− planar tri-
angles and (BO4)

5− tetrahedra. The π-conjugated (BO3)
3− group with highly aniso-

tropic electron distribution favors large second-order susceptibility and birefringence
[12]. The spatial combinations of (BO3)

3− and (BO4)
5− groups contribute to the ex-

tremely wide variability of structure types in borate-based compounds. Usually, the
B-O spatial architecture in the borates can be in 0D, 1D, 2D and 3D by connecting
through oxygen atoms and even other metal cations, such as Be and Al. The first
NLO borate described was KB5O8 · 4 H2O [13] in 1975, but intense research on NLO
borate materials began with the advent of low-temperature β-BBO [6, 14] and LBO [7],
which are up to now still by far the most frequently used NLO borate materials. A
subsequent search for new borate compounds led to the continued discovery of new
compounds with improved NLO properties (or in some cases NLO properties that are
presumed to be good).

Particularly, many metal borates containing additional halogen anions (i.e., F,
Cl, Br or I) have been discovered with novel compositions and crystal structures that
could produce the next generation of NLO materials for the UV region and beyond.
Generally, metal borates containing additional halogen anions are expressed as
MxByOzXn M = metal cations, X = halogen anionsð Þ. In fact, there are two kinds of
such compounds but with obvious differences [9]: (i) borates with the halogen atoms
exclusively connected to metal cations (regarded as double salt), called “metal bo-
rate halides”, such as the well-known KBBF [15], (ii) borates in which the halogen
atoms are directly bonded to boron atoms (where the halogen acts as a substitute for
an oxygen atom). Notably, to date, only fluorooxoborates with B-F bonds were discov-
ered such as BiB2O4F [16]. From a chemical point of view, metal borate halides are a
kind of double salts containing metal halides and metal borates. It is expected that the
introduction of halogen anions into borates can span more diversity in their structures
and would be likely to yield new phases with interesting stoichiometries, structures and
properties. It has been verified that the proportions of noncentrosymmetric structures in-
creases from borates (35%) to borate fluorides (38%) and especially to fluorooxoborates
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(65%) [10]. Particularly functionalized oxyfluoride BOxF4− x½ � x+ 1ð Þ− x= 1, 2, 3ð Þ chromo-
phores are good units to balance the multiple criteria for deep-UV NLO crystals (birefrin-
gence, SHG coefficients and deep-UV cutoff edge), as reflected by the polarizability
anisotropy, hyperpolarizability and the highest occupied molecular orbital and lowest
unoccupied molecular orbital (HOMO-LUMO) energy gap, respectively [17]. Besides, the
introduction of fluorooxoborate modules can reduce the refractive index dispersions,
which is good for a short phase-matching wavelength [18, 19]. In addition, the fluorine
atom acts as a depolymerizer of the B−O polyanionic architecture to form favorable con-
figurations, which may be beneficial to structural anisotropy.

8.6.2.1 Borates

8.6.2.1.1 LiB3O5 (LBO)
LBO crystallizes in the space group Pna21 with unit cell dimensions a = 8.4473(7),
b = 7.3788(6), c = 5.1359(5) Å and Z = 4 [20]. The structure is composed by a contin-
uous helix network of (B3O7)

5– groups along the c axis, which is also the twofold
axis in the cell; however, the axis is designated as the y-axis in the optical system
(Figure 8.6.1). In 1989, Chen’s group reported that the LBO crystal possesses sev-
eral outstanding NLO properties and constitutes a promising material [7, 21].

LBO is a negative biaxial crystal with Δn = 0.043–0.040 @ 532–1064 nm. The SHG co-
efficients are d31 = ±2.34 (1±0.08) pm V–1, d32 = ±2.50 (1±0.10) pm V–1, d15 ≈ d32, d24 ≈
d32, d33 = ±0.04 (1±0.12) pm V–1 [8, 22]. The shortest phase-matching SHG wavelength
is about 277 nm for type I and 396 nm for type II.

The first successful growth of small LBO crystals was achieved by the solid-
state reaction of B2O3 glass covered with LiF powder and reaction at 750 °C for 10 h

Figure 8.6.1: Structure of LiB3O5 viewed along the c axis.
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[20]. Due to its incongruent melting, large bulk single crystals of LBO have to be
grown by flux methods. From early on, a “self-fluxed” melt with excess B2O3 has
been mainly been used and the top-seeded solution growth technique successfully
applied. The composition of the used fluxes varies between Li2O:B2O3 = 1:3.8 to
1:5.6, and slow cooling rates of about 0.3 K d−1 are applied to allow the excess B2O3

to move away from the growing interface [7, 23–26]. A great problem with the
growth of LiB3O5 from B2O3 fluxes is the rather high viscosity and the resulting low
diffusivity of the melt. To reduce melt viscosity, fluxes such as MoO3 have also been
applied. Hu et al. determined that the low-viscosity region suitable for LBO crystal
growth in the Li2O−B2O3−MoO3 system corresponded to a Li2O:B2O3:MoO3 ratio in
the range of 1: (0.8–1.3):(1.7–2.5) and successfully grew LBO crystals with dimensions
up to 160 × 150 × 77 mm3 by seeding in the [011] direction (Figure 8.6.2) [27].

Because of the outstanding advantages of LBO crystals with respect to their NLO
properties mentioned above, the major applications include the following two as-
pects: the second and third harmonic generation of Nd-based laser systems; optical
parametric oscillation and amplification [22].

8.6.2.1.2 β-BaB2O4 (β-BBO)
BaB2O4 has two known phases, namely α and β. The α-phase, the quenched high-
temperature form, was determined by Mighell et al. [28, 29] as R3̄c. The β-phase (β-BBO),
its low-temperature form, was crystallized in the space group R3c with cell param-
eters a = 12.532, c = 12.728 Å [30]. Its crystal structure consists of isolated planar an-
ionic (B3O6)

3– ring groups, and they are parallel to the ab plane. Figure 8.6.3 shows
schematically the crystal structure of β-BBO.

Figure 8.6.2: Top (a) and side (b) view of a LiB3O5 single crystal, weight: 1988 g, overall dimensions:
160 × 150 × 77 mm3. Reproduced with permission from ref. [27]. Copyright 2011 Elsevier.
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The transmittance range of β-BBO is 185–3300 nm. β-BBO is a negative uniaxial
crystal with Δn=0.118⁓0.113@546⁓ 1014 nm [22]. The SHG coefficients of β-BBO are
d22= ±1.60 ð1±0.05ÞpmV−1, d15≈ 1±0.12ð Þ d22, d33≈0pmV−1 [6]. (B3O6)

3– groups, es-
pecially the terminal oxygen atoms have sizable contributions to the SHG coeffi-
cients [31]. The measurements show that the shortest SHG wavelength output is
204.8 nm [32], while for SFG the wavelength goes down to 189 nm, very close to the
absorption edge of the crystal [33].

β-BBO has a melting point of 1095 °C and a reversible but kinetic transition tem-
perature of around 925 °C [6, 28, 29]. Nowadays, the fluxes are usually Na2O,NaF, and
mixtures of both. The phase diagram of the BaB2O4−Na2O system was first studied by
Huang and Liang in 1981 [34]. The phase equilibrium diagram in the BaB2O4-NaF sys-
tem was reinvestigated by Bekker et al. in 2009 [35]. β-BBO crystals could be obtained
from the solution of 31–45 mol% NaF with a crystallization temperature of 754 °C.
High-quality β-BBO crystals with sizes of ∅10 × 16 mm were grown by the traveling
solvent zone melting (TSZM) method using Na2O and B2O3 as a flux [36]. Large high-
quality β-BBO crystals are also grown by the modified top-seeded solution technique
[37]. Figure 8.6.4 shows the commercialized β-BBO.

Figure 8.6.3: Structure of β-BBO viewed along the c axis.

Figure 8.6.4: Single crystal of β-BBO. With courtesy and permission
from Castech (https://gb.castech.com/product/106.html).
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Because of the outstanding advantages of this crystal for the NLO properties men-
tioned above, the major applications of β-BBO include three aspects: (1) Fourth and
fifth harmonic generation of Nd-based laser systems; (2) SHG of tunable Ti:sapphire
lasers; (3) optical parametric oscillation and amplification [22].

8.6.2.1.3 CsB3O5 (CBO)
The existence of cesium triborate CBO was first reported by Krogh-Moe [38] in the
system of Cs2O−B2O3. In 1974, Krogh-Moe refined the crystal structure of CBO and
determined that it crystallizes in the orthorhombic space group P212121 with cell di-
mensions a = 6.213(1), b = 8.521(1), c = 9.170(1) Å and Z = 4 [39]. The structure of CBO
is shown in Figure 8.6.5. The structure of CBO can be described as a continuous
three-dimensional network of spiral chains formed by B3O7ð Þ5− groups and then
four oxygen atoms shared by the B3O7ð Þ5− units in the same chain or the neighbor-
ing chains, with Cs+ located in the interstices. This boron–oxygen anionic network
is very similar to the networks in LBO and CsLiB6O10 (CLBO).

The UV and IR absorption edges of CBO are 167 nm and 3400 nm, respectively [40].
CBO is a negative biaxial crystal with Δn = 0.0608–0.0587 @ 532–1064 nm [41, 42]. The
SHG coefficients are d14 = 1.17 ± 0.11 pm V–1 [41, 43]. The deff values of the second-
order nonlinear coefficient were found to be 1.02 pm V–1 (type I) and 0.98 pm V–1

(type II) [44].
CBO is a congruently melting compound. Penin et al. [45] presented the com-

plete Cs2O−B2O3 phase diagram, confirming that the crystallization of the CBO
phase takes place in the composition range from 67 to 81 mol% B2O3. Many growth
techniques could be used to grow CBO single crystals, including the Czochralski

Figure 8.6.5: Structure of CsB3O5 viewed along the a axis.
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(CZ) method, the Kyropoulos method and the top-seeded solution growth method.
To lower the growth temperature and decrease the volatilization of Cs2O towards
CBO crystals free from scattering centers, many fluxes NaF, V2O5, andMoO3ð Þ have
also been applied [22].

The optical properties indicated that CBO is a promising crystal for NLO fre-
quency conversion in the UV region: (1) third harmonic generation (THG, 1064 nm +
532 nm → 355 nm); (2) SFG (1064 nm + 355 nm → 266 nm); (3) sum-frequency genera-
tion (SFG, 2000 nm + 213 nm→ 193 nm) [22].

8.6.2.1.4 CsLiB6O10 (CLBO)
Cesium lithium borate CLBO was discovered as a new NLO crystal by Sasaki et al.
and Mori et al. [46–49]. CLBO belongs to the tetragonal space group I4

–
2d with cell

dimensions of a = 10.494(1), c = 8.939(2) Å and Z = 4 [46]. The structure is composed
by eight-coordinated Cs+ ions and four coordinated Li+ ions, and a 3D anion net-
work of chains formed from B3O7ð Þ5− groups. The Cs+ and Li+ ions locate at the al-
ternate sites on the square channel along the c-axis. Figure 8.6.6 shows a projection
of CLBO on the (100) plane and (001) plane.

The transparency range of CLBO is from 180 to 2750 nm. CLBO is a negative uniaxial
crystal. The limits of the type I and type II phase-matching fundamental wave-
lengths for SHG are 473 and 636 nm, respectively [50]. The values for the coefficient
d36 at several fundamental wavelengths are as follows: d36(@532 nm) = 0.92 pm V–1,
d36(@852 nm) = 0.83 pm V–1, d36(@1064 nm) = 0.74 pm V–1 [51].

The CLBO crystal was found to melt congruently at 848 °C. Conventionally, the crys-
tal has been grown from a self-fluxed solution in B2O3 by using the top-seeded solution
growth method with an a-axis seed crystal. It is much easier to grow when compared to
other borates. A crystal dimension of 14 × 11 × 11 cm3 has been demonstrated within

Figure 8.6.6: Structure of CsLiB6O10 viewed along the a and c axis.
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3 weeks and extra-large NLO crystal dimensions are technically possible [47]. Fig-
ure 8.6.7 shows the photograph of a large CLBO crystal produced by CASTECH, Inc.

The major applications for CLBO are as follows: (1) high-power fourth and fifth har-
monic generation of Nd-based laser systems; (2) deep-UV light generation below
200 nm [22].

8.6.2.1.5 K2Al2B2O7 (KABO)
In 1998, KABO was reported [52, 53] as a NLO crystal. The structure of KABO is illus-
trated in Figure 8.6.8. KABO crystallizes in the trigonal space group P321 (Z= 3) with
a=8.5657(9) and c=8.463(2) Å [54]. The basic structural features of KABO are K+ cati-
ons, BO3ð Þ3− groups and AlO4ð Þ5− groups. The planes of all the BO3ð Þ3− groups are
approximately parallel to the c axis. The whole atomic arrangement can be described
as being formed from sheets of AlO4ð Þ5− tetrahedra and BO3ð Þ3− triangles having a
composition Al2 BO3ð Þ2O.

Figure 8.6.7: Photograph of a large CsLiB6O10 crystal produced by CASTECH, Inc. With courtesy
and permission from Castech (https://gb.castech.com/product/CLBO-%E6%99%B6%E4%BD%93-
108.html).

Figure 8.6.8: Crystal structure of K2Al2B2O7.
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The UV and IR absorption edges of KABO are 180 nm and 3.6 μm, respectively
[55]. KABO is a negative uniaxial crystal with Δn about 0.0704@546 nm. The shortest
phase-matching wavelength of type I SHG is 232.5 nm [55, 56]. The measured value of
d11 is 0.45 pmV–1 [22, 57].

KABO decomposes above 900 °C [58], below its melting point of 1109.7 °C, mean-
ing that the crystal growth has to be carried out with flux methods. The best choice
to grow KABO is using NaF as the flux [22]. The starting charge was prepared accord-
ing to the following reaction: K2CO3 + Al2O3 + B2O3 = K2Al2B2O7 + CO2↑. Stoichiomet-
ric amounts of high purity reagents K2CO3, Al2O3, and B2O3 were weighed accurately
and mixed thoroughly with the appropriate amount of NaF as a flux in a platinum
crucible. Figure 8.6.9 shows the KABO crystal in size of 40 × 6 × 16 mm3 [59].

Besides the outstanding advantages mentioned above, the crystal has merits of easy
growth and good radiation resistance to UV light. The major applications of KABO
include two aspects: (1) 266 nm UV generation by fourth harmonic generation of Nd-
based laser systems; (2) 193 nm UV generation by SFG [14].

8.6.2.2 Borate halides

8.6.2.2.1 KBe2BO3F2 (KBBF)
The space group of KBBF is R32, belonging to the uniaxial class, with dimensions of
a = 4.427(4), c = 18.744(9) Å [60, 61]. These are quite different from those informed in
an earlier report [62], in which the space group of the crystal was described as C2.
The network of each layer consists of Be2F2BO3½ � (Figure 8.6.10). The distance be-
tween adjacent layers is rather large, about 6.25 Å, the apparent layering tendency is
also the major reason why it is difficult to achieve a larger size along the c-axis.

Figure 8.6.9: K2Al2B2O7 crystal in a size of 40 × 6 × 16 mm3. Reproduced with permission
from ref. [59]. Copyright 2011 Elsevier.
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The UV and IR absorption edges of KBBF are 147 nm and 3.5 μm, respectively
[22]. The birefringence of KBBF is 0.0848@546 nm, and KBBF crystals can produce
SHG output down to a wavelength of 161.1 nm [60, 63]. The coefficient d11 in a
10 × 10 × 1.0 mm3 crystal can be exactly deduced to be d11 = (0.47 ± 0.01) pm V–1 (if
d36 (KDP) = 0.39 pm V–1 is adopted) [64].

Crystals of KBBF can now be grown by both flux and hydrothermal methods.
The first large KBBF crystal was grown by the former method, which is convenient
because the crystal decomposes above (820 ± 3) °C before melting at ≈ 1030 °C [22].
Polycrystalline KBBF was prepared by a normal solid reaction according to the fol-
lowing equation [65]: 6BeO + 3KBF4 + B2O3 → 3KBe2BO3F2 + 2BF3↑.

Caution: All the operations must be performed in a ventilated system to protect the operators
from BeO toxicity.

A strategy called “localized spontaneous nucleation” was developed during the crys-
tal growth process, the key thrust being to control or restrict the nucleation of the
crystal at a fixed point. Cyclic temperature variations were used in the early stages to
select one single nucleus for further growth [64]. By using the technology above, only
one large bulk KBBF crystal possessing a plate-like form can be obtained in most
cases. A bulk KBBF crystal with dimensions of 50 × 40 × 3.7 mm3 from which a high-
quality KBBF bulk crystal can be cut for devices is shown in Figure 8.6.11 [64, 66].
The crystal of KBBF can also be grown by a hydrothermal method [64, 67]. However,

Figure 8.6.10: Crystal structure of KBe2BO3F2 viewed along the a axis.
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the poor SHG efficiency of hydrothermally grown KBBF crystals hinders their applica-
tion due to the structural defects.

Since the grown KBBF crystal size is not large enough to be cut along the phase-
matching direction and the crystal cleaves easily along the c-axis, a special prism-
coupling technique is adopted [68]. With the optically contacted KBBF-prism-coupled
device (KBBF-PCD), the sixth harmonic of Nd-based lasers and fourth harmonic of Ti-
sapphire lasers have both been successfully generated. The tunable fourth harmonic
generation of Ti:sapphire lasers is useful for the energy-tunable photoemission spec-
trometer and other deep-UV wavelength spectrometers. A 177.3 nm laser has been
achieved, and the output laser of 193.5 nm was realized, which is very useful for
193 nm photolithography [64].

8.6.2.2.2 RbBe2(BO3)F2 (RBBF)
Similar to KBBF [53], the space group of the RBBF structure is R32, belonging to the
uniaxial and rhombohedral system, with unit cell dimensions, a = 4.4341(9), c =
19.758(5) Å and Z = 4. [69] The basic building units of RBBF are similar to KBBF, that
is, BO3ð Þ3− and BeO3Fð Þ5− units form Be2BO3F2ð Þ∞ infinite layers along the ab plane.
The distance between neighboring layers is up to 6.59 Å; Rb–F interactions are very
weak to bind neighboring layers, resulting in a strong layering tendency along the c-
axis, which makes it difficult to grow thicker crystals.

RBBF was reported as a promising deep-UV NLO crystal [70]. The cutoff edge
of RBBF in the UV and IR region is located at 160 and 3550 nm, respectively. RBBF is
a negative uniaxial crystal with a birefringence of 0.0751@546 nm. It is possible to
achieve phase-matching SHG wavelength down to 170 nm. Its SHG coefficient is d11 =
(0.45±0.01) pm V–1 (d36 (KDP) = 0.39 pm V–1 as a reference) [69, 71].

Figure 8.6.11: (a) As-grown KBe2BO3F2 crystal with large transparent region. (b) A crystal blank with
a thickness of 2.8 mm. Reproduced with permission from ref. [66]. Copyright 2011 Elsevier.
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Rb and K belong to the same main group in the Periodic Table and RBBF shares
the same crystal structure as KBBF, so it also has very similar crystallization proper-
ties and growing method. Using the RBBF–PCD device, tunable fourth harmonic
generation of Ti:sapphire lasers has been successfully realized. The sixth-harmonic
of a Nd-based laser can also be produced using a RBBF-PCD device [64].

8.6.2.2.3 CsBe2BO3F2 (CBBF) [72]
The space group of CBBF is also R32, belonging to the trigonal and uniaxial system.
The lattice parameters are a = 4.4391 and c = 21.125 Å. In the CBBF structure, each
BO3ð Þ3− group connecting two neighboring BeO3Fð Þ5− groups forms a Be2BO3F2ð Þ∞
layer along the ab plane, which is the same as the frameworks of KBBF and RBBF.
Infinite layers of Be2BO3F2ð Þ∞ link together along the c-axis via electrostatic force of
Cs–F bonds; thus, the structure displays a tendency, to form layers.

The transparency region of CBBF is 151–3700 nm. CBBF is a negative uniaxial
crystal. Its birefringence is 0.0614@546 nm. It is possible to achieve SHG phase
matching in CBBF down to the wavelength of 201 nm, which shows that CBBF is
also a promising UV NLO crystal, achieving 266 and 213 nm harmonic generation of
Nd-based lasers in particular. The SHG coefficient d11 is 0.5 pm V–1 (d36 (KDP) = 0.39
pm V–1 as reference).

8.6.2.2.4 K3B6O10Cl (KBOC)
KBOC is a structure analogous to perovskite and crystallizes in the rhombohe-
dral space group R3m [73]. Referring to an ABX3 format, the formula of KBOC can
be represented as B6O10½ �ClK3. The structure is composed of B6O10ð Þ2− units and
ClK6 octahedra or described as two networks a B6O10½ �∞ and a ClK6 net

� �
that are

interweaved (Figure 8.6.12), in which B6O10ð Þ2− consists of three BO4ð Þ5− tetrahe-
dra (T) shared by the oxygen vertex and three BO3ð Þ3− triangles (Δ) attached to the
terminal oxygen atom of these tetrahedra, which can be represented as 6[3Δ+3T] ac-
cording to the definition given by Burns et al. [74, 75].

The KBOC crystal is transparent in the range of 180–3460 nm. KBOC is a negative
uniaxial crystal. The shortest type-I and type-II phase-matching SHG wavelengths are
272 and 374 nm, respectively. The calculated SHG coefficients of KBOC are as follows:
d22 = −1.033 pm V–1, d33 = 0.488 pm V–1 and d31 = −0.033 pm V–1 [73, 76].

KBOC melts incongruently and the growth of KBOC is achieved by using PbF2
as flux for the top-seeded solution growth method. The most regularly shaped and
the high-quality crystal was grown from the [101] seed. The suitable cooling rate is
0.2–0.5 K/day and the suitable rotation rate is about 3–10 rpm. High optical qual-
ity KBOC crystals using [101]-oriented seeds with dimensions up to 35 mm × 35 mm ×
11 mm have been obtained (Figure 8.6.13) [76]. The first KBOC crystal was grown
from a high-temperature solution by using KF-PbO as the flux system (Figure 8.6.13).
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UV pulses of 83 fs at 396 nmwith a maximum output power of ∼220 mW and a high-
est conversion efficiency of 39.3% are obtained in a 1-mm-long KBOC crystal with a
length of 1 mm [77]. Output powers up to 5.9 mW are obtained at a central wavelength of
263 nm, corresponding to a conversion efficiency of 4.5% (second harmonic power, THG
process) [78]. The ps green laser was successfully generated from two types of 1064 nm
lasers with one being operated at 10 kHz and the other at 10 Hz [79].

8.6.2.2.5 K3B6O10Br (KBOB)
KBOB was first reported by Al-Ama et al. in 2006 [80]. KBOB, isostructural with KBOC,
crystallizes in space group R3m with the cell parameters a = 10.1153(8), c = 8.8592(14)
Å, Z = 3, V = 785.02(15) Å3, featuring a pseudo-perovskite structure composed of the
3
∞ B6O10ð Þ2− network and 3

∞ BrK6ð Þ5+ framework with excellent optical properties.

Figure 8.6.12: Crystal structure of K3B6O10Cl viewed along the b axis.

Figure 8.6.13: Photograph of K3B6O10Cl. Reproduced with permission from ref. [73].
Copyright 2011 American Chemical Society.
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KBOB crystals present a broad transmission of 255–2500 nm with an experimen-
tal bandgap of about 4.86 eV. KBOB is a negative uniaxial crystal, with birefrin-
gence of 0.046@1064 nm. The shortest type I and type II phase-matching SHG
wavelengths are 290 and 400 nm, respectively. The measured SHG coefficients of
KBOB are as follows: d22(KBOB) = 0.83 pm V–1 = 2.12 d36 (KDP), d33(KBOB) = 0.51 pm
V–1 = 1.32 d36 (KDP) [81].

KBOB melts incongruently, meaning that the crystal was grown by the top-seeded
solution growth method with a KF-PbO flux system [82, 83]. A raw material molar
ratio of MH3BO3=MKBr=MKF=MPbO = 6:1:2:1 is suitable to stably grow sizable single crys-
tals. The crystal seed was held in the solution about 20–30 days with a cooling rate in
the range of 0.2–1.6 K/day and a seed-rotation rate of 5 rpm. Finally, a large transpar-
ent crystal was obtained with size up to 22 mm × 22 mm × 10 mm (Figure 8.6.14) [81].

A 355 nm UV femtosecond laser has been obtained through SHG using a type-I phase-
matched nonlinear optical crystal of KBOB [84]. Broadband optical parametric chirped
pulse amplification of the KBOB crystal at a central wavelength of 800 nm has been
demonstrated, confirming that KBOB crystals represent a potential alternative for effi-
cient, broadband optical parametric chirped pulse amplification near 800 nm [85]. In
addition, although KBOB does not allow the realization of 266 nm UV light by direct
frequency doubling from the fundamental 1064 nm laser, it is possible to achieve the
UV fourth harmonic (266 nm) by frequency sum ω + 3ω with a type I configuration.

8.6.2.3 Fluorooxoborates

8.6.2.3.1 NH4B4O6F (ABF)
ABF, the first member of the ABF family, was first reported by Pan et al. in 2017. ABF
crystallizes in the orthorhombic system and the polar space group Pna21 (No. 33) with

Figure 8.6.14: Photograph of K3B6O10Br. Reproduced with permission from ref. [81]. Copyright 2014
American Chemical Society.
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cell parameters a = 7.602(2), b = 11.197(3), c = 6.5952(19) Å [86]. The basic structure
of ABF is shown in Figure 8.6.15. It features a wave-like 2

∞½B4O6F� layer that is a
new anionic structural motif in borates, and the layers are further linked by the
NH4

+ cations through hydrogen bonds, forming the final three-dimensional frame-
work. ABF inherits the favorable structural features of KBBF; that is, all BO3ð Þ3−
groups align almost in the same direction in the 2

∞½B4O6F� layer, and the dangling
bonds of terminal oxygen atoms are eliminated by the BO3Fð Þ4− groups, i.e., all
three oxygen atoms of the BO3ð Þ3− group are bound to another atom in addition to
the boron atom.

The deep-UV cutoff edge of ABF is about 156 nm. ABF is a negative biaxial crystal
and its birefringence is 0.1171@1064 nm. ABF can achieve the SHG for both type I
and type II in three main directions, and the shortest phase-matching SHG wave-
length (λPM) is down to 158 nm in the XY plane calculated via Sellmeier equations.
The powder SHG test indicates that the SHG efficiency of ABF is ~3 times that of
KDP. The calculated SHG coefficients of ABF are as follows: d31 = 0.02 pm V–1, d32 =
1.07 pm V–1, d33 = −1.19 pm V–1 [86].

Single crystals of ABF were grown by a high-temperature method in a closed
system. A mixture of B2O3 (1.000 g, 14.364 mmol) and NH4F (0.266 g, 7.182 mmol)
were loaded into a tidy quartz tube (∅10 × 20 mm) that was washed with deionized
water and dried at high-temperature to remove the impurities, and the tube was
flame-sealed under 10−3 Pa. The tube was heated to 450 °C for 10 h, and held at this
temperature for 24 h, and then cooled to 30 °C with a rate of 1 K/h. The as-grown
ABF crystals with the largest dimensions up to 8 mm × 4 mm × 1 mm are shown
Figure 8.6.16 [86].

The refractive index measurements were performed using the prism coupling
method, and the Sellmeier equations were fitted as:

Figure 8.6.15: Crystal structure of NH4B4O6F viewed along the c axis.
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n2x = 2.10333+ 0.00710
λ2 −0.01094

−0.00909× λ2

n2y = 2.45077+ 0.01058
λ2 −0.02000

−0.02517× λ2

n2z = 2.47210+ 0.01139
λ2 −0.02130

−0.02631× λ2

Besides ABF, NaB4O6F [87], RbB4O6F [88] and CsB4O6F [89] all possess a KBBF-type
structure. The ABF family has the potential to produce deep-UV coherent light.

8.6.2.3.2 MB5O7F3 (M = Sr, Ca, Mg)
The fluorooxoborate system with the general formula of MB5O7F3 was proven as a sta-
ble fluorine-terminated framework. SrB5O7F3 SBFð Þ was the first-reported structure in
this system in 2018 [90]. SBF crystallizes in the orthorhombic system with the noncen-
trosymmetric space group Cmc21 with cell parameters a = 10.016, b = 8.654, c =
8.103 Å, Z = 4. The structure features zigzag 2

∞ B5O7F3ð Þ2− layers with the Sr2+ cation
padding the interlayers. Two BO3ð Þ3− triangles and three BO3Fð Þ4− tetrahedra consti-
tute the double ring B5O9F3ð Þ6− and further translation yields the 2

∞ B5O7F3ð Þ2− layer,
then the adjacent layers are stacked along the [010] direction in the -AAAA-sequence
(Figure 8.6.17).

SBF has no obvious absorption from 180 to 2600 nm and its deep-UV cutoff
edge is lower than 180 nm. The powder SHG test indicates that the SHG efficiency
of SBF is about 1.6 times that of KDP. The calculated refractive indices suggest that
SBF is a negative biaxial crystal with the birefringence 0.070@1064 nm. The short-
est type I phase-matching SHG wavelength corresponds to 180 nm based on the
calculated refractive index dispersion. The calculated SHG tensors are as follows:
d31 = d15 = 0.91 pm V–1, d32 = d24 = −0.37 pm V–1 and d33 = −0.71 pmV–1.

Figure 8.6.16: Crystal plate of ABF (unpolished, thickness ∼0.5 mm) for measurement. Reproduced
with permission from ref. [86]. Copyright 2017 American Chemical Society.
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Small single crystals of SBF were grown by the high-temperature solution method
using a NaBF4 flux in a closed system. Besides SBF, CaB5O7F3 [91] and MgB5O7F3 [92]
also show a relatively large SHG effect with deep-UV phase-matching ability, which
indicate the potential of this system to generate deep-UV coherent light.

8.6.3 Phosphates

Phosphates are also one important class of NLO crystals, which can be classified into
orthophosphates, pyrophosphates and metaphosphates [93]. In orthophosphates, the
anionic group PO4ð Þ3− is composed of a regular tetrahedral arrangement of four oxy-
gen atoms centered by a phosphorus atom, which can be also called monophos-
phates. In pyrophosphates and metaphosphates, the PO4ð Þ3− units are condensed by
corner sharing.

Usually, environmentally friendly phosphates are widely regarded as promising
UV and deep-UV NLO candidates. Phosphates have the following advantages [94]: (1)
short cutoff edge owing to non-π-conjugated PO4ð Þ3− tetrahedra as the basic struc-
tural units; (2) various anionic groups formed by PO4ð Þ3− via sharing of O atoms like
(P2O7)

4–, P3O10ð Þ5− , P4O12ð Þ4− ; (3) diverse structural frameworks from zero-dimensional
to three-dimensional, such as clusters, chains, layers and network structures. As the typi-
cal representatives of phosphates, KDP [95] and KTiOPO4 (KTP) [96] have an extensive
application range, and have been used as benchmarks for the second-order UV or visible
NLO materials. In addition to KDP and KTP, further progress has been made in the field
of NLO phosphates in the recent years.

It should be noted that the presence of strong SHG response is normally con-
flicting with short cutoff edge. Hence, achievement of the desired balance between

Figure 8.6.17: Crystal structure of SrB5O7F3 viewed along the a-axis.
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SHG effect and cutoff edge is a vital criterion to assess the capabilities of NLO mate-
rials. The methods to achieve SHG can include aligned groups, introduction of d0 or
d10 metal cations, insertion of metal cations with lone pairs or inclusion of multi
anion groups/ions, like halides. Further, in analogy to fluorooxoborates, fluorooxo-
phosphates are also explored as NLO crystals.

8.6.3.1 Phosphates

8.6.3.1.1 KH2PO4 (KDP), KD2PO4 (DKDP) and NH4H2PO4 (ADP)
KDP, ADP and their isomorphs were the very first materials to be used and ex-
ploited for their NLO and electro-optic properties. KDP crystallizes in the noncentro-
symmetric space group I4‾2d with the cell parameters a = 7.444(1), c = 6.967(1) Å
(Figure 8.6.18) [97]. Its structure can be seen as an ionic crystal composed by K+ and
H2PO4ð Þ− , although the covalent bond and hydrogen bond coexist. All the hydro-
gen bonds are almost vertical to the c axis. The K atoms are surrounded by eight O
atoms to form KO8 polyhedra, thus, PO4ð Þ3− groups connect each other via hydro-
gen and K-O bonds to form 3D framework.

The transparency range of KDP is 174 nm–1.57 μm. KDP is a negative uniaxial crys-
tal. Its birefringence is 0.0418–0.0339@532–1064 nm. Its SHG coefficient is d36 =
0.39 pm V–1, which is always used as a benchmark [98, 99].

The crystal growth of KDP uses the aqueous solution growth method, with slow
temperature-reduction, and the supersaturation of solution as the driving force for
crystal growth [100]. There are two more important parameters affecting the growth
rate: impurities and mass transfer, or hydrodynamic conditions. For the traditional

Figure 8.6.18: Crystal structure of KH2PO4.
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growth process of KDP crystals, the supersaturation of the solution is very low, and
only the conical surface can grow slowly. If the supersaturation of the solution is fur-
ther increased, not only the growth rate of the cone will be greatly improved, but even
the cylindrical surface will start to grow. This method of simultaneous growth of the
conical and cylindrical surfaces of KDP is called the rapid growth method of KDP crys-
tals. Compared to the traditional growth method, the growth rate of the point-seed
rapid-growth [101, 102] for the large size can reach up to 10 mm d−1, which is an
order of magnitude higher than that of the traditional method (1.5 mm d−1). At pres-
ent, large KDP crystals have been successfully obtained by long seed crystal free
growth (Figure 8.6.19) [103].

KDP crystals have many advantages, such as wide transmittance band, excellent
resistance to laser irradiation damage, high nonlinear conversion efficiency and
easy to grow large-diameter single crystals. Therefore, the major applications of the
crystal include the following aspects: (1) SHG, THG and fourth harmonic generation
can be realized for 1064 nm lasers. (2) KDP can be used as standard reference for
the relative frequency doubling coefficient. (3) KDP can be the material for making
high-power laser frequency multiplier and parametric oscillator. (4) It can also be
used to make laser Q-switches, electro-optic modulators, polarizers, etc.

K DxH1− xð Þ2PO4 DKDPð Þ is the isotopic analogue of KDP. There are two phases of
DKDP, one of which is the isomorphic compound of KDP, crystallizing in the noncen-
trosymmetric space group I4‾2d [104]. The other phase is monoclinic. The transparency
range of DKDP is 0.2–2.0 μm. DKDP is a negative uniaxial crystal. Its birefringence is
0.0395–0.0373@532–1064 nm. Its SHG coefficient is d36 = (0.09 ± 0.04) d36 (KDP) =
(0.402 ± 0.01) pm V–1 [105, 106]. The aqueous solution growth method is adopted
to grow DKDP with a slow temperature-reduction. The key to grow large crystals
with high quality is to avoid the phase transition of the tetragonal phase and the

Figure 8.6.19: KH2PO4 crystals with sizes 63 × 57 × 55 cm3 (a) and 57 × 52 × 52 cm3 (b). Reproduced
with permission from ref. [103]. Copyright 2011 Elsevier.
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appearance of the monoclinic phase. Therefore, the determination of the solubility
curve and the phase-transition temperature for the two phases is a prerequisite.
Because of the benign NLO parameters and obvious size advantage, KDP/DKDP
is the only single crystal material to be used for the inertial confinement fusion
[107, 108].

ADP is also an important compound of the KDP family with cell parameters a =
7.502 and c = 7.546 Å [109]. It is usually seen as an isomorphic structure of KDP.
However, KDP becomes ferroelectric at TC = 122.7 K while ADP becomes antiferro-
electric at TN = 148.2 K. The transparency range of DKDP is 0.184 ~ 1.5 μm. DKDP is
a negative uniaxial crystal. Its birefringence is 0.0460–0.0384@532–1064 nm. Its
SHG coefficient is d36 = 0.76 pm V–1 [110]. ADP is grown from aqueous solution with
slow cooling. ADP can be used for electro-optic devices and laser systems to pro-
duce SHG, DFG, optical parametric oscillation (OPO), etc.

8.6.3.1.2 KTiOPO4 (KTP)
KTP crystallizes in the space group Pna21, belonging to the orthorhombic system,
with cell parameters a = 12.809, b = 6.420, c = 10.604 Å and Z = 8 [111]. The P and Ti
atoms are 4 and 6 coordinated, respectively, while the K atom is 8–9 coordinated.
TiO6 octahedra and (PO4)

3– tetrahedra alternately connect each other in the 3D frame-
work, forming � PO4ð Þ − TiO6ð Þ − PO4ð Þ − TiO6ð Þ − chain arrays with . . . – O – Ti –
O – Ti – . . .bonds. K atoms fill the gaps in the chain network (Figure 8.6.20).

Figure 8.6.20: Crystal structure of KTiOPO4 viewed along the c axis.
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KTP is a positive biaxial crystal and transparent from 350 to 4500 nm. Its refrac-
tive index dispersion equations are as follows:

n2x = 2.10468+ 0.89342
λ2 −0.04438

−0.01036× λ2

n2y = 2.14559+ 0.87629
λ2 −0.0485

−0.01173× λ2

n2z = 1.9446+ 1.3617
λ2 −0.047

−0.1491× λ2

Its birefringence is 0.1107–0.0920 at 530 nm–1064 nm and the phase-matching
range is 984–3400 nm. The SHG coefficients of KTP are d31 = 6.5 pm V–1, d32 = 5 pm
V–1, d33 = 13.7 pm V−1, d24 = 7.6 pm V–1, d15 = 6.1 pm V–1 [112–114].

KTP and its isomorphs decompose incongruently below their melting points,
and single crystals can be grown only from solutions, at relatively slow rates, e.g.
using high-temperature fluxes or hydrothermally [115, 116]. Since the linear growth
rate of hydrothermal crystals is low, 0.07–0.15 mm d−1, and the KTP crystal grown
hydrothermally exhibits an absorption peak of OH– at 2.8 µm, the presently lead-
ing industrial technique of processing KTP crystals is the top-seeded solution
growth method, where more than 1 mm d−1 linear growth rates can be achieved.
However, the optical uniformity of KTP crystals grown from hydrothermal method is
superior to that from high-temperature flux; the conductivity of the former is on the
order of 10–9–10–11 Ω–1 cm−1, 2–3 orders of magnitude lower than the latter [117, 118].

The most important applications of KTP are SHG and OPO applications (laser rang-
ing), especially the OPO applications in recent years. KDP crystals can achieve green
light/IR light output by SHG via Nd-doped lasers, and blue light output by SFG. The mod-
ulated light in the range of 0.6 to 4.5 μm can be obtained by optical parametric generation
(OPG), optical parametric amplification (OPA) and OPO. KTP crystals also can be fabri-
cated for optical switches, optical waveguides and periodically polarized KTP devices.

8.6.3.2 Fluorooxophosphates
The first studies to identify and develop the fluorophosphates as new and ideal
NLO material candidates started in 2018 [119]. NH4ð Þ2PO3F crystallizes in the ortho-
rhombic space group Pna21, composed of NH4

+ cations and non-condensed PO3Fð Þ2−
anionic groups (Figure 8.6.21). NH4ð Þ2PO3F single crystals with centimeter sizes were
grown using the solvent-evaporation method. Its deep-UV cutoff edge is shorter than
177 nm, and the oscilloscope traces of SHG signals show that the SHG efficiency of
NH4ð Þ2PO3F is about 1 time that of KDP and 0.2 times that of β-BBO in the same parti-
cle size range of 150–200 μm at 1064 and 532 nm, respectively. The birefringence for
NH4ð Þ2PO3F was measured as larger than 0.03 at 589.3 nm by the immersion method,
and the calculated type I phase-matching SHG wavelength is 264 nm.
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NaNH4PO3F·H2O (NNPF) [120] crystallizes in the monoclinic space group Pn
with a = 6.0515(6), b = 9.0167(8), c = 4.9402(7) Å, β = 90.737(10) ° and V = 269.54 Å3.
The structure is composed of double-layers that stack along the b axis with Na+

lying in the interlayers (Figure 8.6.22). Uniquely, the PO3Fð Þ2− tetrahedra within
each layer are fastened by H2O and NH4ð Þ+ groups via a network of strong hydro-
gen bond interactions. Since the bases are fastened within the ab plane, these tetra-
hedra cannot move; meanwhile, constrained by the tetrahedral geometry, all the
polar P−F bonds are therefore forced to point uniformly to the c direction. The

Figure 8.6.21: Crystal structure of (NH4)2PO3F viewed along the c axis.

Figure 8.6.22: Crystal structure of NaNH4PO3F·H2O viewed along the a axis.
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powder SHG efficiency of NNPF is about 1.1 × KDP. The birefringence of NNPF was
measured as larger than 0.053 at 589.3 nm on a [010] single crystal wafer. The type
I phase-matching SHG wavelength is about 194 nm, as estimated from a theoretical
calculation. The SHG processes from λω ~ 800, 670 and 630 nm to λ2ω ~ 400, 335
and 315 nm, respectively, were obtained by as-synthesized [010] NNPF single crystal
wafers.

8.6.4 Carbonates

Carbonates feature π-conjugated CO3ð Þ2− anionic groups as desirable NLO-active
units. The aligned arrangement of the planar triangle configurations is in favor of
the generation of large SHG response and birefringence. Recently, researchers intro-
duced alkali fluoride into carbonates and obtained a series of carbonates with good
NLO performances. Thus, carbonates with CO3ð Þ2− groups are becoming one of the
research hotspots in the NLO field. It is reported that most of the carbonates crystal-
lize in the hexagonal system (68%), and some crystallize in the monoclinic (12%)
and orthorhombic (10%) system [121]. Carbonates also exist in large quantities in
natural minerals, which were generated mostly under high-temperature and high-
pressure conditions. To date, only a few noncentrosymmetric compounds were dis-
covered. In addition, there are few reports on single crystal growth of carbonates
partly owing to their decomposition at high temperature.

8.6.4.1 LiNaCO3 (LNC)
In 1996, based on the binary phase diagram Li2CO3 − Na2CO3, D’akov et al. [122,
123] successfully grew LNC (a = 14.265, b = 14.261, c = 3.380 Å, α = 88.41, β = 91.70,
γ = 119.95 °) with centimeter-size and identified LNC as a potentially attractive
crystal for fourth harmonic generation. The crystals were produced by seeded
growth from a melt containing 53 mol-% of Li2CO3 and 47 mol-% of Na2CO3 by using
a special treatment at room temperature. The structure of LNC is constructed by a
½Li2CO3� layer (A) and a ½Na2CO3� layer (B), the two layers alternate along the c axis as
-ABABAB- (Figure 8.6.23).

The UV cutoff edge of the crystal was measured at about 200 nm and its bire-
fringence is around 0.126. Comparison of the SHG efficiency in the LNC crystal with
that in the KDP crystal shows that deff LNCð Þ = 1.20±0.05ð Þ × deff KDPð Þ. The LNC
crystal is slightly biaxial and it is difficult to distinguish nx and ny. So, the results of
measurement are only for two refractive indexes. The Sellmeier equations for refrac-
tive index in UV wavelength are as follows:

n21 = 2.26067+ 0.04273
λ2 −0.08440

+0.9156× λ2
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n22 = 2.01352− 0.01919
λ2 −0.06402

−0.26267× λ2

The Sellmeier equations for refractive index in IR wavelength are as follows:

n21 = 2.3500− 0.08441
λ2 −0.02056

−0.00868× λ2

n22 = 1.9560+ 0.01036
λ2 −0.02368

+0.01052× λ2

The phase-matching (type I) angles are 20.2 ° for second, 24.70 ° for third and 34.6 °
for fourth-harmonic generation in the plane of the optical axes. These angles are 18 °,
23.4 ° and 33.5 °, respectively, in a perpendicular plane. Further research showed
that LNC can realize the second, triple and quadruple-harmonic output based on the
Nd-YAG laser.

8.6.4.2 KSrCO3F and the ABCO3F family
KSrCO3F, crystallizes in the hexagonal crystal system, space group P6‾2m with the
cell parameters a = 5.2598(5) and c = 4.6956(11) Å [124]. The crystal structure can be
seen as KO6F3 and SrO6F2 polyhedra and CO3ð Þ2− triangular entities, exhibiting the
stacking of KF½ �∞ and Sr CO3ð Þ½ �∞ layers along the c axis with the coplanar align-
ment of CO3ð Þ2− triangles (Figure 8.6.24). The KSrCO3F crystal (001 wafer) shows a
UV absorption edge around 195 nm and can transmit well down to 215 nm. The Sell-
meier equations of KSrCO3F are determined by the prism coupling method on a
(100) wafer as follows:

Figure 8.6.23: Crystal structure of LiNaCO3 viewed along the c axis.
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n2o = 2.28001+ 0.01811
λ2 −0.02128

−0.00244× λ2

n2e = 1.97739+ 0.00888
λ2 +0.00175

+0.00554× λ2

The birefringence of KSrCO3F is 0.1145–0.1049 at 0.4502–1.0626 μm and the SHG
limit of KSrCO3F is 200 nm. The SHG coefficient of a KSrCO3F crystal relative to d36
(KDP) is d22 = 1.3 × d36 (KDP), i.e., the absolute SHG coefficient of KSrCO3F crystal is
d22 = 0.50 pm V–1 [125].

Although KSrCO3F melts congruently, KSrCO3F crystals were grown by top-seeded
solution growth methods using fluxes, due to its volatilization at the melting tem-
perature. KF − Li2CO3 was used as a flux to grow KSrCO3F crystals that can signifi-
cantly decrease the melting and crystallization temperature to 630 and 591 °C,
respectively. The crystal seed was grown by spontaneous crystallization and was
introduced into the melt at a rotation rate of 20 rpm at 593 °C in order to reduce
surface defects. Then, the temperature was decreased to 591 °C at a cooling rate of
0.4 K min−1. A rotation rate of 20 rpm is proper for the crystal growth quality. The
successful single crystal growth of KSrCO3F suggests that the material is an attrac-
tive candidate to generate 266 nm radiation through fourth harmonic generation
from 1064 nm photons.

Besides KSrCO3F, the ABCO3F (A = K, Rb, Cs; B = Mg, Ca, Sr) [124, 126] series all
belong to the hexagonal crystal system with the same space group P�62m, showing
the stacking of AF½ �∞ and B CO3ð Þ½ �∞ layers along the c axis with the coplanar align-
ment of CO3ð Þ2− triangles. The absorption edge of all ABCO3F is below 200 nm. Their
SHG efficiency varies from 1.11 × KDP to 4 × KDP due to the different arrangement of

Figure 8.6.24: Crystal structure of KSrCO3F.
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the CO3ð Þ2− group. Therefore, ABCO3F shows a potential application for UV laser
output.

8.6.5 Sulfates

Among the common tetrahedral groups BO4ð Þ5− , PO4ð Þ3− and SO4ð Þ2− , the sulfate
anion has the largest HOMO-LUMO gap, which is beneficial to deep-UV transmis-
sion. But the tetrahedral configuration without distortion is not conductive to large
optical anisotropy and second-order susceptibility. Even so, a number of research-
ers are still exploring NLO crystals in this system. Anhydrous alkali metal sulfates
always have a wide UV transmission range and high thermal stability but relatively
weak SHG effect and small birefringence. When introducing a lone pair, d0 metal or
rare earth cation, the crystal can produce large SHG effect and the UV cutoff edge
will redshift to be a visible or near-IR NLO crystal. Most of the sulfates were synthesized
by the aqueous solution method.

8.6.5.1 Li2SO4·H2O (LS) [127, 128]
LS crystallizes in the monoclinic polar space group P21 with cell dimensions a =
5.450(3), b = 4.872(3), c = 8.164(4) Å, β = 107.31(3) ° (Figure 8.6.25). LiO4 tetrahedra
connect (SO4)

2– tetrahedra by sharing their common vertex to form a 3D skeleton.
The hydrogen bonds (O-H···O) exist among the H2O molecules and (SO4)

2– groups.
Li2SO4·H2O has a UV cutoff edge of <200 nm and its birefringence is 0.025–0.024@
532–1064 nm. The determined Sellmeier equations of LS are as follows:

n21 = 2.1575ð6Þ+ 0.0088 3ð Þ
λ2 −0.0114 3ð Þ −0.0100ð3Þ× λ2

n22 = 2.1855ð2Þ+ 0.0096 1ð Þ
λ2 −0.008 1ð Þ −0.0101ð1Þ× λ2

n23 = 2.1164ð5Þ+ 0.0078 2ð Þ
λ2 −0.018 2ð Þ −0.0098ð2Þ× λ2

The measured SHG coefficients for LS are d22 = −0.34(4) pm V–1, d21 = 0.12(3) pm V–1,
d23 = 0.25(6) pm V–1, d25 = –0.05(3) pm V–1, d14 = −0.06(3) pm V–1, d16 = 0.13(2) pm V–1,
d34 = 0.15(6) pm V–1, d36 = −0.06(2) pm V–1, among which the d22 is comparable to d36
(KDP). The values of deff for LS range are below 0.13 pm V–1 for type I and 0.10 pm V–1

for type II phase matching.
Single crystals of LS were grown by a slow evaporation technique at room tem-

perature. Analytical grade LS was used for growing the crystal (Figure 8.6.26) [127].
Using deionized water as a solvent and upon repeated recrystallization, centimeter-
sized bright and optically transparent single crystals could be harvested in about
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four weeks. Care was taken to minimize the thermal or mechanical disturbances to
the solution during growth.

8.6.6 Iodates

Iodine (5s25p5) is a member of the halogen group (seventh main group) and can exhibit
the oxidation states –1, +1, +3, +5 and +7. Formally, I5+ has a valence electron configu-
ration of 5s25p0. Usually, the I5+ can combine with O2– leading to a sterically active
asymmetric density on I+5. Common anionic groups include IO3ð Þ− , IO4ð Þ3− and the po-
lymerization of these anionic groups to form I2O5, I3O8ð Þ− , I5O14ð Þ3− and I4O11ð Þ2− .

Those anion groups combine with other cations to form iodates. Iodates with
stereochemical activity lone pair usually exhibit wide large SHG response and large
birefringence as well as high thermal stability. Common iodates are α-LiIO3, α-HIO3

and KIO3.

Figure 8.6.25: Crystal structure of Li2SO4·H2O.

Figure 8.6.26: Photograph of Li2SO4·H2O. Reproduced with permission
from ref. [127]. Copyright 2009 John Wiley and Sons.
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8.6.6.1 α-LiIO3

α-LiIO3 belongs to the space group P63 [129]. It consists of IO3ð Þ− and LiO6 units. These
units form its overall structure through common vertex connections (Figure 8.6.27). Its
crystals are grown by thermostatic evaporation, which is due to its high solubility in
water but low and negative dissolution temperature coefficient [130]. Its transmission
region is 0.3~5.5 μm [131, 132]. It is a negative uniaxial crystal, and the dispersion of
refractive index and wavelength can be described as:

n2o = 2.083648+ 1.332068λ2

λ2 −0.035306
−0.008525λ2

n2e = 1.673463+ 1.245229λ2

λ2 −0.028224
−0.003641λ2

Its birefringence is 0.1406 at 1.06 μm. Because of its relatively large birefringence, it
can be used to make polarized light mirrors. The SHG coefficient at this wavelength
are d33 = 7.02 pm V–1, d31 = −7.11 pm V–1 and d15 = −(5.53±0.3) pm V–1. It can be used
to make Nd:YAG laser and Cr:Al2O3laser devices, respectively, with the sum fre-
quency and difference frequency of green laser and IR laser. Parametric oscillation
and up-conversion can also be realized [133–135].

8.6.6.2 α-iodic acid: HIO3

α-HIO3 crystallizes in the space group P212121 [136, 137]. The element I connects six
oxygen atoms to form a twisted IO6ð Þ7− octahedron, and the octahedra are con-
nected by common vertices (Figure 8.6.28). Hydrogen is bonded to an O atom.

The large crystals of α−HIO3 have been grown by a water solution method. The
transmission range of α−HIO3 is 0.35 ~ 1.6 μm. The principal refractive indices were
measured by the minimum deviation method. α-HIO3 is a negative biaxial crystal.
The Sellmeier’s equations are:

Figure 8.6.27: Crystal structure of α-LiIO3.
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n2x = 2.5761+ 0.6973λ2

λ2 −0.05550736
−0.0201λ2

n2y = 2.4701+ 1.2054λ2

λ2 −0.05044516
−0.0152λ2

n2z = 2.6615+ 1.1316λ2

λ2 −0.05202961
−0.0398λ2

The birefringence at 1.064 μm is 0.1371. The SHG response of α-HIO3 is d36 = (4.13±0.56)
pm V–1. It is now mostly used for acoustooptic modulators and deflectors [138–140].

8.6.7 Niobates

NLO materials are widely used in solid-state lasers because of their frequency-
doubling properties. It is well known that the cations with large distortion including
second-order Jahn-Teller (SOJT) effect, such as the d0 configuration or cations with
stereochemically active lone pairs can also contribute to the NLO properties. The
octahedrally coordinated d0 transition metal ions, such as Mo+6, W+6, V+5 and Nb+5

are typical examples. NLO materials containing these elements have been synthe-
sized recently, and some of them have relatively large NLO coefficients.

Figure 8.6.28: Crystal structure of α-HIO3.
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8.6.7.1 LiNbO3 (LN)
LN belongs to the trigonal crystal system with space group R3c at room temperature
with cell parameters of a = 5.1483, c = 13.863 Å and Z = 6 [141]. The LN crystal is
approximately hexagonal close packed and built up from NbO6ð Þ7− distorted octahe-
dra and Li+ cations (Figure 8.6.29). The positions of the Li and Nb atoms have dis-
placement up or down along the c-axis with respect to the octahedra rather than
being their centers, resulting in a spontaneous polarization, which is the structural
basis for benign NLO properties. The SHG coefficients of LN are d33 = 34.4 pm V–1, d31 =
5.95 pm V–1 and d22 = 3.07 pm V–1; deff = 5.7 pm V–1 at 1300 nm. The transmission
range of LN is 370–5200 nm and the birefringence is about 0.08@633 nm [142].

LN melts congruently at 1253 °C and LN crystals were mostly grown from the melt by
the Czochralski method. Crystals with a diameter of 75 mm are typically grown at
5 mm h−1 with a rotation rate of 9–10 rpm in air when the vertical temperature gradi-
ent is 50 K cm−1 [143]. The crystal grows with a flat interface under these conditions.
A different diameter requires a different set of parameters and their combination
may depend to some extent from the apparatus. Congruent LN (CLN) crystal have
lots of intrinsic defects with complex chemical properties, so doping and near-
stoichiometric ratio growth were used to adjust the defects and performance. Optical
damage from the photorefractive effect obstacles the NLO application of LN crystal.
To improve the damage resistance, doping with foreign elements like Mg can in-
crease the phase-matching temperature [144]. Mg:LN crystals are suitable for SHG,
SFG, OPO, OPA quasi phase-matching and other applications. Besides the photore-
fractive resistance doping (Mg:LN), the structural defects of LN crystals can also be
controlled by single or co-doping of various elements and various valence states to
achieve property control, such as doping with Fe to improve the photorefractive ef-
fect, or doping with Ti or H to obtain LN crystal waveguides [145]. In addition, the
performance of near-stoichiometric LN (SLN) reaches an improvement compared to

Figure 8.6.29: Crystal structure of LiNbO3 viewed along the b axis.

436 8 Photofunctional materials



CLN. However, owing to the deviation from the co-melting point of solid and liquid of
the ratio of SLN, the preparation of SLN always requires a Li-rich melt method, the
K2O flux method or the diffusion method [146]. Figure 8.6.30 shows a commercialized
LN crystal.

LN is an excellent multifunctional material and adequate to prepare optical waveguides.
Thus, optoelectronic devices based on LN, such as surface acoustic wave filters, light
modulators, phase modulators, optical isolators, and electro-optic Q-switches have been
widely studied and applied. OPO based on periodically poled LN (PPLN) crystals and
quasi-phase matching are suitable for generating continuous wave and tunable coherent
radiation in the mid-infrared wavelength range 3–5 μm, which has important applica-
tions in atmosphere pollution monitoring, remote sensing, laser radar, spectroscopy
analysis and military infrared countermine. Well-established and recent applications, in-
cluding real-time holography based on polaronic states, THz generation, waveguides,
nanostructured devices, etc., open further perspectives for the use of LN. Recently, with
the breakthrough in the application fields of the 5th-generation wireless communication
(5G), micro-nano photonics, integrated photonics, and quantum optics, lithium niobate
crystals have attracted extensive attention again. In 2017, researchers even proposed that
LN crystals are as important to photonics as silicon is to electronics [147].

8.6.7.2 KNbO3 (KN)
KN crystal, with large NLO coefficients as discovered by Kurtz and Perry in 1968,
belongs to the orthorhombic system with mm2 point group and unit cell parameters
of a = 5.697, b = 3.971, c = 5.721 Å with Z = 2 [148, 149]. Its structure corresponds to a
perovskite (ABO3-type) variant which is built up by distorted (NbO6)

7– octahedra
and K atoms; K atoms occupy the A position and Nb atoms occupy the B position
(Figure 8.6.31).

Figure 8.6.30: Photograph of LiNbO3 crystals. With courtesy and permission
from Castech (www.castech.com/product/LiNbO3-153.html).
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The melting point of KN is about 1039 °C. Three phase tranformations are under-
gone by this crystal from the melting point to room temperature: cubic (1039 °C) →
tetragonal (430 °C) → orthorhombic (200 °C) → rhombohedral (−50 °C) in the case of
decreasing temperature [150]. Large transparent KN crystals can be grown by top-
seeded solution growth and by the improved Kyropoulos method. The problem in
growing KN crystals is that several pieces of KN can be obtained from one batch of
starting materials but the first two or three crystals are always blue. Moreover, com-
plex domain structures will form due to the two transformations during the cooling
process. Using a prolonged soaking period for the starting materials, or enhanced
stirring of the starting materials in solid and molten states during the process of soak-
ing can eliminate the coloration and greatly relieve cracking [150].

KN has a transmission range from UV to near-IR (0.4–4.5 μm). KN is a negative
biaxial crystal with a birefringence of 0.1789–0.1323 at 532–1064 nm. The refractive
dispersion equations are:

n2x = 1+ 3.38361λ2

λ2 −0.03448

n2y = 1+ 3.79361λ2

λ2 −0.03877

n2z = 1+ 3.93281λ2

λ2 −0.04886

The SHG coefficients of KN are d31 = d15 = −11.9 pm V–1, d32 = d24 = 13.7 pm V–1 and
d33 = −20.6 pm V–1. KN is not only a NLO crystal with large coefficients, but also an
electro-optic crystal with electro-optic coefficient γ42 = 380 pm V–1 [151].

As a multifunctional crystal with large SHG and electro-optic coefficients as well as
photorefractive quality factors, excellent piezoelectric properties and benign chemical

Figure 8.6.31: Crystal structure of KNbO3.
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stability, KN has a relative wide range of applications. KN can be used for low power
laser diode frequency doubling in the wavelength range around 860 nm, in the Ti:Sap-
phire laser in the range of 850–1000 nm and for the Nd:YAG lasers at 1064 nm. In addi-
tion, KN can also be used for OPO of Nd:YAG lasers at fundamental or second harmonic
wavelengths to generate tunable radiation in the near-IR spectral region of 0.7–3 μm.
KN can also be used as electro-optical modulator, electro-optic converter, in photore-
fractive waveguides and in surface acoustic wave or body wave devices [148]. However,
the difficulty in the crystal growth, polarization of multidomain crystals and cold proc-
essing of single-domain crystals is not to be ignored; the key issue is to improve the ex-
isting KN crystal growth equipment and growth technology to prepare single-domain
crystals with sufficient enough size to meet the requirements of large-scale production.

8.6.8 Pnictides

8.6.8.1 GaAs
GaAs belongs to the sphalerite (α-ZnS) structure with point group 3m and space
group F4‾3m (a = 5.653 Å). The crystal structure is face-centered cubic, in which Ga
atoms locate at the vertexes and face-centers and As atoms locate at the 1/4 body
diagonal (half of the tetrahedral voids) [152]. GaAs has a relative large nonlinear co-
efficient (d14 = 94 pm V–1), high thermal conductivity (46 W m−1 K−1), very wide
transparent range (0.9–18 μm) and low absorption loss [153]. With the discovery of
periodically polarized LN, the concept of quasi-phase-matching has been applied in
nonlinear frequency conversion. Since GaAs belongs to the cubic system, periodi-
cally polarized GaAs can be used as quasi-phase-matching material, which has
great advantages in the application for phase-matching condition that can be real-
ized in all transmission ranges theoretically without walk-off effect.

Periodically polarized GaAs can be prepared by the wafer bonding method and
orientation pattern method (OP-GaAs). Among them, the former can yield large-
diameter materials to realize high-power laser output, but optical loss exists at short
wavelengths in the orientation reversal interface and the thick monolayer of GaAs is
difficult to grow down to 100 μm, so that its application at long wavelengths is lim-
ited [154]. OP-GaAs is prepared by hydride vapor phase epitaxy growth based on pat-
terned templates and has been fabricated for OPO devices to output mid and far-IR
radiation with high efficiency by several companies and laboratories [155, 156].

8.6.8.2 ZnGeP2 (ZGP)
ZGP is a typical chalcopyrite structure, derived from the III–V zinc blende type by or-
dered substitution with group IIB (Zn) and group IVA (Ge) atoms on the IIIA (Ga) site
(Figure 8.6.32). It belongs to the tetragonal system with 4‾2m point group and the cell
parameters a = 5.465 and c = 10.711 Å [157, 158]. The introduction of two dissimilar
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atomic bond lengths (Zn–P and Ge–P) leads to a tetragonal distortion of the cubic zinc
blende structure. ZGP has a wide transmission range (0.7–12 μm), large nonlinear coef-
ficient (d36 = 75 pm V–1), high laser damage threshold (2090 nm, 10 ns: 100 MW cm−2)
and appropriate birefringence (~0.04). Among the mid-infrared NLO crystal materials,
ZGP has the good comprehensive performance in the current 3–5 μm laser output
[159–165].

Due to the high reaction temperature, complex reaction mechanism and many inter-
mediate products in the synthesis of ZGP, the polycrystalline synthesis is very difficult,
and the high steam pressure of Zn and P components makes it easy to damage (by
explosion) the ampoule. At present, the reported methods of ZGP polycrystalline syn-
thesis are mainly single temperature zone direct reaction and two temperature zone
gas phase transport method. When synthesizing polycrystalline raw materials, precise
weighing was carried out according to the ZGP stoichiometric ratio. At the same time,
a certain amount of P and Zn in excess is important to compensate for the imbalance
of measurement ratio caused by P and Zn vapor pressure in the synthesis process. Cur-
rently, the growth method of ZGP is the horizontal gradient freezing approach and the
vertical Bridgman method [166, 167]. In 2020, a large size ZGP single crystal of 55 mm ×
30 mm × 160 mm was successfully grown by superfine horizontal gradient freezing
(0.5–1 K cm−1) and a large aperture (12 mm × 12 mm × 50 mm) ZGP crystal device has
been successfully fabricated with an absorption coefficient of only 0.03 cm−1 at
2.09 μm, which can be used for high energy and high average power infrared laser
output [168]. A large crystal size of ∅50 mm × 140 mm was grown by a vertical Bridg-
man method and the absorption coefficient at 2.05 μm decreased to 0.02 cm−1 after
annealing and high-energy electron irradiation (Figure 8.6.33) [169].

The ZGP crystal is employed to realize OPO, DFG, OPA and OPG, and other meth-
ods can achieve tunable continuous mid-infrared laser output. Among them, the gen-
eration of 3–5 μm mid-IR laser based on ZGP-OPO technology is a research hotspot.
Currently, the key technological challenges that limit the use of ZGP-OPO is the laser
thermal management, crystal quality and mid-infrared coating technology [170].

Figure 8.6.32: Crystal structure of ZnGeP2.
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8.6.8.3 CdSiP2 (CSP)
CSP belongs to the chalcopyrite structure, point group 4‾2m with cell parameters a =
5.680 and c = 10.431 Å as a negative uniaxial crystal (Figure 8.6.34) [171]. CSP possesses
large SHG coefficient d14 = 84.5 pm V–1, wide transparency range (0.53–9.5 μm) and
high thermal conductivity (13.6 W m−1 K−1) [172]. Also, CSP has a large birefringence to
realize phase-matching under laser pumping conditions of 1.0, 1.5 and 2.0 μm [171–173].

Polycrystalline samples of CSP are mainly produced by single temperature zone direct
reaction and by two temperature zone gas phase transport. When the three elements
P, Cd and Si react, Cd and P react first at ~500 °C to generate Cd3P2. With the rise of
temperature from 600 to 780 °C, the pressure of P in the system increases, and Cd3P2
also reacts with free P continuously to further generate CdP2. Above 1000 °C, CdP2
initially reacts with elemental Si to generate CSP [174]. In 2010, a high-quality CSP
crystal (70 mm × 25 mm × 8 mm) without cracking was successfully grown by the hori-
zontal gradient freezing method (Figure 8.6.35) [175]. The vertical Bridgman method

Figure 8.6.33: (a) ZnGeP2. single crystal ingots: large crystal (LC, ∅50×140 mm) and small crystal
(SC, ∅20×100 mm). (b) ZnGeP2.–OPO (Optical Parametric Oscillator) devices with size of
6×6×(16–24) mm. Reproduced with permission from ref. [169]. Copyright 2009 Elsevier.

Figure 8.6.34: Crystal structure of CdSiP2.
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can also be used for growing CSP crystals, and a large crystal of ∅18 mm × 65 mm in
size was grown by Tao et al., the absorption coefficients were 0.14 cm−1 at 4878 cm−1

and 0.06 cm−1 at 2500 cm−1 [174]. The successful preparation of large size and high-
quality CSP crystal laid a foundation for its implementation. Later laser test studies
showed that CSP can achieve mid-infrared laser output above 6 μm, which has impor-
tant application prospects in infrared remote sensing and infrared medical environ-
ment monitoring with red external interference [176].

8.6.9 Chalcogenides

8.6.9.1 AgGaS2 (AGS) and AgGaSe2
AGS and AgGaSe2 are already commercially mature reference crystals, and lots of ex-
perimental and theoretical explorations for IR NLO crystals focus on this system
[177–180]. AGS has a chalcopyrite structure, belonging to the tetragonal system
with point group 4‾2m (a = 5.758, c = 10.306 Å). In the structure (Figure 8.6.36), Ag, Ga
and S atoms form tetrahedra, and the S atom is located in the centers of the tetrahe-
dra while the Ga and Ag atoms occupy the apex position. All the tetrahedra have
aligned orientation, which is good for the electric polarizability. AGS has a bandgap of
2.76 eV, a SHG coefficient of d36 = 13.4 pm V–1 and a transmission range of 0.53–12 μm
[181]. The melt temperature oscillation method was used to synthesize the AGS poly-
crystalline batch.

The synthesized polycrystalline batch was used to grow AGS single crystals using
the Bridgman technique. AgGaSe2 is the isostructural compound of AGS. AgGaSe2 has
a bandgap of 1.83 eV and a transmission range of 0.7–18 μm [182]. Figure 8.6.37 shows
the commercialized AGS crystal. AGS and AgGaSe2 both have a moderate birefringence
of 0.0332 and 0.0538, respectively, to realize critical and noncritical phase-matching to

Figure 8.6.35: CdSiP2 (a) Photograph of an oriented and polished CdSiP2 single crystal with “Single
Crystal CdSiP2” label viewed in transmission through the crystal; (b) Photograph of oriented,
polished CdSiP2 single crystal samples used for material property measurements. Reproduced with
permission from ref. [175]. Copyright 2010 Elsevier.
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realize SHG, DFG and OPO lasing [181, 182]. AGS crystals can be pumped and
driven by Nd:YAG lasers with a 2.5–10 μm tunable harmonic laser. The double fre-
quency mixing and optical parametric devices made with AgGaSe2 crystals can out-
put continuously adjustable laser light with 3–18 μm wavelength. However, the
problems of low thermal conductivity and low damage threshold and anisotropy
due to thermal expansion are not suitable for high-energy laser pumping and seri-
ously limit their applications.

8.6.9.2 CdSe
CdSe crystals display many structures, such as wurtzite and sphalerite. Among them,
wurtzite CdSe crystallizes in space group P63mc with cell parameters a = 4.298 and
c = 7.015 Å (Figure 8.6.38). CdSe is a good photoconductive material and nonlinear
quantum well laser with advantages such as wide transmission range (0.6–20 μm),
low optical absorption (<0.01 cm−1, 1–10 μm), no phonon absorption at 8–15 μm and
good mechanical properties, showing great potential in the application of middle and
far-infrared lasers [183]. However, it is still difficult to prepare high-quality CdSe

Figure 8.6.36: Crystal structure of AgGaS2.

Figure 8.6.37: Photograph of AgGaS2. With courtesy and permission
from Dientech (https://www.dientech.com/aggas2-crystals-product/).
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single crystals in large size due to the following technical difficulties: high melting
point (1264 °C), high vapor pressure (1 MPa), segregation precipitation, wrapped twin
and honeycomb structure formation during the growth process [184]. At present,
there are many methods to grow CdSe crystals, including: (i) high-pressure vertical
Bridgman method, (ii) high-pressure vertical zone melting method, (iii) physical gas-
transfer method and so on [185, 186]. Recently, high-optical quality single crystals
(∅ (50–55) mm × (80–100) mm) were grown by a high-pressure seed-aided Bridgman
technique. Some devices ((6 × 8)2 × (40–50) mm3) with certain phase-matching angles
were fabricated with absorption coefficients ≤ 0.01 cm−1 at 10.8 μm [187]. The devices
realized 1.05 W power output within the 10.1–10.8 μm far-IR wavelength range. It is
necessary to further strengthen the preparation of CdSe single crystals and the study
of laser devices.

8.6.9.3 GaSe
GaSe belongs to the hexagonal system with the space group P6‾m2 (Figure 8.6.39).
GaSe is a kind of nonlinear infrared optical material with excellent comprehensive
properties: large SHG coefficient (d22 = 54.4 pm V–1), wide transmission range
(0.62–20 μm), relatively large birefringence (Δn is about 0.34) and high thermal
conductivity (16.2 W m−1 K−1) [188]. However, the layered structure of the material
leads to poor mechanical performance, and it cannot be processed according to the
designed phase matching, which seriously limits its application in nonlinear fre-
quency conversion devices [189]. The researchers found that the mechanical and opti-
cal properties can be effectively improved by doping elements including S, In, Te and

Figure 8.6.38: Crystal structure of CdSe.

444 8 Photofunctional materials



so on. Among them, S-doping is the most effective with a proportion as high as
0.413 [190]. However, there are few studies on the properties of doped GaSe crys-
tals as the growth technology is not mature yet, precluding stable performances,
high-quality and large-size single crystals.

8.6.9.4 LiInS2

Laser damage threshold is one of the important properties of IR NLO materials.
There is a certain correlation between laser damage threshold and bandgap. The
commercial IR NLO materials like AGS and AGaSe2 suffer from low laser damage
threshold because of their small bandgaps. One way to increase the bandgap is to
replace the transition metal elements with alkali metals. LiInS2 was obtained by
substituting the transition metal Ag for Li and Ga for In. LiInS2 belongs to the or-
thorhombic crystal system, with point group mm2. The cell parameters of LiInS2
are a = 6.89, b = 8.06 and c = 6.48 Å. The Li+ cation connects to four S2– anions to
form the tetrahedron LiS4, and the In+ cation also joins four S atoms to form the
tetrahedron InS4. LiS4 and InS4 are connected with each other through shared verti-
ces and accumulate in a direction to form a diamond-like structure with the same
arrangement direction. Among them, the LiS4 tetrahedron forms zigzag chains
through common vertex connection, and InS4 is the same as above (Figure 8.6.40).

In 2000, the Russian researchers Isaenko et al. first reported the crystal growth
of LiInS2 and its basic properties [191, 192]. LiInS2 has a large bandgap about 3.57 eV,
a relatively wide transmission range (0.35 ~ 12.5 μm), a large SHG coefficient and a

Figure 8.6.39: Crystal structure of GaSe.
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large damage threshold (1064 nm, 10 ns: 1 GW cm−2). The as-grown large crystals
are shown in Figure 8.6.41 [193].

In 2014, German the researcher Belltler et al. implemented the DFG technology and
successfully realized a wide-band tunable laser output of 5–12 μm with a LiInS2
crystal, with single pulse energies exceeding 1 nJ [194].

8.6.9.5 BaGa4S7 and BaGa4Se7 [195, 196]
The BaGa4S7 crystal belongs to the orthorhombic system and point group mm2 with cell
parameters a = 1.476, b = 0.623 and c = 0.593 nm (Figure 8.6.42). The as-grown
BaGa4S7 and BaGa4Se7 crystals are shown in Figure 8.6.43.

The UV absorption edge of BaGa4S7 is 350 nm and the IR absorption edge is
13.7 μm. Its thermal conductivities at 50 °C were 1.45, 1.58 and 1.68 W m−1 K−1 along
the a, b and c-directions, respectively. The laser damage threshold of a single crystal
was about 7.1 J cm−2 at 2.1 μm, and 26.2 J cm−2 at 9.58 μm. In addition, Kato et al. [197]
used BaGa4S7 to achieve a quadruplicated frequency output of 2.65 µm with a CO2

laser. When the pumped wavelength is about 2.2 μm, the idler noncritical phase-

Figure 8.6.40: Crystal structure of LiInS2.

Figure 8.6.41: Photo of large as-grown LiInS2 crystals
with a diameter of 16 mm and a length of 50 mm.
Reproduced with permission from ref. [193]. Copyright
2014. American Chemical Society.
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matching OPO wavelength lies between 6 and 10 μm. When the S atom is replaced by
Se, the structure of BaGa4Se7 changes to the monoclinic crystal system, point group m,
cell parameters a = 0.763, b = 0.651 and c = 1.470 nm. The thermal expansion behavior
in BaGa4Se7 does not exhibit strong anisotropy with ɑa = 9.24 × 10–6 K–1, ɑb = 10.76 ×
10–6 K–1 and ɑb = 11.70 × 10–6 K–1 along the three crystallographic axes. The thermal
diffusivity/thermal conductivity coefficients measured at 298 K are 0.50(2) mm2 s−1

/ 0.74(3) W m−1 K−1, 0.42(3) mm2 s−1 / 0.64(4) W m−1 K−1, 0.38(2) mm2 s−1 / 0.56(4)
W m−1 K−1, along the a, b and c crystallographic axis, respectively. Yang et al. [198,
199] realized the tuned laser output of BaGa4Se7 in the ranges 3–5 μm and 6.4–11 μm
by using OPA technology. In 2016 [200], Yuan et al. used the Q-switched Ho:YAG
(2.1 μm) as the pumped light source to realize for the first time the OPO laser output
in the range 3–5 μm, with an average power of 1.55 W, a light-to-light conversion effi-
ciency of 14.4% and a slope efficiency of 19.9%. In 2017, Xu et al. [201] used a Q-
adjusted Nd:YAG (1064 nm) laser to pump, and the BaGa4Se7 OPO technology was

Figure 8.6.42: Crystal structure of BaGa4S7.

Figure 8.6.43: (a) BaGa4S7 crystals with dimension of up to∅15 × 40 mm, and a polished crystal
device with dimension of 5 × 8 × 8 mm. Reproduced with permission from ref 195. Copyright 2014.
Elsevier. (b) BaGa4Se7 crystal with dimensions of ∅20 × 30 mm. Reproduced with permission from
ref. [196]. Copyright 2012. Elsevier.

8.6 NLO materials 447



used to output the tuned laser in the range 3.12–5.16 μm, achieving a maximum
energy output of 2.56 mJ at 4.11 μm, with a photo-optical conversion efficiency of
4.16%. In 2018, Kolker et al. [202] used a Q-adjusted Nd:YLiF4 (1053 nm, 10 ns, f =
100 Hz) laser to pump and BaGa4Se7-OPO technology was used to realize the wide
band mid-far infrared laser output of 2.6–10.4 μm. The output energy at 3.3 μm
and 8 μm was 45 and 14 μJ, respectively.
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8.7 Excimer, mercury and sodium dischargers

Manfred Salvermoser

8.7.1 Introduction

Electromagnetic waves coming from the sun, a thermal, incandescent light source
directly driven by nuclear fusion, constitute the main energy source sustaining
almost all forms of life on earth. The sun’s emission has a continuous and broad
color range, with about 40% of the emitted electromagnetic energy being within the
visible spectrum with wavelengths (λ) between 400 and 800 nm. The sun’s lumi-
nous efficacy is 93 lm/W [1]. By considering the nuclear power to electrical energy
conversion efficiency of modern nuclear power plants, today’s best solid-state
LED light source with a luminous efficacy of about 170 lm/W, reaches only
0.4·170 lm/W = 68 lm/W. In case one wishes to employ the photons energy con-
tent ε λð Þ= h · c

λ , ðh= 6 · 62607015 · 10− 34Js, c= 299792458m
s ) to photochemically initi-

ate reactions, the photons energy must exceed a certain threshold value.
Typical binding energies in molecules fall into the range of 3 to 10 eV (1 eV =

1.602 · 10–19 J), while visible light only has photon energies between 1.6 and 3.2 eV.
In order to access specific photochemical reactions, energy-efficient, narrowband
light sources with emission wavelengths sufficiently short (such that the photons
carry more energy than the molecules binding energy we wish to overcome) are
necessary. An efficient way to generate the desired photons is achieved by means of
gas discharges.

8.7.2 Gas discharges

8.7.2.1 Thermal and non-thermal plasma
In a plasma, gas particles are mixed with free electrons and ions. Both charged spe-
cies behave like gases as well. As a result, a plasma is electrically conductive. Plas-
mas can be generated by simply heating matter to the point that atoms melt. The
thermal energies necessary are of order kB · T > 1 eV, with kB = 1.38064852 × 10–23 J/K
being Boltzmann’s constant. This results in temperatures exceeding 12,000 K. Ther-
mal plasmas are characterized by thermal equilibrium between electrons, ions and
neutral particles, leading to high degrees of ionization. Well-known examples for
thermal plasmas are our sun and other stars. Electrons, ions and neutral gas particles
couple thermally together through elastic collisions. Since ions and atoms have es-
sentially the same mass, they couple strongly together. Electrons, however, due to
their small mass, lose only a small fraction of their kinetic energy during an elastic
collision with a heavy collision partner. They therefore couple weakly with ions and
gas particles. As a result, it is possible to create plasmas with hot, very energetic
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electrons having an electron energy distribution function (EEDF) characterized by a
high electron temperature Te with kB · Te ~ eV, embedded within a cold gas environ-
ment consisting of neutral particles and ions being at room temperature (Tn = Ti ~
300 K). Plasmas with Te ≫ Ti = Tn are non-thermal plasmas [2]. They are characterized
by very low degrees of ionization (≪1). Non-thermal plasmas can be created by
means of electric discharges in gases.

8.7.2.2 Low-pressure glow discharges

8.7.2.2.1 Low-pressure sodium and mercury discharges
Figure 8.7.1 shows a cold cathode discharge tube filled with a rare gas (RG), e.g.
argon, at a pressure of pAr = 4 mbar (T = 293 K, nAr = 1017cm− 3Þ, a setup typical for
low-pressure mercury (Hg) and sodium (Na) lamps.

A voltage U ([U] = 1 V) is applied between electrodes located at a distance d ([d] = 1 cm)
from each other, resulting in an electric field E =U/d being able to move charged par-
ticles between electrodes. At low voltages, E is just strong enough to remove all the
seed electrons that were created by cosmic rays within the tube, resulting in extremely
small currents (<1 nA). At sufficiently strong electric fields, these seed electrons may
multiply by means of Townsend avalanches. But without seed electrons, there is no
current. These discharges are called dark discharges or Townsend discharges. They
are used in Geiger counters. The amplification factor of a seed electron traveling a dis-
tance d between cathode and anode is ~exp(α · d), with α being the first Townsend
coefficient describing the number of ionizing collisions an electron encounters per
unit length ([α] = 1/cm) [2]. Here, α ~ σion · n, where n [cm–3] is the gas density. σion
[cm2] is the ionization cross section, and strongly depends on the average electron en-
ergy, which, in turn, is proportional to the electron temperature Te. Te itself de-
pends on the reduced electric field E=N= U

n ·d, which is the electric field E divided
by gas density n. E/N’s unit is 1 Townsend: [E/N] = 10–17 V · cm2 = 1 Td. E/N basically
determines the average kinetic energy an electron can gain between two collisions

Figure 8.7.1: Simplified sketch of a cold cathode discharge tube.
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with gas particles, which is proportional to the electric field E times the mean free
path of the drifting electron (~1/n). For argon, the first Townsend coefficient is [2]:

α n, U
n ·d

� �
=n · σion

E
N

� �
=n · σ0 · exp

−B
U= n ·dð Þ

� �
;

with σ0 = 3.64 · 10− 16cm2 and B= 545Td.
Increasing E further will lead to electrical breakdown of the gas, meaning that

the discharge becomes self-sustaining. Note that each ionizing collision produces
one new electron-ion pair. The number of ions generated within a Townsend ava-
lanche is exactly the number of electrons minus the seed electron. If slowly drifting
ions hit the cathode, some of them are able to knock out a secondary electron. The
probability of this happening is described by the second Townsend coefficient γ, a
material constant of the cathode, typically being between 10–3 to 10–2 [2]. Using spe-
cial heated electrode materials with low work functions, γ values approaching 1 are
possible. Breakdown conditions are met, as soon as each electron traveling from
anode to cathode produces enough ions within its own avalanche, so that if all of
these ions reach the cathode, at least one new electron is released:

γ · exp α n, Ubd

n ·d

� �
·d

� �
− 1

� �
= 1

Now, the discharge does not need externally generated seed electrons to sustain its
electric current flow. Solving this equation for the breakdown voltage Ubd as a func-
tion of n · d, and γ results in Paschen’s curve [2]:

Ubd n ·dγð Þ= B ·n ·d

ln σ0 ·n ·d
ln 1+ γ− 1ð Þ

� �

For argon, Ubd n ·d, γð Þ is shown in Figure 8.7.2. [2].
Ubd n ·d, γð Þ has a distinct minimum. It describes the minimum voltage necessary

to induce breakdown within a gas of density n, which will happen at a well-defined
gap width dmin. At these parameters, ideal conditions for electron multiplication
exist. As soon as breakdown occurs, space charge effects drive the formation of a
small thin region on front of the cathode called cathode fall. Size (dCF ~ 1/n, typically
dCF < cm) and voltage drop (UCF ~ 200 V) of the cathode fall are characterized by the
minimum of Paschen’s curve [2]. All the ionization necessary to sustain the discharge
occurs there. Note that if γ grows towards 1, UCF as well as dCF becomes progressively
smaller. In the rest of the discharge, i.e. in the positive column, electrons drift in a
quasi-constant electric field E that is too small to cause ionization. Discharges with a
well-defined cathode fall region and a positive column are called glow discharges.
Within the positive column [2], electrons can only collide elastically with minimal en-
ergy loss, or inelastically with trace atom admixtures, for which excitation energies
are significantly below the excitation thresholds of the main rare gas component.
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As a result, within the positive column, highly efficient excitation of atoms emitting
narrow band radiation is possible. This is realized within low-pressure Na and Hg dis-
charge lamps. The reduced electric field in the positive column is about 1 Td with a
typical current density ~0.1 A/cm2 and low electron density (ne < 1013cm− 3Þ. The length
of the positive column can be from several cm to ~2 m, which results in positive col-
umn voltages of ~100 V. In order to minimize cathode-fall voltage, the lamps’ tungsten
electrodes are often coated with a mixture of BaO, SrO, and CaO, which have low work
functions. These coatings result in a high secondary electron emissivity, such that
UCF < 20 V is achievable [2]. Note that within the discharge’s cathode fall region, the
ion current heats up a small cathode area of about 1 mm2 size that is responsible for
supplying all the discharge current.

8.7.2.2.1.1 Low-pressure sodium lamps (LPS)
Addition of about 1000 ppm of Na atoms to a low-pressure rare gas glow discharge
will lead to excitation of the first two exited states of the Na atom radiating at λ =
588.99 nm Ne½ �3p1 2P3=2

� �! Ne½ �3s1 2S1=2
� �� �

and λ = 589.60 nm Ne½ �3p1 2P1=2
� �! Ne½ ��

3s1 2S1=2
� ��

respectively. LPS reach a luminous efficiency close to 200 lm/W [3], while
experimental devices can exceed 300 lm/W [4]. For comparison, the best commercially
available LED lamps available today reach about 170 lm/W [5]. The reason for the
LPS’s high efficiency, besides the glow discharges’ positive columns efficiently
coupling the electron energy with inelastic collisions involving Na atoms, is due
to the fact that the two yellow Na lines are very close to the peak of the phototopic
human eye sensitivity located at 555 nm. Optimum efficiency is obtained at a Na
partial pressure of only 0.4 Pa, which occurs above molten Na at a temperature of
260 °C (see Figure 8.7.3) [6].

Figure 8.7.2: Paschen’s curve for Argon.
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Any deviation from the optimal Na partial pressure decreases the efficiency. Na
vapor is chemically extremely aggressive. Glass and quartz are quickly stained
brown by Na, leading to lamp failure. Standard soda lime glass tubes must be
coated with a thin (about 0.02 mm) protective layer of Na-resistant borate glass [3].
Since Na vapor is opaque to its own resonance radiation, the product of Na density
times discharge tube diameter must be kept small. LPS lamps are most efficient at
low wattage per volume (~0.5 W/cm3). In order to reach the lamps operating tem-
perature of 260 °C at such low power loads and large surface areas, the lamps are
designed and operated inside a vacuum jacket coated with an IR reflector, provid-
ing thermal isolation.

Lamps are available up to about 180 W electrical input power with operational
lifetimes reaching up to 18,000 h. LPS lamps are designed primarily for use in re-
mote general lighting applications, where good efficiency and long life are desired
with no color rendering requirements. These lamps are ideally suited for areas where
night sky observations are performed, since the narrow-band 589 nm emission can
be filtered out easily. LPS lamps are well suited for remote areas where energy costs
are high, including parking lots, roadway, bridges and tunnel lighting, security light-
ing, area floodlighting, railway crossings and airport lighting. Today, LPS lamps are
gradually being replaced by LEDs.

8.7.2.2.1.2 Low-pressure mercury lamps (LPM)
Adding about 2000 ppm of Hg atoms to a low-pressure RG glow discharge results in
efficient population of the 6s16p1ð3P1Þ and 6s16p1 ð1P1Þ states of the Hg atom, induc-
ing emission lines at λ = 253.652 nm ð6s16p1ð3P1Þ! 6s2ð1S0ÞÞ and λ = 184.950 nm
ð6s16p1ð1P1Þ! 6s2ð1S0ÞÞ ground-state transitions. The natural radiative lifetime of
the 185 nm transition is 1.3 ns, while the natural radiative lifetime of the 254 nm
emission in the ultraviolet C (UVC) spectral region is 108 ns [7]. The optimal vapor

Figure 8.7.3: Vapor pressure of Na as a function of temperature.
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pressure for highest UVC yields is ~0.0092 mbar (a), corresponding to an elemen-
tary Hg source temperature of 42 °C (see Figure 8.7.4) [9].

The electron temperature Te is about 1 eV and the electron density ne is of the order
of 2 · 1011cm–3 [7, 8]. Under ideal conditions, the LPM’s conversion efficiency of elec-
tric input energy into the lamp to 254 nm radiation emission coming out of the
plasma is ~56%, while the conversion efficiency into 185 nm radiation is solely
~9.4% [7, 8]. Electric input power per length is limited to below 1 W/cm, in order to
not exceed the optimal lamps’ surface temperature of 42 °C. An electric field of
about 1 V/cm results in a reduced field of about 1 Td, limiting the electric current
density to about 100 mA/cm2. Higher input power leads to higher Hg densities, en-
hancing radiation trapping and diminishing the UVC yields [10]. Significantly higher
input power levels are possible if amalgams of Hg and other metals, such as bismuth,
indium, lead or tin are used as the Hg source. The ideal Hg partial pressures are now
achievable at lamp surface temperatures of about 100 °C, allowing input power levels
of several W/cm lamp length [11]. Due to radiation trapping, it takes about τeff = 10 μs
[7, 10] until a 254 nm photon actually leaves the lamp. Even in amalgam low-pressure
Hg lamps, first the 254 nm yield and then the 185 nm yield drop significantly, once
current densities of about 400 mA/cm2 and electric input power densities of 0.4 W/cm3

are exceeded. UV lamp discharge vessels are made from quartz glass having a high
transmission for 254 nm radiation.

An important application of LPMs is the inactivation of microorganisms by UV
radiation [12, 13]. LPM lamps in UV-transmitting quartz envelopes led to the first UV
disinfection installation for drinking water in Marseilles, France, in 1910. The main
commercial application of the low-pressure Hg discharges is, in general, lighting by
means of luminescent materials, resulting in fluorescent lamps. The lamp body,

Figure 8.7.4: Vapor pressure of Hg as a function of temperature.
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made out of inexpensive Na silicate or lead silicate glasses, is coated on the inside
with a blend of phosphors efficiently converting the plasma’s 254 nm UVC emission
into visible, mostly white light, resulting in efficiencies of about 100 lm/W [14]. Typ-
ical lamp lifetimes are longer than 10,000 h. Until today, fluorescent lamps illumi-
nate commercial and office buildings. They are gradually being replaced by retrofit
LED lamps.

8.7.2.3 Discharges in dense gases

8.7.2.3.1 Arc discharges: medium and high-pressure mercury and sodium
discharges

Due to self-absorption of the radiating species, low-pressure glow discharge lamps
are long and thin. Due to lateral diffusion of electrons, the plasma fills the dis-
charge tube (with typical outer diameters <5 cm) seemingly homogenously. For an
electron drifting a distance x in a gas of density n under the influence of an electric
field E = U/d, the lateral diffusion distance R(x) decreases with rising gas density n:
R xð Þ⁓

ffiffiffiffiffiffiffi
d · x
U ·n

q
⁓ 1ffiffi

n
p . Note that the lateral electron movement through the lamp resem-

bles a random walk [15]. Once a stable glow discharge with electron/ion-producing
cathode fall and positive column is established, the discharge current can be easily
increased by just enlarging the surface area where cathode fall interacts with the
cathode surface. No increase in applied voltage is necessary. Once all the cathode’s
surface is touched by the cathode fall region, the voltage must rise in order to in-
crease the current, since electrons must be pushed through the gas faster and more
electrons have to be produced by more ionization. At one point, the current densi-
ties at the cathode surface get high enough (~102 to 104 A/cm2), such that the cath-
ode heats up considerably. Electrons can now be easily supplied by thermionic
emission from very hot cathode spots. Now the cathode fall’s voltage drops signifi-
cantly [2]. Once the cathode fall voltage drops below 10 V, the discharge transitions
from a glow into an arc discharge. A higher current is now achievable with decreas-
ing voltage, since high electron current densities lead to frequent ionization events
of already excited atoms. Increasing the current further, the plasma’s electron, ion
and atom-gas components drift further towards thermal equilibrium (Te = Ti = Tg),
until a thermal arc is established [2]. Rising pressure speeds up the glow to arc transi-
tion, since decreasing lateral diffusion leads to increasing power density within the
discharge column. Arc discharges are realized in medium and high-pressure Hg and
Na lamps operating at temperatures of several 100 °C and Na and Hg partial pres-
sures exceeding several 100 mbar. Electric input power within these discharges can
reach up to several 100 W/cm arc length [16]. High gas pressure leads to pressure
broadening and Doppler broadening as well as resonance imprisonment of the domi-
nant emission lines. High excitation rates of all transitions within the dominant gas
component lead to a broad, multiline emission spectrum [3]. In the case of Na, satellite
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bands induced by molecular effects (Na2) result in a broad-band, quasi-continuous
light output in the visible spectral region, which made high-pressure sodium lamps
(HPS) well suited for general lighting applications [3]. Many technical applications
like curing of surface coatings and inks as well as air, water and surface disinfection
rely on Hg arc lamps [17].

8.7.2.3.2 Dielectric barrier discharges and excimers
Since lateral diffusion decreases with pressure, discharges in dense, atmospheric pres-
sure gases (n ffi 1019cm− 3) are not homogenous. The discharge current prefers to flow
in many fine filaments, being distributed seemingly randomly over the electrode sur-
face. The diameter of these microdischarge filaments is well below 1 mm. During for-
mation, power densities within these microdischarges can exceed 100 kW/cm3. As a
result, a microdischarge can transition from glow to arc within a very short time frame
(<1 μs). Unfortunately, the dominant microdischarge that first successfully transitions
from glow to arc will short circuit the whole discharge gap and claim all the available
discharge current from the power source for itself. For this reason, glow discharges in
dense gases are only possible for short periods of time. Nevertheless, cold, non-thermal
glow discharge plasmas can be realized in dense gases (p ~ bar(a) at T ~ 300 K) favor-
ing high three-body collision rates (~n2) necessary for molecular formation processes.
In order to suppress arc formation, one must make sure that the discharge voltage is
applied only for a short time (~1 ns to 100 ns), such that ions cannot travel a significant
distance in the electric field. The easiest way to achieve this is to cover one or both
electrodes with non-conducting dielectric layers. During the discharge, the insulators
accumulate charges on their surface. As a result, an electric field within the discharge’s
gas space opposing the external driving field is established. This leads to rapid quench-
ing of the discharge filaments before they can reach the arc phase. This type of dis-
charge is called silent discharges or dielectric barrier discharges (DBD) [18]. DBDs are
ideally suited to generate large volumes of non-thermal plasmas in dense, atmospheric
pressure gases. They offer very favorable conditions for molecule formation out of ex-
cited atoms as needed for excimer or ozone generation [19]. The microdischarges them-
selves, due to their short lifetime, are characterized as transient glow discharges [18].

8.7.2.3.2.1 Excimers
The term “excimer” is the abbreviation for excited dimer, describing diatomic mole-
cules that are solely stable in an excited state. The ground state of an excimer corre-
spond to two separated atoms that do not show chemical bonding (often they
correspond to strongly repulsive electron configurations). This leads to rapid dissocia-
tion of the excimer as soon as the transition from the excited to the ground state occurs.
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8.7.2.3.2.1.1 Rare gas excimers
A simplified potential diagram of the xenon excimer is shown in Figure 8.7.5.

Due to the Franck-Condon principle, transitions appear as vertical lines within the
potential diagram [20, 21]. In order to form an excimer molecule, we first need an
excited atom. This is typically achieved by an inelastic collision between an elec-
tron with kinetic energy exceeding the atoms excitation energy threshold and an
atom (e.g. a RG atom) itself: e− +RG! e− +RG

✶

Now the excited atom has to collide with two ground-state atoms:

RG
✶ + 2RG! RG

✶
2 +RG

The third collision partner is necessary to carry away the binding energy of the ex-
cimer molecule, thus allowing for conservation of impulse and energy. Since three-
body collision rates are proportional to the particle density squared, a dense gas at
modest to low temperature (p > 300 mbar (a) at 298 K) is necessary to efficiently
generate excimers.

Typical binding energies of rare gas excimer molecules are of the order of 1 eV
only. Cold RG-excimer molecules emit predominantly within the second excimer con-
tinuum (see Figure 8.7.6) with its full width at half maximum (FWHM) being deter-
mined by the binding distance of Xe2

✶ in the lowest vibrational state as well as the
repulsive nature of the two ground-state atoms. Due to the excimer’s binding energy
as well as the repulsive ground state, the photon energy (7.22 eV for Xe2

✶ 172 nm
emission) is significantly lower than the energy of the lowest lying excited state

Xe* + Xe(1S0) 

Xe(1S0) + Xe(1S0) 

internuclear 
distance

8.32 eV

EB ≈ 1 eV
resonance line

2. Excimer Cont. 
(Vacuum Ultraviolet)

172 nm λ

147 nm

Figure 8.7.5: Simplified potential diagram of the xenon excimer Xe2
✶ molecule. The excited Xe✶

atom can be in the Xe(3P1), Xe(
3P2), Xe(

1P1) or Xe(
3P0) state.
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(8.32 eV for Xe✶) of individual atoms. As a result, excimers do not suffer from reso-
nance absorption, leaving the RG medium transparent to the excimer’s emission.
That is why efficient conversion of electrical pumping power into excimer radiation
even at extreme power densities of up to 106 W/cm3 is possible. The high achievable
pumping power density combined with the lack of a ground state makes excimer sys-
tems suitable for laser action [22]. Due to the low binding energy of the RG2

✶ excimer
molecule, a large part of the RG✶ excitation energy can be converted into second con-
tinuum emission. More than 50% of the plasma’s input energy can be converted into
the second continuum [23–26]. This leads to the possibility of achieving high wall-
plug-to-VUV emission efficiencies within Xe-excimer lamps exceeding 30% [27, 28]. At
low pressures (<50 mbar), the RG-atoms resonance line dominates the emission spec-
trum. From 100 mbar on, the second continuum starts to emerge, dominating the emis-
sion from p > 300 mbar on. Table 8.7.1 shows the wavelength of the resonance line as
well as the second continuum for the rare gases [29].

Note that all the rare gas excimers emit in the vacuum of ultraviolet spectral range
(VUV) below 180 nm. The smaller the rare gas atom, the shorter the wavelength of
the resonance line and the second continuum. A typical emission spectrum of the
Xe excimer is shown in Figure 8.7.6. [25].

Only the xenon excimer can be transmitted through high-purity synthetic quartz
windows. Krypton and argon excimers can be transmitted through brittle CaF2, MgF2,
or LiF windows. Helium and neon excimer lamps can only be realized with window-
less systems.

8.7.2.3.2.1.2 Rare gas halogen excimers and halogen dimers
Excimer molecules can also form between rare gases and halogens X. Typical gas
mixtures consist of several 100 mbar RG with several mbar of X2 halogen. The for-
mation of these dimers depends on fast harpoon reactions,

Table 8.7.1: Wavelength of resonance and second continuum emission of
rare gases.

Rare gas Resonance line [nm] Second ontinuum (band center) [nm]

He  –

Ne . 

Ar . 

Kr . 

Xe . 
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RG
✶
2ð Þ +X2 ! RGX+X+ RGð Þ

dissociative attachment reactions between slow electrons and X2 molecules,

e− +X2 ! X− +X

and subsequent recombination of X− ions with RG+ ions or molecules [30]:

RG+ + − +RG! RGX+RGor RG+
2 +X−! RGX+RG

Due to the strong electronegativity of the halogen, the binding of these dimers has a
significant ionic character, RG+ 2P3=2

� �
+ X− 1S0

� � ! RGX B1=2
� �

, resulting in a
rather deep potential well with a binding energy of several eV.

Due to the strongly bound upper level and a quite flat ground-state RGX (X1/2)
potential curve consisting of a rare gas atom RG(1S0) and a halogen atom X(2P3/2),
the RGX✶ excimer’s B1=2 ! X1=2 transitions have small FWHM of a few nm. Radia-
tive lifetimes of the RGX✶ B1=2 ! X1=2 transitions are typically of order of 10 ns.
Since the stimulated emission cross-section is ~1/FWHM, these dimers are excellent
candidates for excimer lasers [31]. An important application is the ArF✶ 193 nm ex-
cimer laser used in photolithography of semiconductors. Due to the high binding
energy of the RGX✶ dimer, a large part of the RG✶excitation energy gets lost during
the RGX✶ formation process. As a result, the RGX excimer lamp’s wall-plug-UV-
emission efficiencies are typically below 10% [32].

Finally, also halogen dimers (X2
✶) are possible. Table 8.7.2 shows an overview

over all the rare gas, rare gas halide and halide excimers. An upper limit for effi-
ciency η≤ hν

ε RG✶ð Þ is also given.

8.7.2.3.2.1.3 Efficiency of excimer systems
Highest efficiencies are only achievable with RG excimer systems at low pumping
power densities resulting in degrees of ionization below 10–7. This implies small

Figure 8.7.6: Typical spectra of the second continuum of the Xe2
✶ excimer

at a pressure of 1.3 bar(a).
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electron densities ne < 3 · 10
12 cm–3. Only then inelastic, ionizing collisions between

electrons and excimer molecules can be avoided [33]. Unfortunately, DBDs in dense
gases have high electron densities within the filaments. In order to achieve high
efficiency, the electric pumping power must be distributed homogenously across
the discharge volume. Since in dense (~300 mbar) Xe a typical microdischarge lasts
about 100 ns, diffuse, quasi homogenous discharges can be generated by applying
fast, steep high voltage pulse with ∂U

∂t > 1kV
100ns = 1010 V

s. On the time scale of microdi-
scharge development, ignition conditions are reached everywhere within the whole
discharge gap simultaneously. Streamers start and form everywhere within the gap
and no streamer can gain an advantage over another [23]. Realizing such fast
pulsed HV power supplies for large, high-power lamps is quite difficult. The lamp’s
electric input capacitance increases with the lamp size. As a result, especially for
big lamps, it is necessary to drive large electric currents in a short time. Latest de-
velopments in fast silicon carbide-based HV solid state switches can be expected to
lead to efficient and powerful power supplies also for large excimer lamps. Pump-
ing xenon excimer lamps with cost-efficient sinusoidal HV power supplies in the
10 kHz frequency range (with ∂U

∂t < 108 V
s ) leads to filamentary discharges and effi-

ciencies well below 20%.

8.7.3 Outlook: applications of excimer lamps

Excimer-based lamps are at least 10 times less expensive than UV or VUV lasers.
They can be instantly turned on and off, and their output power level can be easily
modulated from 0 to 100%. By adjusting the gas mixtures, excimer lamps are able
to deliver photons with energies ranging from 3 to more than 10 eV, with wall-plug
efficiencies from several % (RGX✶) and exceeding 30% (RG2

✶). Combining these

Table 8.7.2: Overview of all available RG2
✶, RGX✶ and X2

✶ excimer emission wavelengths.

8.7 Excimer, mercury and sodium dischargers 465



features, excimer lamps are well suited for almost all well-known UV and/or VUV-
assisted photo processes [34–36]. Excimer lamps are commercially available from
well-known light-source producers like Heraeus Noblelight (Germany), Philips (The
Netherlands) or Ushio Inc. (Japan) [29]. Commercial excimer lamps predominately
use quartz envelopes and gas mixtures that emit wavelengths above the cut off of
synthetic quartz at 160 nm. Figure 8.7.7 shows the photon energies of some RG2

✶

and RGX✶ excimers as well as the binding energies of selected bonds within mole-
cules. Due to energy conservation, a photon can only be absorbed and thereby
photochemically break a bond if the photon’s energy hv exceeds the binding en-
ergy EB: hv= hc

λ >EB. This represents a key lock principle for photons being able to
trigger specific chemical reactions.

Using the proper UV radiation sources with suitable wavelengths and an appropriate
UV emission intensity, one can selectively switch on and off the desired photochemi-
cal reactions at will, enabling the synthesis of new coatings with customized surface
layers. Right now, we are just at the very start of this exciting development. In the
near future, the combination of efficient (30% wall-plug efficiency) xenon lamps with
special phosphor coatings that convert 172 nm VUV excimer photons into longer wave-
length light will enable the production of Hg-free UVC lamps with wall-plug efficien-
cies of up to 20% [37–39]. These lamps will combine all the advantages of present
xenon excimer lamps (instant on/off, 100% dimmable, high efficiency) with the ad-
vantages of modern LPM lamps (high output power, cost-effective) while being able to
deliver the desired UV wavelength, tunable by the phosphor used. Many available

Figure 8.7.7: Comparison of several rare gas and rare gas halide excimer photon energies with
binding energies of covalent bonds between selected atoms.
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wavelengths are significantly shorter than the theoretical lower limit of modern (Al,
Ga)N-based deep-UV LEDs of 210 nm [40].
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8.8 Inorganic scintillators

Florian Baur, Thomas Jüstel

Scintillators are materials that emit UV radiation or visible light upon excitation
with high-energy radiation, i.e. ionizing radiation. They are an important class of
materials, since direct detection of high-energy radiation is difficult by technical
means and not possible at all for a human being.

8.8.1 Introduction and history

Scintillators have been used as radiation detectors ever since the discovery of X-rays by
Röntgen in 1895. A screen coated with barium tetracyanidoplatinate(II) (Ba[Pt(CN)4])
showed luminescence if placed close to a discharge tube [1]. This first discovered
scintillator showed only weak luminescence upon irradiation, which led to intense re-
search activity and already in 1896 to the discovery of the highly efficient scintillators
ZnS (introduced independently by Crookes, Henry, and Pupin) and CaWO4 “by Edison”
[2]. In 1897, Braun invented the cathode ray tube, in which the energy of acceler-
ated electrons is converted into visible radiation. The mechanism of action of the
so-called cathodoluminescence is similar to that of the conversion of high-energy
radiation [3]. In 1948, Hofstaedter developed Tl+-activated scintillators, namely
NaI:Tl, which lead to further research activity in the class of alkali halides, both
with and without activators [4]. In 1973, Bi4Ge3O12 (BGO) was discovered, which
sparked a search for more complex scintillators, resulting in the discoveries of
Lu2SiO5:Ce

3+ (LSO) in 1992 and (Lu,Y)2SiO5:Ce
3+ (LYSO) in 2004 [5]. As an alterna-

tive to scintillators, direct detectors were developed in the 1970s, i.e. semiconductors
such as lithium-doped Si or Ge, where high-energy radiation generates electron-hole
pairs that can be detected as a current. In gamma-spectroscopy, Ge-semiconductor
detectors are widely employed, while silicon drift detectors (SDD) are used for
the detection of low-energy X-rays in X-ray fluorescence spectroscopy. Regard-
less, scintillators are dominating many areas, since the semiconductor detectors re-
quire cooling to prevent leak currents [6]. New, fast scintillators based on valence-core
transitions such as BaF2 were developed in the 1980s and 1990s [7].

8.8.2 Physics of scintillators

As described by Klintenberg et al. and Nikl, the mechanism of luminescence upon ex-
citation by high-energy radiation can be separated into three stages [4, 8]: conversion,
transport and luminescence. Figure 8.8.1 depicts the process schematically. In the first
stage, conversion, the incident photons of ionizing radiation, the primary radiation,
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transfer their energy to the scintillator. This occurs mainly via the photoelectric effect
and Compton scattering, while at photon energies higher than 1.022 MeV, pair produc-
tion, i.e. the generation of a positron and an electron (mass = 0.511 MeV/c2), can occur.
In the two former cases, the energy of the incident photon is fully (photoelectric effect)
or partly (Compton scattering) transferred to an atom of the scintillator. As the energy
of the primary photons is higher than the binding energy of inner shell electrons, an
electron from an inner shell of the atom is removed. This “hot” electron carries some
energy with it and leaves a hole behind. Subsequently, an electron from an outer shell
can immediately recombine with the hole, which releases energy. Thereby, either a
photon is generated (secondary X-ray) or another electron is removed from the atom
(secondary electron). Electrons created via pair production are another source of
secondary electrons.

The secondary X-rays and electrons are scattered at atoms, transfer their energy
and generate additional secondary X-rays, electrons and holes. This process of the
generation of secondary X-rays and secondary electrons continues until the remain-
ing energy is too low for further electron-hole-pair production. Typically, two to
seven times the band gap energy is required to remove an electron from an inner
shell. This stage has a duration of less than 1 ps and will result in a specific number
of electron-hole pairs. The number of pairs is roughly proportional to the energy
deposited in the scintillator by the incident primary radiation.

During the second stage, the “hot” electrons and holes thermalize and can be-
come trapped at defects or self-trapped by the crystal structure or form excitons. During
this stage, non-radiative relaxation can occur, and the probability of this event
greatly influences the efficiency of the scintillator. A high defect density will increase
the probability of non-radiative relaxation, as these additional energy states shorten
the distance between the excited state and the ground state. If the electron-hole pairs

Figure 8.8.1: Simplified sketch to illustrate the three steps of the energy flow in a scintillator.
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reach a luminescence center, the center will be excited. Additionally, the lumines-
cence centers can be excited directly by “hot” electrons moving through the crystal.
This transport stage has a duration between 1 and 10 ps and determines the length of
the rise-time of the scintillator in which the emission intensity increases along with
the increasing number of excited luminescence centers.

In stage three, the excited luminescence centers return radiatively to the ground
state. Figure 8.8.1 shows Ce3+ as an example, but various kinds of luminescence cen-
ters are used in scintillators [4]: Self-trapped excitons are found in undoped alkali
halides like NaI or CsI, where a hole localizes on an atom and traps a spatially diffuse
electron. The respective radiative transition is either a spin-forbidden triplet-singlet
transition (decay time in µs range) or a spin-allowed singlet-singlet transition (decay
time in ns range). Valence-core luminescence occurs in scintillators where the energy
gap between valence band and core band is less than the principal band gap. The
radiative transition is an electron moving from the valence band to a hole in the core
band. These transitions are fast (less than 1 ns), but since only few holes can be cre-
ated in the core band, and the light yield is low (2000 photons/MeV).

In self-activated scintillators, the luminescent species are a building unit of the
crystal. Examples are CaWO4 or Bi4Ge3O12 where the radiative transitions occur
within the WO4

2– tetrahedra – i.e. charge-transfer luminescence – or the Bi3+ cat-
ion – i.e. a 6p-6s transition. The general mechanism is the same for scintillators
comprising an activator, e.g. Lu2SiO5:Ce

3+ or NaI:Tl+. A hole is trapped at the activa-
tor ion with an excited electron being localized at the same ion. The radiative return
of the electron to the ground state is responsible for the emission of a photon.

The time-scale of the luminescence stage depends on the rate of the involved
transition. Electron-hole recombination, exciton emission or valence-band core-
band (cross-luminescence) transitions are very fast at a scale of 1 ns or less. Cross-
luminescence has, for example, been observed in binary halides such as BaF2 or
CsBr, with a reported decay time of 0.07 ns for the latter [7]. Scintillators whose
luminescence is based on 5d-4f transitions (e.g. Ce3+, Pr3+, Eu2+) exhibit decay
times between 20 ns (Pr3+) and 1 µs (Eu2+). Despite being quantum-mechanically
allowed, the transitions rates are limited by the poor spatial overlap between 5d
and 4f orbitals and in case of Eu2+ additionally by the partly spin-forbidden nature
of the transition [4]. Quantum-mechanically forbidden transitions such as 4f-4f
(e.g. Eu3+, Tb3+) have longer decay times up to several milliseconds and are mostly
used for static imaging where fast reaction times are of no concern. Since even the
faster radiative transitions occur on a time scale that are 1–2 magnitudes longer
than that of the first two stages, they constitute the step that determines the overall
response time of the scintillator.

The mechanism of action in case of charged particle excitation, like the He2+ nu-
clei of α-radiation, is basically the same as in the case of ionizing radiation. The
charged particles interact with the atoms mostly via Coulomb scattering and generate
secondary electrons. This is followed by steps comparable to those described above.
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The main difference is that the secondary electrons are generated in a much smaller
volume as the charged particles deposit their energy in a closer radius than the pho-
tons of ionizing radiation [5]. This can become significant if the activator concentration
or the defect density shows a gradient within the scintillator. In many cases, impurities
such as activator ions tend to accumulate closer to the surface of a crystal. This obser-
vation also means that increasing the size of the scintillator crystal does not necessarily
increase the sensitivity, as the range of the incident particles is limited.

8.8.3 Application areas of scintillators

Scintillators are used in a wide range of applications. These can be categorized, de-
pending on whether the energy of the individual incident photons must be deter-
mined or solely their combined intensity. As already discussed, the total number of
visible light photons that is generated in the scintillator is proportional to the total
energy that has been deposited. The relation is expressed by the light yield of a
scintillator. By counting the number of emitted photons per unit of time, the amount
of energy that was deposited within that time frame can be calculated.

If it is assured that solely one high-energy photon interacts with the scintillator
within that time frame, the calculated amount of energy is equal to the energy of the
incident photon. The photon output caused by an individual incident high-energy
photon is called “pulse”. The number of times a specific pulse-height was detected
can be determined with a pulse-height analyzer (PHA) and can be plotted in a histo-
gram. A simplified histogram is shown in Figure 8.8.2. Ideally, an incident photon of
a specific energy would always generate the same pulse-height and only a line would
emerge in the histogram. Since there is a certain probability that more or less photons
are emitted per absorbed high-energy photon, the ideal line broadens to a peak. The
broadness can be quantified as the full-width at half-maximum (FWHM) and is a
measure for the energy resolution of the scintillator.

If two pulses overlap in time, the PHA will detect one high-intensity pulse in-
stead of two lower-intensity pulses. This means that the rate of incident photons
has to be low enough to ensure that solely one incident photon interacts with the
scintillator within its decay time. Otherwise, it is not possible to distinguish be-
tween one incident photon with energy E and two simultaneously incident photons
of energy 1/2 E. Scintillators with a shorter decay time can handle a higher rate of
incident photons.

In the next application area to consider, it is assured that solely one type of high-
energy photons, i.e. with a specific, known energy, interacts with the scintillator.
Thus, the deposited energy divided by the energy of a single incident photon yields
the total number of incident photons. In this case, more than one photon can be de-
tected simultaneously and the rate of incident photons is only limited by the satura-
tion threshold of the scintillator.
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Thirdly, if neither the number nor the energy of incident photons is controlled
or known, the measurement only yields the total amount of energy deposited in the
scintillator. All three cases have their specific application areas.

To detect the emitted visible photons, a suitable detector, usually a photomulti-
plier tube (PMT), is attached to the scintillator. To accurately determine the depos-
ited energy, it is mandatory that a large fraction of all emitted photons reaches the
detector, since otherwise the amount of energy calculated from it will be too low. In
most cases, this is ensured by using a single crystal, as it exhibits almost no scatter-
ing and even photons that are generated several millimeters or more inside the scin-
tillator can reach the surface. To guide the emitted photons towards the detector,
the scintillator is usually encased in a highly reflective material, such as optical
grade PTFE.

Examples of the first case, i.e. where the energy of the incident photons has to
be determined, comprise various analytical methods:
– Energy-dispersive X-ray spectroscopy (EDX)
– X-ray fluorescence (XRF)
– Gamma spectroscopy
– High-energy physics

EDX and XRF can be used to identify elements based on the characteristic X-rays
that are emitted from the atom after excitation by either electrons (EDX) or X-rays
(XRF). The energy resolution lies between 150 and 300 eV with measurement ranges
of approximately 1 to 50 keV. Gamma spectroscopy relies on the same method of
analysis; however, it is mainly applied to identify radioactive specimens and, there-
fore, is used in measurement ranges of up to several MeV. The scintillator has to be
stable towards high-energy radiation and should exhibit a short decay time to allow
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Figure 8.8.2: Simplified pulse-height distribution histogram.
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higher intensities of incident X-ray or gamma photons without coinciding ab-
sorption. In high-energy physics, scintillators are frequently used to detect low-
intensity radiation with very high energies. Due to the low intensities, a high
light yield of the scintillator and a high efficiency in the respective energy range
are required. In astrophysics, the Fermi Gamma-ray Space Telescope (FGST)
makes use of scintillators for its anticoincidence shield that detects charged par-
ticles, which occur with a very high flux and would disturb the gamma ray de-
tection. The actual gamma rays are detected by silicon strip detectors behind the
anticoincidence shield.

Detection of X-ray and gamma-ray intensities, instead of their energy, is impor-
tant for applications such as X-ray diffraction (XRD). Here, X-rays of energies in the
lower keV range are diffracted in a crystalline sample and their intensities are re-
corded in dependence of the measurement angle. The energy of the X-rays is
known and close to monochromatic; therefore, the photon output of the scintillator
is directly proportional to the intensity of the incident X-rays.

In oil well logging, gamma-rays are used to investigate the well-bore environ-
ment. A radioactive source is lowered into the well-bore, i.e. the hole that has been
drilled into the ground, and the intensity of the scattered gamma-rays is detected.
The dampening of the gamma-rays allows conclusions to be drawn as to the physi-
cal properties of the surroundings, especially their density. For this purpose, NaI:Tl
is commonly employed as a scintillation detector [9]; however, semiconductor de-
tectors are also in widespread use [10].

Another important field of application for scintillators is imaging. Computer to-
mography (CT) makes use of scintillators to detect X-rays that have passed through
a patient. Depending on the absorption cross-section of the various types of biomat-
ter, the intensity of the transmitted X-rays is decreased. By plotting these intensities
over spatial position, an image is created. Scintillators used for CT must have a
large absorption cross-section for X-rays, radiation damage resistance and a rela-
tively short decay time, to allow for fast measurements and high counting rates.
Commonly used scintillators for CT are: CdWO4, Gd2O2S:Pr

3+,Ce3+,F-, (Y,Gd)2O3:Eu
3+

and “GE Gemstone”, the latter being a Ce3+ activated garnet in the form of a trans-
parent ceramic [11]. X-ray scanners in non-medical fields, such as baggage security
checks at airports or to screen moving trucks, place similar demands on the scintil-
lator. Here, the combination of one of the aforementioned scintillators with a CCD
detector is used to quickly generate images.

For positron emission tomography (PET), a radioactive tracer that decays by
emitting a positron is injected into a patient. The positron interacts within less than
10–9 s with an electron in an annihilation reaction, whereupon two 511 keV photons
are generated that move in opposite directions. If both photons are detected, it is
possible to reconstruct their point of origin in the patient’s body. To achieve this,
spatial information has to be retained. To that end, several scintillation detectors
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are arranged in a ring around the patient. The scintillator has to exhibit various
properties such as [12]:
– high density for a large absorption cross-section
– short decay time for good time-resolution and high rates of incident photons
– good energy resolution for specific detection of 511 keV photons

As its properties agree well with these conditions, (Lu,Y)2SiO5:Ce
3+ is commonly

used as a scintillator for PET.
Furthermore, scintillators can be employed in dosimetry, where the dose of ra-

diation is measured. The dose is the amount of energy of ionizing radiation ab-
sorbed per unit mass. This value is proportional to the number of photons emitted
by the scintillator if the light yield is constant for the energy and rate of incident
photons. The region in which this condition is fulfilled determines the range of pho-
ton energies and rates for which the scintillator can be used in dosimetry.

8.8.4 Established scintillators and their properties

A luminescent material has to fulfil a range of criteria to be applicable as a scintilla-
tor. These include [4, 8, 13]:

Large absorption cross-section
Only the incident photons that are absorbed by the scintillator can be detected. The
larger the fraction of absorbed photons, the higher the efficiency of the scintillator.
A high density and large atomic number Z of the elements increase the absorption
cross-section. By increasing the volume of the scintillator crystal, the absorption
can also be increased.

Short decay time
After a high-energy photon has been absorbed, a certain amount of visible photons
is emitted by the scintillator. During this time span, the scintillator is not ready to
discriminate another high-energy photon, as the detection events would overlap. In
that case, it is not possible to distinguish between the simultaneous absorption of
two lower-energy photons and the absorption of one high-energy photon. A short
decay time is therefore crucial for good time resolution and to allow accurate detec-
tion of high rates of incident photons.

Low cost
Scintillators often comprise rare earth elements such as lutetium or europium, which
can be costly. The growth of large single crystals also factors into the cost of production.
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High light yield
The energy of the absorbed incident photons is converted into visible photons by
the scintillator. As discussed in the previous section, there are loss processes and,
therefore, the number of emitted photons per absorbed energy differs between vari-
ous scintillators. It is expressed in photons per unit energy, usually as photons per
MeV. A high light yield is especially crucial for detection of low-energy X-rays.

Chemical and physical stability
Commonly used scintillators such as NaI are hygroscopic and have to be encapsu-
lated to prevent degradation. Scintillators of the garnet or silicate type exhibit a
very high stability. Resistance against radiation damage is important if the scintilla-
tor is used in an application with high fluxes of ionizing radiation, such as com-
puter tomography (CT).

Emission wavelength
As the photons that are emitted by the scintillator must be detected by a photo-
multiplier tube (PMT) or charge-coupled device CCD, their wavelength should be
close to the maximum sensitivity of the respective photodetector. For PMTs, this is
usually in the blue to green spectral range.

Energy resolution
The number of emitted photons is proportional to the energy deposited in the scintilla-
tor by the incident high-energy photons as expressed by the light yield. This relation
can be used to determine the energy of the incident photons. However, some deviation
from this proportionality will invariably occur, which results in a broadening of the
peaks on an intensity vs. incident photon energy scale. The resolution is expressed as
the full-width at half maximum of the peak divided by the peak energy. Typical energy
resolutions are 8–9% for (Lu,Y)2SiO5:Ce

3+ or 6% for NaI:Tl scintillators.

Refractive index
To detect the photons emitted by the scintillator, they must be outcoupled from the
scintillator and into the photodetector. To realize high efficiencies for this process,
the refractive index of the scintillator must closely match that of the photodetector’s
surface. For glass, this would amount to a refractive index of around 1.5.

During the decades of development, several materials have been found that meet the
aforementioned requirements and are used in various application areas. The following
Table 8.8.1 lists important parameters of established scintillators. Figure 8.8.3 shows
a kg scale single crystal of Y3Al5O12:Ce

3+ (YAG:Ce). Scintillators are cut from such large
boules with size and geometry according to the demands of the respective application.

8.8 Inorganic scintillators 477



8.8.5 Outlook

Due to the increasing demand on quantity and quality of scintillators by many applica-
tions, there is still tremendous research activity in the field of scintillators. Especially
the requirement for high-quality single crystals causes increased production costs due

Figure 8.8.3: Photographic image of a single
crystal of Y3Al5O12:Ce3 + . (Photograph:
Dr. Patrick Pues).

Table 8.8.1: Selected scintillators and their properties [14].

NaI:Tl CsI:Tl BGO YAG:Ce CWO LYSO:Ce LSO:Ce GOS:Tb LaBr:Ce

Density
(g/cm-)

. . . . . . . . .

Hygroscopic Yes Yes No No No No No No Yes

Emission
wavelength
(nm)

        

Decay time
(ns)

        

Light yield
(phot. MeV-)

        

BGO = Bi4Ge3O12.
YAG:Ce = Y3Al5O12:Ce

3+.
CWO = CdWO4.
LYSO:Ce = (Lu,Y)2SiO5:Ce

3+.
LSO:Ce = Lu2SiO5:Ce

3+.
GOS:Tb = Gd2O2S:Tb

3+.
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to the need for specialized equipment and experienced personnel. An alternative to
single inorganic crystals are scintillators in the form of transparent ceramics. Using ce-
ramics poses several advantages over single crystals, such as faster and less expensive
production, large size and unconventional geometries are easier to obtain, and multi-
layer materials can be manufactured [15]. General Electric (GE) has developed a trans-
parent ceramic on the basis of Ce3+-activated garnets, which is used as a scintillation
detector in various types of medical equipment [16].

Furthermore, plastic scintillators, comprised of organic polymers, have been
under investigation for some decades. They usually exhibit a very short decay time,
are relatively simple to manufacture and are highly versatile, e.g. large volume detec-
tors are relatively easy to produce. Their disadvantage is mainly the low absorption
cross section for high-energy radiation and their low radiation damage resistance. The
low absorption cross-section can be overcome to some extent by using sensitizers [17].

Liquid scintillators offer similar advantages and disadvantages as the plastic
scintillators, and additionally allow very close contact between the emitting speci-
es and the scintillator, as the investigated sample can be dispersed or dissolved in
the liquid [18]. For that reason they are often employed in alpha-particle or beta-
spectroscopy.
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