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Preface

Invitation to Crystalline Catalysts that have Not Yet been
Found

People are fascinated by glitter materials and are strongly attracted to them. A typical
example is a jewel. The elements in jewels are lined up in an orderly fashion to create
the sparkle, but this is not apparent to a human’s naked eye. However, through the
shining light of jewels, people have intuitively sensed the arrangement of the elements
and felt the power generated by them. This kind of daily occurrence is also true in
the world of science. Scientists are amazed by the various functions of materials and
are impressed by the functions that arise from the ordered but complex arrangement
of elements, thinking about the state of the elements that make up crystals. Although
crystalline metal oxide catalysts, the subject of this book, do not shine like jewels,
chemical reactions are triggered and promoted by the crystal surface fields over the
solid crystalline material. Scientists are fascinated by this and are keenly interested in
the subtleties of nature’s weaving. They feel that there must be an infinite number of
crystalline solid materials in nature with unprecedented catalytic capabilities. Nature
is always waiting for scientists to approach and discover. Today, human society is
facing various problems with energy and materials. One effective way to deal with
these problems is to use catalysts, and in fact, there are high expectations for solid
catalysts, especially those with catalytic functions generated by crystals. Now is
the time to dive into the world of undiscovered crystalline materials and bring new
catalytic functions to our science and technology world. I hope that this book will
provide an opportunity to start this process.

Organizations of human societies are naturally composed as a result of the daily
activity of various people, and likewise, catalytic material structures should be natu-
rally composed of various elements arrangement. However, “naturally” is not “totally
free”, but through the process of exchanging information between individuals, recog-
nizing and identifying everyone make fit in a predetermined place and the structure
of individuals. In human society, various works are started under necessity, and then
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an organized society is naturally established in order to maximize society’s effective-
ness. If the overall policy is decided in society, a social structure will be created in that
direction. In the case of catalysts, a series of chemical reactions must be controlled
by various catalytic elements in solid catalysts, and then the constituting elements
are organized in a particular structure in order to optimize the catalytic promotion
and work harmonically. However, even if the overall catalytic function is decided, it
will not be possible to create the catalyst structure that meets the uniquely required
function.

Working on complex things can have complex consequences, but a fascinating
nature behind this will motivate a lively challenge to complex things.

Yokohama, Kanagawa, Japan Wataru Ueda
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Chapter 1 M)
Overview of Crystalline Metal Oxide fre
Catalysts

Wataru Ueda

1.1 General Introduction

Catalysts are used in many modern chemical industrial processes. Recently, CO,
conversion catalysts, bio-conversion catalysts, electrolysis catalysts, fuel cell cata-
lysts, photocatalysts, etc. have largely progressed, and new use targets of catalysts
have expanded along with the sophisticated development of catalyst systems. It is no
exaggeration to say that catalysts are a key technology that can essentially contribute
to solving the environmental, resource, and energy problems that are important
issues to be solved for humankind in this century and even the coming century.
This is because catalysts inherently have no load on the surrounding nature system,
and further development of catalysis technologies is desired for the realization of a
sustainable society.

Catalytic ammonia synthesis and catalytic polymerization are the most famous
examples of how catalysts have contributed significantly to human society’s improve-
ment by supplying chemical products profoundly. Although iron catalysts for
ammonia synthesis were developed through trial-and-error-type research in response
to the demands, the catalyst performance has made remarkable progress with prac-
tical application from time to time. At present, the energy efficiency of ammonia
synthesis from hydrogen and nitrogen performed at optimized temperature and pres-
sure is said to be at a level comparable to that of nitrogen fixation by the biological
enzyme nitrogenase. This improvement has been attained, thanks to the advanced
understanding of catalytic phenomena elucidated by sophisticated analysis, surface
science, and quantum-chemistry at the elementary reaction step level, and also thanks
that it has become possible to effectively perform catalytic material synthesis and
reaction control based on the understanding. This is exactly the result of the high

W. Ueda (X)

Department of Material Chemistry and Life, Kanagawa University, 3-27-1, Rokkakubashi,
Kanagawa-ku, Yokohama 221-8686, Japan

e-mail: uedaw @kanagawa-u.ac.jp

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 1
W. Ueda (ed.), Crystalline Metal Oxide Catalysts,
https://doi.org/10.1007/978-981-19-5013-1_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-5013-1_1\&domain=pdf
mailto:uedaw@kanagawa-u.ac.jp
https://doi.org/10.1007/978-981-19-5013-1_1

2 W. Ueda

degree of chemical understanding of catalytic reactions and the advancement of
catalytic reaction engineering.

However, we must notice that the accumulation of scientific results by practical
research took more than 100 years from the time when the ammonia synthesis catalyst
was put into practical use until the current level of catalytic performance and energy
efficiency was reached. Needless to say, time is necessary to steadily build basic
catalytic science and chemistry, but under the current strong demand for solving
environmental and energy problems, we might not be allowed to conduct such long-
time research for building a new catalyst system. Undoubtedly, prompt and timely
development of an advanced ultra-high performance catalyst system is necessary to
meet the demands of human society. However, the ultra-high performance catalyst
systems must be inevitably complex and highly sophisticated, and thus it must be very
difficult to intentionally construct and rapidly synthesize catalysts in those states. We
are still facing such difficulties, but must overcome the difficult task of developing
catalysts by introducing a new dimension of catalytic science and technology [1].

One of the keywords in the above context is the introduction of “complexity” into
catalysts. Catalysis researchers have long noticed that high-level complexation is
often seen in bio-enzymatic systems and experienced that introduction of a complex
situation into solid-state catalysts, for example, complexity in constituting elements,
structure, and electronic state of solid-state catalysts mostly brings positive results in
catalytic performance, although the researchers felt that there was a lot of uncertainty
behind complexity. In other words, controlling complexity is controlling catalysis
and ultimately bringing high-performance catalysts.

This book focuses on complex metal oxide catalysts in crystalline form because
this type of catalyst has made great success in achieving high catalytic performance
in various catalytic reactions by the introduction of “complexity”.

1.1.1 Progress of Metal Oxide Catalyst Development: Toward
Complexation and Crystalline State

Significant progress has been made in the use of complex metal oxides as catalysts
for various chemical reactions [2]. The history of their development is summarized
according to catalytic reactions in Table 1.1. First, the early development of catalysts
was mostly based on single metal oxides that could be easily obtained or synthesized
in those days. It is easy to imagine that the researchers were surprised when they
saw the phenomenon of catalytic functionality even over such simple metal oxides.
This phenomenon is seen in almost all the listed catalytic reactions. From the oppo-
site point of view, the idea of combining elements did not fully exist among the
researchers at the beginning of the catalyst development. The synthesis technologies
of metal oxide catalysts were gradually progressed and at the same time, natural
crystalline minerals were also utilized in catalyst development. Under the trend of
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this movement, researchers have soon been interested in using familiar natural mate-
rials such as clay as a catalyst. Clay has multiple constituent elements, like Si and
Al In practical application, acid and heat-treatments of clay were implemented for
improving catalytic activity. As the success was achieved on clay materials, the
catalytic function generated by constituting multiple elements seems to have been
obvious but at the same time mysterious. Eventually combining multiple elements
to construct solid-state oxide catalysts became a conscious effort. As for the solid-
acid catalysts, the development of mixed oxide catalysts had directed to the artificial
synthesis of a composite of Si and Al oxides. These were the advent of composite
oxide catalysts. Although the composite metal oxide catalysts synthesized in this
way were mostly amorphous or simply mixed oxides, the combined catalysts have
long been used in industrial processes as catalysts with high performance. At the
same time, much fundamental research on catalysis itself and the catalytic materials
have progressed. In the further development process, researchers again paid their
attention to natural minerals and found zeolite catalysts. This is a composite oxide of
Si and Al but is a crystalline solid acid with a porous structure able to adsorb small
organic reactant molecules. This was one of the major milestones in the development
of solid metal oxide catalysts. This crystalline material was immediately applied as
a catalyst to industrial processes and has been used to date. In addition, many new
zeolites having different porous structures have been artificially synthesized. Nowa-
days, a great number of new structural zeolites have emerged, and moreover, not
only Si and Al, but also zeolitic materials of other elements such as phosphorus have
recently emerged. Therefore, the development of Si- and Al-based complex oxides
as solid-acid catalysts is the synergistic result of the direction toward crystalline
materials, the addition of porosity, and the complexation of constituting elements.
Recent advancement in controlling the structural position of constituting elements in
zeolite chemistry is introduced in Chap. 6. With the advent of the zeolite catalysts, the
horizontal development to expand the catalytic materials category has been widely
undertaken.

Exactly the same trend can be seen in the history of the development of metal
oxide catalysts for oxidation [3—7]. The firstly developed catalysts were here again
simple metal oxides. We can easily notice that almost all kinds of simple metal
oxides were tested and used practically. Based on these findings, the characteristics
of each simple metal oxide catalyst were serially organized for the understanding
of catalytic functions by element. This approach strongly promoted a fundamental
understanding of the catalytic chemistry of simple metal oxides. However, simple
metal oxide catalysts had limited catalytic functionality and gave an unsatisfactory
catalytic performance. Methods improving catalytic performance much more were
strongly demanded. Under such circumstances, methods to immobilize metal oxide
catalysts, which is a metal oxide supported on other metal oxides, were developed in
order to improve their performance. Supported catalysts were widely used because
they have the advantage of easy synthesis and are superior in terms of catalytic
reaction engineering. At the same time, the methods were also possible to easily
combine more than two single metal oxides to bring multiple functions. This is the
starting point of elemental complexation and eventually, this approach brought about
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complex metal oxide catalysts that consist of more than two metal elements with
completely different elemental properties and catalytic functions. One of the most
prominent examples is the Fe; 03—MoQOj catalyst for gas-phase oxidation of methanol
to formaldehyde. Fe, O3 catalyst was active but non-selective and MoO3 was selective
but poorly active, and then combined oxide showed catalytically extremely active
and selective. This is absolutely the combination effect. This approach achieved a
remarkable improvement in catalytic performance and was a very important turning
point in the history of the development of metal oxide catalysts for oxidation catal-
ysis. This remarkable complexation effect accelerated the development of catalysts as
shown in Table 1.1, and the elemental compositions have become increasingly more
complex [8]. However, with such elemental diversification, catalysts have become a
mixed form of multiple crystalline phases or amorphous forms, which has adversely
hindered a deeper understanding of catalysts through further performance improve-
ment. At this stage, complex metal oxides had the inevitable consequence of crystal
formation, shedding new light on catalytic chemistry. Along with the development of
a wide variety of crystalline complex metal oxide catalysts, the approach of extrac-
tion of structural materials truly responsible for catalytic activity has progressed,
and it is now possible to achieve better catalytic performance than before with a
single crystalline phase while maintaining the multi-element state. What is unique
here is that catalysts mostly exhibit complex structures with an appreciation of the
effects of multi-element complexation. This direction must be correct, and indeed,
the importance of crystalline complex metal oxide catalysts has become apparent as
they have evolved into catalysts for the selective oxidation of alkanes which has been
very difficult to achieve in the past.

Metal oxide catalysts for hydrogenation [9], dehydrogenation [ 10], photocatalysis,
and electrocatalysis [11] are not exceptional. Elemental complexation and crystal-
lization in complex metal oxide catalysts were widely used for these reactions, but
extreme complexation in the catalyst for these reactions is a very recent trend in devel-
opment. The reason, for instance, is that the reducing atmosphere under catalytic
hydrogenation and dehydrogenation conditions causes unclear valence state and
structural arrangement of the main constituent elements, preventing the aggressive
application of crystallization and element complexation. Along with gradual clarifi-
cation of the detailed character of the catalysts, dramatic progress using complexation
by keeping solid crystal structure can be made in photocatalysis and electrocatal-
ysis on the basis of solid-state chemistry such as band structure, defect structure,
electro-conductivity, oxygen migration, and so on. Well-crystallized state is directly
related to the catalytic activity, so crystallization and element complexation have
been considered from the beginning of this catalyst development.

It should be worthy to consider why many catalytic reactions needed the direction
of crystallization and element complexation of metal oxide catalysts. The first reason
is that although the reaction equation itself is usually simple, the actual elemental
catalytic reaction step is “complex,” and the catalyst must be appropriately “com-
plex” to precisely control all catalytic elemental reaction steps. Taking the selective
oxidation reaction of organic compounds with molecular oxygen as an example,
oxygen molecules to react with organic substances need to be activated by receiving
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electrons from oxide catalysts to weaken or dissociate O—O bonds. Oxygen then
assumes a variety of activated states depending on electron donation ability from
oxide catalysts. This obviously leads to the formation of various products depending
on the state of oxygen activation. The role of the catalyst that brings the oxygen
to a specific activated state is very important for the desired reaction to occur. The
activated state of the organic reactant is also important, which in turn changes the
reaction between the activated organic intermediate and the oxygen species. Usually,
several steps are required to reach a stable product, therefore high selectivity to the
desired product cannot be achieved without eliminating the possibility of undesired
reaction pathways. In other words, the spatial structure and electronic structure of the
surface of the metal oxide catalyst must be controlled for the appropriate oxygen acti-
vation and the direction of the organic reaction. It is theoretically possible to control
the various reaction steps by using an appropriate catalyst, but a simple catalytic
function made of a single catalytic element, like as simple metal oxide catalysts,
is practically unable to control many reaction steps at once perfectly for attaining
high selectivity. The structural environment in which multiple catalytic functions
made of multiple catalytic elements can work cooperatively is most necessary to
achieve selective oxidation. It is not surprising that composite oxides, which can be
composed of many metal elements, are the most suitable solid functional materials
as catalysts for selective oxidation and in fact are used in many gas-phase selective
oxidation reactions. This is also valid for other catalytic reaction systems such as
organic syntheses using metal oxide catalysts (see Chap. 8).

1.1.2 Structural Classification of Complex Metal Oxide
Catalysts

The history of the development of metal oxide catalysts, particularly of industrial
catalysis, shown in Table 1.1, clearly shows a trend toward increasing complexity,
with crystallization and elemental complexation as the keywords. The same keywords
can also be applied to other metal-oxygen bonded materials, as long as they are
composed of a clear structure of metal-oxygen bonding. Expanding the scope in this
way, we can see a variety of catalysts. Examples of such catalysts are summarized in
Table 1.2, and examples of metal oxide catalysts with their respective characteristics
are shown in Figs. 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 1.10, 1.11 and 1.12,
organized in a catalyst structure diagram.

The catalyst examples in Table 1.2 are classified by the spatial dimension of
the catalytically active site structure. In the first case, the structure is not limited
to a 3D periodic structure like a crystalline oxide but forms a minimum structural
organization necessary for completing a catalytic cycle. The requirement to form
a minimal local structural active site naturally leads to a molecular and discrete
structural state of the catalytic material. The most basic example is the single atomic
catalyst. There are many examples of single atomic catalysts in the liquid phase,
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Fig. 1.1 Isolated single Ag atoms on MnO» with hollandite structure as an example of single atom
catalyst. Reproduced with permission from Ref. [13]. Copyright 2015 John Wiley and Sons

D1-D170 W3

D1-E189

Fig. 1.2 Local structure of oxygen-evolving complex with CaMn3O4 cubane oxide cluster in
biological catalyst. (Adapted with permission from Ref. [14]. Copyright 2013 American Chemical
Society)

including organic metal complex catalysts, so this is not particularly new. However,
in solid catalysts, it is essential to construct a peripheral structure to maintain the
single atomic state, and therefore, discrete structural states are required [12]. An
example is an Ag atom surrounded by a metal oxide framework shown in Fig. 1.1
[13]. This example has the periodic structure of the metal oxide to support single
atoms, indicating even single atom catalyst needs local structuring based on multi-
element. Slightly more complicated is the Mn oxide cluster [14, 15] which is the
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Fig. 1.3 Structure model. a of [Cuz(—0)313* oxide cluster stabilized by two anionic centers b at
the mordenite side pocket for methane oxidation to methanol from Ref. [15]

Fig. 1.4 Cubane oxide cluster in discrete structure. a Ni oxide cubane coordinated by a lacunary
a-SiWgOsy4, b face-shared double cubane of Mn oxide sandwiched by two lacunary a-SiWgOz4
(Adapted with permission from Ref. [19]. Copyright 2016 Elsevier) and ¢ W oxide cubane coordi-
nated by four vanadyls with organic ligands (Adapted with permission from Ref. [20]. Copyright
2016 Royal Society of Chemistry)

oxygen-evolving site of photosynthesis in the bio-system (Fig. 1.2). The catalytic
site is a discrete metal oxide cluster constructed with four Mn and one Ca and
surrounded by amino acid groups. In a very similar system, instead of amino acids
playing the role of structuring ligands, there is a catalyst in which Cu di (or tri)-
nuclear oxide clusters are formed in the cavity of a zeolite structure as an inorganic
ligand (Fig. 1.3). This is the catalyst that has attracted much attention because it
can catalyze the oxidation of methane to methanol with molecular oxygen [16].
This is partially mimicking methane mono-oxidase (MMO) [17]. These examples
introduced above are the catalysts with a minimal catalytic element, but if we include
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Fig. 1.5 3D framework structure with covalent connection of heteropolyvanadate and trivalent
lanthanide ions and topological representation of six directional channels in the 3D framework.
(Adapted with permission from Ref. [21]. Copyright 2013 Royal Society of Chemistry)

the structural environment around active elements in the catalytically active structure,
it is classified as a complex catalyst in a discrete form. Perhaps further control of
complexity around the catalytically active structure will be needed to tackle highly
challenging methane oxidation reaction, because this direction is considered to be
the right way for the evolution of new catalysts.

Polyoxometalates are the next crystalline materials with discrete structural units,
i.e., oxide clusters, as the primary structural unit. The discrete structural units are
arranged in a regular manner via organic cations or metal cations (Figs. 1.4, 1.5,
and 1.6). Polyoxometalate is a well-known catalytic material with a long history of
catalysis research and is important as industrial catalysts [18]. Catalyst design based
on polyoxometalates has progressed in the direction of complexing various elements
while maintaining the discrete structure [19-22]. Polyoxometalates are one of the
most designable crystalline complex oxide catalysts and in fact are continuously used
in catalyst development [23]. This material has also contributed significantly to the
development of other solid metal oxide catalysts. An interesting example in a histor-
ical background is that the development of the composite metal oxide catalysts was
initially driven by polyoxometalate materials as the basic starting materials. They
were transformed into high-performance composite metal oxide catalysts through
the steps of elemental complexation and thermal decomposition of the starting poly-
oxometalates. This is because the starting polyoxometalates can be synthesized with
a wide variety of constituting elements.

Another completely different progress that has been made in the polyoxometalate
system is the evolution of metal-organic framework (MOF) materials with polyox-
ometalate units shown in Fig. 1.5. The materials have various 3D structures with
porous framework structures [21, 24] and have been tried to use as solid catalysts
aiming at the utilization of the pore as a catalytic reaction field. At the same time,
comparisons between metal oxide clusters in MOFs and bulk crystalline oxide will
promote a better understanding of the catalytic property of metal oxides. Further-
more, there seem links between artificial metal oxide clusters supported in the organic
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Fig. 1.6 Gold nanoparticle anchoring onto CeO, surface, low temperature CO oxidation catalyst,
with schematic illustration of the functions of different domains. (Adapted with permission from
Ref. [22]. Copyright 2012 American Chemical Society)

moiety of MOF and natural enzyme catalysts occluding molecular clusters as shown
in Fig. 1.2 [25].

2D materials refer here to the group of materials formed on the surface layer
[26]. Examples in this category are Au nano-particles supported on TiO, (Fig. 1.6),
discrete metal oxide clusters held on metal surfaces (Fig. 1.7), and a monolayer
of RuO, having rutile type structure epitaxially formed on a crystalline rutile type
TiO, surface (Fig. 1.8) [22, 27, 28]. The support substrate only provides a spatial
field over its surface, but also strongly influences the metal-oxygen bonding of
catalytically active elements, discrete structure like monodisperse (WO3); oxide
clusters on TiO,(110) [29], and electronic state of the discrete material through
strong structural interactions [30] and electron transfer [31] between the support
and catalytic elements. These result in the evolution of catalytic functionality. Metal
oxide catalysts in this category have an old history as supported catalysts, so to speak,
but as analysis progresses, they are increasingly recognized as catalysts of complex
systems with a 2D local structure as depicted in Figs. 1.6 and 1.8.

As the number of dimensions further increases to three, the crystalline metal oxide
catalyst cases that have been introduced in Table 1.1 come into play majorly. These
are the usual crystalline complex oxides with a uniform periodic arrangement of
elements. The first typical examples are complex metal oxides with layered structures
as shown in Fig. 1.9, followed by 3-dimensionally condensed complex metal oxides
like perovskite as representative (Fig. 1.10) [32-35]. These are very common as
catalysts because of their wide constituent elemental diversity. Various constituting
elements are represented as colors in these figures.

With the increase in dimensionality, zeolite-type materials with porous nature,
like aluminosilicates and aluminophosphates, and functional zeolites with metal-
substituted type in the structure framework [36], like titanosilicates and heteroatom-
containing aluminophasphates [37], so-called single site catalysts, appear as shown
in Fig. 1.11. Zeolitic material itself shows prominent solid-acid property and
heteroatoms incorporated in the framework show additional catalytic functions like
oxidation. In this silicate material system, MOF-type approaches using organic
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Fig. 1.7 STM images of Fe-oxide clusters on Pt surface and schematic structure of the boundary
between Fe—O and Pt active for CO oxidation. From Ref. [27]. Reprinted with permission from
AAAS

0s 1
Relative activity

Fig. 1.8 Crystalographically well-fitted RuO on TiO, with rutile structure and superior catalytic
activity for HCI oxidation compared to other supported catalysts. (Adapted with permission from
Ref. [28]. Copyright 2010 Springer)

linkers were also progressed, resulting in porous organosilicate materials [38] as
one of the successful examples shown in Fig. 1.11.

The next to emerge after zeolite are catalytic materials of a crystalline complex
metal oxide in which a periodic crystal structure is composed of 3D oxide discrete
clusters connected 3-dimensionally via metal-oxygen polyhedral and accompanied
by the formation of additional local structures (Fig. 1.12) [39—41]. The additional
local structures here are pore structures and structural environment that are different
from the 3D oxide discrete clusters of the basic unit. Details about this structural
category of the complex oxide catalyst are described in Chaps. 3, 4, and 5. In this
material group, many elements are orderly arranged in crystalline units, creating
an environment in which many catalytic functions can be realized. Therefore, it is
considered that a system for the future development of catalysts will be based on
such crystalline complex metal oxides. The evolution of structural dimensions that
can be led by increased complexity will be important for solid catalysts.
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Fig. 1.9 Various layer-structured complex metal oxides. a sheet silicate (From Ref. [32]). Reprinted
with permission from Cambridge University Press), b zirconium phosphate, and ¢; various niobates
(Adapted with permission from Ref. [33]. Copyright 2011 Royal Society of Chemistry)

1.2 Structure Chemistry and Catalysis Chemistry
of Crystalline Complex Metal Oxide Catalysts

1.2.1 Simple Metal Oxides with Catalytic Function

Oxides are compounds of oxygen with other elements and are known for most
elements. Among them, oxides of typical metal elements, transition metal elements,
and rare earth oxides such as lanthanides are often used as basic materials for oxide
catalysts because of their thermodynamic and structural stability in the solid state.
These oxides can be made by direct reaction of metals with oxygen molecules or
other oxidants, but in catalyst preparation they are synthesized by more homoge-
neous and mass-synthesizable methods, such as dehydration-condensation in acids,
dehydration of hydroxides, decomposition of salts, and reaction of compounds with
oxygen. However, the structures of oxides are diverse, and the catalytic ability varies
greatly accordingly, so precise catalyst preparation is important.
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s*

Fig. 1.10 Various condensed crystalline complex metal oxides having constituting element
complexity. a scheelite structure (Biz-xFex(M0O4)3 or Biz(Moj.xVxO4)3, b perovskite structure,
c spinel structure (Adapted with permission from Ref. [10]. Copyright 2019 American Chemical
Society), and d magnetoplumbite-type structure with various polyhedra. (From Ref. [35] Reprinted
with permission from Cambridge University Press)

Table 1.3 summarizes the catalytic properties of the simple metal oxides related
to the properties of each element along the periodic table. For oxides in groups
1 and 2, BeO is an amphoteric oxide with covalent bonding properties, and for
elements after Li, the alkaline and alkali-earth oxides are ionically bonded and basic
due to low electronegativity. Elements of group 13, B, Al, Ga, and In are strongly
covalent and give acidic or amphoteric oxides. In the 14th oxides of group 4, only
carbon gives molecular compounds, followed by covalent oxides. SiO, forms single
covalent bonds due to their more extended orbitals compared to carbon, giving rise
to poly-silicates with linked oxygen tetrahedra. SiO, is the oxide forming zeolites
and is an essential material for catalysts. GeO, is similar in structure to SiO;. SnO;
is amphoteric, while the oxide of divalent Sn is basic. Divalent Pb is stable and its
oxide is basic. In the 15th group, only nitrogen gives molecular oxides. P exists as
an oxoacid ion and tends to condense to form covalent polymeric solids. As and
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Fig. 1.11 Various crystalline complex metal oxides with porous framework structures based on
tetrahedra arrangement. a aluminosilicates (zeolite), b metalophosphate (AIPO, SAPO) [37], and
¢ organosilicate (From Ref. [38]. Reprinted with permission from Springer Nature)

Sb are trivalent oxides, but in an oxidizing atmosphere their valence increases, and
the unstable As,Osand Sb,Os oxides are formed. Since Bi has an inert electron pair
effect, the trivalent oxide is extremely stable and becomes a basic oxide with strong
ionic bonding. In group 16, oxygen and sulfur form molecular oxides, Se and Te
take both tetravalent and hexavalent oxides, and the tetravalent oxides are relatively
stable. When the oxidation number is high, it forms a molecular and acidic oligomer.
In group 12 Zn, Cd, and Hg elements, s electrons in the two outermost shells dominate
the reactivity, and in Zn and Cd, the divalent oxide has a stable ionic bond crystal
structure and is basic.
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Green: Moy
Red: Mo® Ve
Yellow: Tet

; Pink: Mo®*/Mo™
Teal: Mo®
Orange: Nb*
Purple: Mo™

Core unit positions
(Mo, V, etc)
Center position
(P, Zn, Mn etc)

Fig. 1.12 Various crystalline complex metal oxides with porous framework structures based on
octahedra arrangement and with high elemental complexity. a Mo; Vg 23Teg 09Nbg 240« (Adapted
with permission from Ref. [39]. Copyright 2013 American Chemical Society), b e-Keggin-based
porous polyoxometalate [40], and ¢ porous framework structure based on cubane-type oxide clusters
[41]
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Table 1.3 Classification of simple metal oxides with catalytic function
Type O/M Structural Crystal structure Example Catalytic
character (coordination number) function®
MOy Molecular 4) RuOy4, OsOy4 Oxidation
M,07 3.5 Molecular (6) Mn, 07, TepO7, | Oxidation
Re 07
MO3 3 Chain 4) CrO3, SO3 Oxidation,
Acid
3D crystal (6) MoO3 Redox, Acid
ReO3 6) WO3, MoO3 Redox, Acid
M5014 2.8 3D crystal Bronze 6,7) Mos5014 Redox
M,05 2.5 Chain (6) P,0s5, As>Os, Acid,
Sby05 Oxidation
Layer (5,6) V705, Redox, Acid
3D crystal Block 4,6) Nb,Os, TarO5 Acid,
oxidation
MO, 2 Chain (6) SeO, Redox
3D crystal Fluorite (8) 710, Redox,
HfO,,Ce0s, Neutral
U0,
Rutile (6) TiO;, VO3, Reduction
NbO;, TaO,
CrO;, MoO», Acid-base
WOQ, MIIOQ
ReO;, RuO,, Oxidation
GeOz, SnOz
Pb0O;, TeO,, IrO, photo
TiO;, PtO,
Anatase (6) TiO; Photo
Brookite (6) TiO, Photo
Hollandite (6) MnO, Acid-base
Silica 4) Si0,, GeO; Neutral
M2 03 1.5 Chain Sb2 03 Redox
Layer Sillen (6) Asp03, BipO3 Redox, Base
3D crystal Corundum (6) Al O3, Tin O3, Acid-base
V,03, Cr;03
Fe,03, Gay03, | Reduction
In203
(>6) Scy03, Y,03, Redox, Base
LnyO3
M304 1.3 Chain 6,5) Pb30y4 Base

(continued)
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Table 1.3 (continued)

Type O/M Structural Crystal structure Example Catalytic
character (coordination number) function®
3D crystal Spinel (6,4) Fe3 04, Co304, |Redox,

Mn30y4 Oxidation
MO 1 Layer PbO, SnO
3D crystal NaCl (6) MgO, CaO, SrO, | Reduction,
BaO, TiO Base
VO, MnO, FeO,
CoO, NiO
Waurtzite “4) BeO, ZnO Reduction,
Base
M0 0.5 3D crystal Antifluorite 4) Li0, NayO, Base
K,0, Pb,O
Cuprite 2,4) Cu0, Ag20 Redox

# Redox; reduction—oxidation property during catalysis and OER and ORR properties
Oxidation: property oxidizing molecules; Reduction: dehydrogenation or hydrogenation
Photo: photocatalysis

Neutral: property showing very weak acid or base

Oxides of transition elements are important as catalysts. In group 4, Ti oxides
are used as catalysts in many systems such as photocatalysts and as supports. The
tetravalent of Ti is the most stable and forms TiO,, and there are three types of crystal
transformations composed of oxygen octahedrons called rutile, anatase, and brookite.
The oxides are acidic and form titanates with basic cations. Since Zr and Hf of the
same family have larger ionic radii, the oxide is neutral or basic. The thermal stability
is high, and the crystal phase of ZrO, includes tetragonal and cubic crystals. In group
5 V is an indispensable element as an oxidation catalyst. This is because a variety
of oxidation states can be taken, so that various oxides with different oxidation state
and different structures are formed, and non-stoichiometric oxides are also formed.
Nb,Os and Ta;Os are chemically inactive against oxidation and reduction, but show
characteristic acid and base properties, for example, water-tolerance solid-acid (see
more examples in Chap. 11). Since they form niobate and tantalate, it is classified
as weakly acidic oxide. Up to Cr and Mn, the maximum oxidation number equal
to the group number can be taken, and the oxide becomes a powerful oxidizing
agent. Mo in the next row has small ionization energy, and forms oxide with a
high oxidation number in various crystal structures. The oxidizing power of Mo is
lower than Cr, but acid properties increase. W does not show oxidizing power, but
its acidity is strong. Like V oxides, many types of Mo and W oxides are known,
including non-stoichiometric oxides. The characteristic of these oxides is that the
oxygen octahedron shares corners, edges, and face, and condenses to form oxides in
various structures. One of the characteristic structures is a shear structure which can
flexibly change with the composition of an indefinite ratio. Mo and W are also the
main elements of polyoxometalate.
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There is a big difference between Mn and Re in Group 7. Mn has the most stable
divalent oxide and Mn in a higher oxidation state forms a variety of oxide structures
based on edge and face sharing of octahedral (Chap. 8). On the other hand, Re has
mostly 4+ and 6+ valence and forms ReO; structure with corner sharing of octahedral
like as perovskite structure. The catalytic function of Re oxide is not well-clarified
but Re oxide shows redox performance and acid properties like Mo. In group 8, Fe
has the maximum oxidation number of 6+. Co and Ni have mostly a low valence
like 2+ in the stable simple oxides and 4+ is the maximum oxidation number for
these elements. Fe does not form FeOy, but as the period decreases, the ionization
energy decreases, and oxides of RuO4 and OsOy4 can be formed and show strong
oxidizing ability. Rh and Ir differ from Ru and Os and they do not form oxoacid or
high oxidation number oxides.

Cu possesses mostly a low valence, 1+ and 2+, in the stable simple oxides, and
the monovalent oxide of Cu, Cu,O easily changes to CuO. The stability of oxide
decreases to Ag, Pd, and Pt, and becomes minimal at Au. Group 3 and lanthanoid
element oxides are characterized by taking the M,0s3 type. For this reason, the
valence hardly changes, but some elements become divalent or tetravalent oxides
or non-stoichiometric oxides. The oxides are thermally stable and mostly exhibit
basic properties.

Most of the single metal oxides are ionic crystals and some are those with covalent
metal-oxygen bond character. Even single metal oxides have a wide variety of crystal
structures depending on the O/M ratio as shown in Table 1.3. In stably coordinated
structures, metal ions are surrounded by oxygen octahedra and/or tetrahedra, and the
crystal structure depends on how the metal ions are arranged in the tetrahedral and/or
octahedral gaps that are formed in the closely packed structures (hexagonal and cubic)
created by the arrangement of oxygen ions. The metal-oxygen bond distances and
bond angles, or polyhedral distortions also vary with the splitting of the d orbitals
in the crystal field, leading to changes in the overall structure. In the first transition
element series, the bonding to the coordinating oxygen is weak, leading to a variety
of structures, but from the second transition element series onward, the bonding
is strong, leading to a polyhedron with high symmetry. This is one reason for the
difference in structural properties between molybdenum oxide and tungsten oxide.
Molybdenum oxide produces distorted oxygen octahedra, resulting in metal-oxygen
bonds with different bonding strengths in a single octahedral, which has a significant
effect on its properties as an oxidation catalyst. On the other hand, tungsten oxide
has a highly symmetric and structurally stable oxygen octahedron but can allow a
coordinatively unsaturated state on its surface and provide a catalytic reaction field.
Thus, the coordination structure and local structure of oxides are strongly related to
their catalytic properties.

Another important factor affecting catalysis is the electronic state of the metal
elements and oxide ions that make up the oxide. Figure 1.13 shows the electronega-
tivity of the lattice oxygen of the metal oxide, expressed as Pauling’s scale based on
Sanderson’s rule. The metal oxides are arranged according to the calculated values
[42]. The lower the value, the closer the lattice oxygen charge is to the formal charge
of —2, i.e., nucleophilic, and the higher the value, the closer it is to the neutral
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oxygen atom, i.e., electrophilic. This trend is also observed for metal elements that
have a high valence and a large oxygen-to-metal ratio (O/M), while those with a low
valence and a small O/M ratio are categorized at the bottom. Comparing the catalytic
functions of these oxides, the oxide catalysts belonging to the upper group promote
oxygen addition reactions, while those belonging to the lower group give priority
to dehydrogenation or C—H bond cleavage. Similarly, the higher the O/M ratio the
oxide has, the more acidic the catalyst shows. Clearly, element-dependent catalytic
functions can be seen in a systematic manner. This ordering is based on the average
metal-oxygen bonds, whereas in actual metal oxides, the bonding mode is more
complex depending on changes in the coordination structure. In particular, the upper
oxides can take a variety of bonding configurations and thus can perform a variety
of catalytic functions, e.g., both oxygen addition and dehydrogenation depending on
these configurations. In fact, the oxides of the upper elements exhibit a variety of
catalytic activities. The lower oxides tend to be more catalytically oriented toward
dehydrogenation.

Therefore, even single metal oxides exhibit certain catalytic functions, and in fact,
in the early stages of catalytic evolution, single metal oxides were used (Table 1.1).
Moreover, controlling the bulk crystal structure and exposed facet makes it possible
to possess multiple catalytic functions even for a single metal oxide, and many
studies have been conducted. However, since catalytic reactions of ordinary organic
reactants always consist of multiple elementary reaction steps, it is impossible to
satisfy all necessary catalytic functions with a single oxide in a well-balanced manner,
as already discussed and a composite of metal oxides with different properties will
work to advantage. This is exactly what is happening, and further improvement can
be achieved with crystallization, which creates an inevitability toward crystalline
complex oxide catalysts.

1.2.2 Crystalline Complex Metal Oxides with Catalytic
Function

If we look at crystalline complex oxides from the viewpoint of solid-state chemistry,
we notice that they form a truly large group of materials, and the diversity of their
crystal structures is immeasurable. New crystals are continuously synthesized, and
new physical properties are created. From the viewpoint of solid catalysts, on the other
hand, it is hard to say that this wide library of complex metal oxide crystals has been
fully utilized for creating solid catalysts. Rather the utilization seems to be limited
to several crystal structures. Although many crystalline materials must have been
tested as catalysts in the history of catalyst development, the successful examples
of crystalline complex metal oxides as catalysts are limited to common solid-state
structural materials, as shown in Table 1.4. Also, the number of newly developed
crystalline metal oxide catalysts is not increasing steadily even at present. The major
reason for this is that, as mentioned in the history of catalyst development, there was
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Simple oxides Catalytic function
M0 MO M0 MO2 M:0s MOs MOs
Covalent
RuO4 Character of
0OsO4 M-O bond
SeO2
Electrophilic
3.0 — TeO2 As205  MoO3 Oxygen
WOs
Sb204 Us0s Oxygenation
As203, Si02, SnOz2, V205,Nb20s
PtO, PdO, Bi203 Ta20s Solid acid
Mn203, T10s, Pb203 character
Fe203, C0203
Co0304 TiO2 Proton donation
CuO ZrO2
2.5 - FeO, NiO, CoO, ThO2
MnO, PbO, SnO
z Cr203,A1203
=
;&'ﬁ ZnO
2 Cu20, Ag:0
e Ce20s
3 La203
=
CaO, SrO
BaO
Dehydrogenation
-hydrogenation
1.5 - Na:O Nucleophilic
oxygen
K20, Rb20
Tonic character of
Cs20 M-O bond

Fig. 1.13 Electronegativity of lattice oxygen and catalytic function of simple metal oxides

a technological background in the transition from simple composite metal oxides
to a crystalline form, namely satisfactory achievement of catalytic performance was
a priority rather than the state of catalytic materials. For example, crystallization
by high-temperature calcination, which is a normal solid synthesis process, usually
forms materials with extremely low surface area. This is obviously disadvantageous
from the viewpoint of catalytic function generation and therefore was avoided to use,
except in special cases such as combustion reactions where high reaction temperature
is needed.

Meantime, even though catalysts do not have the state of crystal form in whole
materials prepared by the normal methods, the resulting materials have been consid-
ered to possess catalytically active local structures on the surface as far as the
resulting materials show appreciable catalytic properties. This situation in turn
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promoted various trials of transforming ill-crystallized materials into crystalline
complex oxides by developing various catalyst synthesis methods. This trial ulti-
mately resulted in high-performance catalysts. In addition, advances in synthetic
technology helped the evolution of new crystalline complex metal oxide catalysts
because there is a great variety of crystalline complex oxide crystals in the materials
library. Eventually, the prediction of which crystal structure is suitable for certain
catalysis will be practical.

The crystalline complex metal oxide catalysts created through the above historical
steps are classified on the basis of the crystal structure (Figs. 1.14, 1.15, 1.16, 1.17,
1.18,1.19, 1.20, 1.21, 1.22, 1.23 and 1.24) and the tendency of the catalytic function
in Table 1.4. If the basic body of the structure has a negative charge and other metal
cations are incorporated separately into the structure to compensate the negative
charge, this cationic element is not included in the calculation of the composition
ratio, O/[A+M]. Instead, the basic body is only used. These cases are distinguished
by using parenthesis [] from others. In addition, the structural properties are also
summarized in Table 1.5. The general theory of the effects of crystalline structuring
and element complexation will be discussed later, so here the catalytic characteristics
of each structure are listed separately.

The classification of catalytic reactions is very similar to that of single oxides
(O/M) when listed by the O/(A+M) ratio of elemental compositions. If M, the main
constituent, has a high oxidation number, i.e., a high O/(A+M) ratio, the catalytic
properties are dominated by M, which catalyzes oxidation and acid reactions. If
the element A that can replace M is one with properties similar to M, i.e., the
elements at the top region in Fig. 1.13, and if the charge of A is different from that
of M, the M—O-A bond character and the acidic quality also change. The complex
metal oxides in this O/(A+M) region are also characterized by the formation of
multiple condensed oxygen octahedra in a cluster morphology. A typical example is
a heteropoly compound like polyoxometalate shown in Fig. 1.14. Structures of the
clusters are completely discrete, while some others are interconnected and develop
into 3D crystals while maintaining the cluster motif. For example, discrete clusters
condense each other to form an infinite chain, which further connects each other
with the assistance of metal cations to form 3D solids. The examples are shown
in Fig. 1.15 [43, 44]. If discrete clusters condense each other to form sheets, which
further connect each other with the assistance of metal cations in interlayer space, 3D
solids form like the example shown in Fig. 1.16 [45-48]. If discrete clusters interact
with each other more densely, 3D solids accommodating pore structure can be formed
(Figs. 1.17 and 1.18) [49-52]. The formed pore structure is usually occupied by other
metal ions (Fig. 1.18) [53], resulting in non-porous properties that cannot absorb any
small molecules, although some of these materials are called octahedral molecular
sieves (OMS) [54] or SOMS [52] However, if materials with fully open pore can be
synthesized like as Mo3VOy ; in Fig. 1.17 [49, 50], the resulting material should be
regarded as truly porous crystalline complex metal oxide, which can provide unique
catalytic functions.

A high degree of condensation of discrete clusters by further sharing of lattice
oxygen ions results in the disappearance of the pore structure (Fig. 1.19) but again in
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Fig. 1.14 Discrete clusters of metal oxygen octahedral assembly (see more examples in Chap. 3)

the transformation into a densely layered compound without space or voids between
the layers (Figs. 1.19 and 1.20a). This type of layered compound is thermodynam-
ically more stable than that of porous structures and is relatively easy to form. In
fact, layered compounds are often obtained in the process of catalyst development
and are highly practical because the protons and metal ions that exist between the
layers are also functional as catalysts. As condensation proceeds further, the layered
structure disappears and discrete structures consisting of multiple polyhedral begin
to form. (VO),P,07 is the example, in which an octahedral forms a dimer surrounded
by tetrahedral as can be seen in Fig. 2.4.
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Viewed along the ¢ axis viewed along the a-b plane

Fig. 1.15 Discrete oxide cluster assembling into chains and then linking each other into 3D structure
with metal polyhedra linker. a Co[TeW¢O20] [43], b Naja [Ti2O2] [SiNb12040]4H20 (Adapted
with permission from Ref. [44]. Copyright 2005 American Chemical Society)

Fig. 1.16 Structure of
RbTaO3 as an example of
discrete oxide cluster,
tetramer of Ta—O,
assembling into slab and
then linking each other into
3D layer structure with
accommodating metal
cations (Rb) in interlayer.
Adapted with permission
from Ref. [48]. Copyright
2021 Royal Society of
Chemistry
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Fig. 1.17 Discrete oxide cluster assembling with metal polyhedra linker into open porous 3D
framework structure. a: orthorhombic Moz VOj > and b; trigonal Mo3 VO > [49, 40]

Fig. 1.18 Discrete oxide cluster assembling with metal polyhedra linker into porous 3D frame-
work structure. The pore is occupied with additional cations and water. a:hollandite Ba[MnO,], b
Todorokite, Srx [MngOj2], ¢ KgLig[Mng(H20)48PsW430134] (Adapted with permission from Ref.
[51]. Copyright 2011 American Chemical Society) d Na;[Nby ¢Tig.4056(OH)p4] (Adapted with
permission from Ref. [52]. Copyright 2001 American Chemical Society)
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Fig. 1.19 Discrete oxide cluster (a trimer, b pentagonal) assembling with metal cations (green in
the left illustration) and with metal polyhedra linker (brawn in the right illustration) into non-porous
3D framework structure. a Ko s WO3 Bronze, b Mo(V)s5014

Fig. 1.20 3-Dimensionally infinite assembly of metal oxygen polyhedra into condensed solid.
Bismuth molybdates from layered octahedra to isolated tetrahedral or square pyramidal, a
v-BizMoOg (Aurivillious), b -BioM0,0g, ¢ a-Bis(M00O4)3 (Scheelite)

Fig. 1.21 3-Dimensionally infinite assembly of metal oxygen polyhedra into condensed solid.
Cobalt molybdates from Mo octahedra to Mo tetrahedra, a a-CoMoQj4, b f-CoMoO4. Adapted
with permission from Ref. [55]. Copyright 2011 American Chemical Society
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When the O/(A+M) ratio enters the region of 2, structures based on oxygen octa-
hedrons and oxygen tetrahedrons, which are connected 3-dimensionally, become
more common (Fig. 1.21) [55]. These are zeolites with a network structure based
on Si0O; in the oxygen tetrahedral configuration. Metal cations can be incorporated
into the framework. This is a typical example of a solid-acid catalyst and oxidation
catalyst. Similarly, aluminum phosphate and metal-substitute aluminum phosphates
have a network-type structure with pores. This pore is empty and large enough to
adsorb various organic molecules. In this region of 2, there are also many crystalline
complex metal oxides with densely connected polyhedral structures, such as scheelite
(Fig. 1.10a), metal phosphate (Fig. 1.22), and rutile and fluorite structures (Fig. 1.23),
most of which form solid catalysts for various selective oxidation reactions.

The crystalline complex metal oxides in O/(A+M) ratios above 2 are extremely
diverse in terms of structural features and from a catalytic point of view. As shown
in Table 1.4, the catalyst examples dominate much of the listed examples. This fact
indicates that complexity is necessary for crystalline complex metal oxides for solid
catalysts to be viable. There is still much potential and importance in constructing
new catalysts in this area of structural variety. In other words, this seems to be an
area where further catalyst development should be pursued in the future.

For O/(A+M) ratios below 2, there is a great structural variety in complex metal
oxides which can be used for solid catalysis, as shown in Table 1.4. Complex metal
oxides belonging to this category are well known in the ceramics field of solid-state
physics, and various applications and developments of these materials have recently

Fig. 1.22 3-Dimensionally infinite assembly of metal oxygen polyhedra into condensed solid.
Metal phosphate (a FePO4, b BiPOy4, ¢ CaP,07, d Ca3(POy4),), vanadate (e Mgy V207), and
niobate (f K4NbgO17)
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a

c

Fig. 1.23 3-Dimensionally infinite assembly of metal oxygen polyhedra into condensed solid. a
FeSbOy (rutile structure), b CeZrOy4 (fluorite structure), ¢ LayZr,O7 (pyrochlore structure)

been made in the fields of ionics, electronics, and energy. The crystal structure is
determined by the packing of lattice oxygen ions and the arrangement of metal
elements in the gaps between them, which is determined by the ionic radius ratio
of lattice oxygen to metal, such as the Goldschmidt tolerance factor (¢) [56, 57].
Therefore, there is a certain degree of freedom in the arrangement of the elements,
and the synthesis conditions are influenced by heating, pressure, and other complex
factors, which makes it valuable as a catalyst (Fig. 1.24). Among the materials in
this area, perovskite structures have been the most widely applied to solid catalysts.
This is because, as described later, elemental diversity, structural diversity, defect
structures, and heteroatomic valence can be controlled by solid-state chemistry, and
catalytic activity can be completely controlled in conjunction with these elements.
Mixed oxides in this region exhibit functions such as complete oxidation reactions,
photocatalysis, de-NOX catalysts, electrocatalysts, and ORR and OER [58, 59]. There
is a demand to increase the surface area of solids to make them more catalytically
active, and the regioselective introduction of defects of the constituent metal ions
is considered to be a possible methodology. On the other hand, when the O/(A+M)
ratio is slightly lower than 2, the Ruddlesden-Popper structure (Fig. 1.24) can appear,
which consists of alternating layers of perovskite units stacked on top of a rock-salt
type structure as layer units. This has favorable structural features in terms of catalytic
functions and also electrocatalysis [60]. A similar structure is the Dion-Jacobson type.

As the O/(A+M)ratio further decreases, complex metal oxide crystals with simpler
structures but with more complex constituent elements become possible, such as the
spinel structure [61, 62]. Materials in this region are generally stable at high tempera-
tures because of the strong metal-oxygen bond. Thus, the crystalline complex metal
oxides in this group are used as catalysts involving hydrogen, such as dehydrogena-
tion and hydrogenation at high temperatures. Catalytic functionality in this group is
also expressed through the generation of oxygen vacancies on the surface because
the structure can possess stable oxygen vacancies. The crystalline materials are,
therefore, used for catalytic electrochemical reactions such as HER, OER, ORR,
SOFC, and SOEC [63, 64]. In the case of HER, oxygen vacancies can facilitate
water dissociation and weaken hydrogen adsorption under electrocatalytic H, evolu-
tion from water. In the same sense as a strong metal-oxygen bond, the complex
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Fig. 1.24 3-Dimensionally infinite assembly of metal oxygen polyhedra into condensed solid,
Perovskite family [56, 57]
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oxides show a strong solid base property. Elemental complexation is also possible
in this region, and it is possible to control the solid base nature by controlling the
level of complexation. In many cases in this group, particularly hexaaluminate and
magnetoplumbite which have layered structures consisting of alternatively tacked
spinel blocks of close-packed oxide ions [65], high temperature is a prerequisite for
material synthesis, but in the opposite sense, the materials can be applied to catalytic
reactions that require high temperatures, such as combustion.

The additional features that can be seen in the crystal structures of complex metal
oxides throughout the list is the oxygen packing. As already described, crystal struc-
ture is basically determined by the fashion of oxygen packing. The listed structures
in Table 1.4 tend to have a lower density of oxygen packing in a higher O/(A+M)
ratio. In other words, the degree of polyhedral sharing is lower in the crystal with a
higher O/(A+M) ratio and this situation may result in a higher probability of local
structure deformation with defect formation and polyhedral changes. This situation
is apparently profitable for creating catalytic functions, which is a major reason why
there are many examples of crystalline metal oxide catalysts in the region of higher
O/(A+M) ratio.

The above low dense state of oxygen packing can be realized by forming metal
element defects in crystalline oxide with a lower O/(A+M) ratio. If metal ions at
specific positions can be selectively deleted, the resulting structure with a less dense
state can bring a more complex state and functions such as pore structure which
is suitable for an advanced catalytic system. An example of this case is a spinel-
type structure which can transform into a Pharmacosiderite structure when some
constituting element is selectively removed [66] as can be seen in Fig. 1.25.

1.2.3 Synthetic Chemistry of Crystalline Complex Metal
Oxide Catalysts

Crystalline complex metal oxides are extremely diverse both structurally and in
terms of their constituent elements. Catalyst synthesis must be tailored to each prop-
erty [67]. The synthesis methods widely used for crystal formation are listed in
Table 1.6 according to the catalyst structural category. While individual synthesis
methods are not described in detail here, the general theory from the viewpoint
of constructing catalytic reaction sites and reaction fields through crystal structure
formation is outlined.

The construction of solid catalytic materials is first the establishment of the
catalytic function that is essential to activate reactant molecules by the right selection
of necessary elements and introducing a catalytically active structure. The second is
the creation of a suitable catalyst particle structure in relation to molecular reaction.
Catalytically active material must be homogeneous from the reacting molecule’s
point of view and all reacting molecules must be able to identically access to the
catalytic active area and are equally activated. In addition, molecules produced must
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Table 1.5 Classification of crystalline complex metal oxide catalysts on the basis of structuring
principle and resulting crystal structures

Classification

Material form

Principal
structure unit

Co-unit for
constructing
whole
structure

Brief structure
description

Catalyst example

Metal oxide
cluster-based
structure

Discrete

Finite cluster
of
metal-oxygen
octahedra
assembly

(poly) Oxy
cations
(linker or
cap),
counter
cations, and
proton

Discrete cluster
units
assembling
with co-units
into 3D
structure

Metal-substituted
POM

Metal lacunary
POM

Caped POM

Chain

Discrete cluster
units
assembling into
chain form and
then into 3D
structure with
Co-units

SCW6 024
Linear Caped
POM

Layer

Discrete cluster
units
assembling into
slab form with
co-units and
then into 3D
structure with
accommodating
co-units in
interlayer

3D-framework
(Porous)

Discrete cluster
units
assembling
with co-units
into 3D porous
framework
structure

Mo3 VO
W4V3019
All-inorganic
porous POM

(Non-porous)

Discrete cluster
units
assembling
with co-units
into non-porous
3D framework
structure

Bronze-type

(continued)
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Table 1.5 (continued)

Classification | Material form | Principal Co-unit for | Brief structure | Catalyst example
structure unit | constructing | description
whole
structure
Infinite metal | Open layer 2D slab of Counter 2D slab Sheet silicate
oxide-based metal-oxygen | cations, assembling Pillared clay
structure polyhedra metal with interlayer | Metal phosphate
assembly hydroxy cations into 3D | (Zr-P-0O)

cations, and | layered metal
oXxy cations | oxide
in interlayer

space
Condensed 2D slab of Another Alternative Metal phosphate
layer metal-oxygen | slab of assembling of | (Nb-P-O)
polyhedra metal oxide | slabs of metal (VO),P207
assembly oxides into 3D | Hexaaluminate
layered metal (BaMnAlO)
oxide BiyMoOg
3D porous 3D infinite Counter Open porous Metalosilicates
framework assembly of | cations, structure with (MOR)
metal-oxygen | proton tetrahedral Metalosilicates
polyhedral metal oxide (MFI)
network and AIPO, SAPO
additional metal
counter cations
inside the pore
structure
3D condensed | 3D infinite none Condensed Perovskite
assembly of multi-element | Spinel (FeSbOyg,
metal-oxygen structuring Scheelite
polyhedral controlled by (Bio(M0Oy)3
3D lattice

oxygen packing
without ordered
porous structure

be quickly expelled from the catalytic space. The former is material synthesis chem-
istry that achieves functions arising from electronic states of constituting elements
under the control of the spatial mutual position among the elements by the introduc-
tion of the crystalline state in catalysts. In the case of complex metal oxide catalysts,
structure formation reflects the nature of the metal elements and their bonding states
with oxygen atoms. The latter also determines the structural form of the reaction field
in a way that optimizes the variables of mass transfer, such as the uptake of reactant
molecules, and energy transfer associated with the reaction. Although they share
the same meaning of dealing with a 3D spatial factor as a catalytic reaction field,
the spatial domain of the catalytic structure field with size changes ranging from
the atomic level of the catalytically active site to a larger size, from several nano-
to several micrometers, and at the same time the spatial domain of the catalytic
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Fig. 1.25 Selective removal of constituting metal cations in octahedral from spinel structure (left)
to form pharmacosiderite structure (right) with pore. Adapted with permission from Ref. [66].
Copyright 2012 Elsevier

structure field with a temporal size changes ranging from pico- or femto-seconds
such as elementary reactions to several microseconds such as mass transfer between
elements. The time domain of molecular motion to a catalyst structure field such as
diffusion has a time axis with a width of milliseconds. In order to cope with such a
space—time structure, catalyst materials must be in a state of highly ordered structural
materials in which the arrangement of elements at the atomic level as well as the
arrangement between catalyst particles is controlled.

However, uncertainty arises here. It is primarily necessary to create a catalytic
reaction field with structure at the atomic and molecular levels to generate catalytic
function. Even though catalytic materials are uniformly created to a size of several
micrometers, the mutual position of primary crystal particles, even if prepared homo-
geneously, is not uniform but rather random. Therefore, this situation does not fully
correspond to controlling the time region of molecular movement. On the other hand,
in order to construct a catalytic active site field that can correspond to a wide time
domain of molecular movement, it is required to prepare catalytic materials spatially
homogeneous at a nano-sized level.

Our current synthetic methodologies are still uncertain and offer limited control
over the above requisite. The catalyst material thus produced, therefore, will
inevitably have complexity and inhomogeneity, resulting in complexity in the entire
catalyst system, and making the actual performance of the system unclear and diffi-
cult to control. In addition, the space—time structure strongly affects the state of
the reaction molecule and the formed molecule, changing the reaction factor under
catalytic action. As a result, the space—time structure controls the effective perfor-
mance of the catalyst and determines the success or failure of the catalyst. It can be
said that overcoming this uncertainty is being done in every catalyst development
and synthesis.
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The above measures are inevitable particularly when introducing high-
performance catalysts. To overcome or avoid these uncertainties, the reaction
field region should be taken into consideration. One of the most desirable directions
is that multiple catalytic elements are uniformly arranged in a higher order local
structure in a nano-sized space. Apparently, new catalyst material construction
engineering is needed for this aim. Table 1.6 summarizes the recent academic and
technological technologies for the synthesis of crystalline complex metal oxides that
have attracted attention. As described in Table 1.6, there is something in common
that results from higher order structurization of different material states rather than
simple elemental or molecular organization on a narrow atomic scale. Recently,
hydrothermal synthesis received a lot of attention [68, 69] because the method can
allow forming nanostructured catalysts like Mo3;VOy 5 (Fig. 1.17) under a controlled
structure formation process [70] as illustrated in Fig. 1.26a. Because the hydrothermal
condition is usually mild and soft, this method controls progressive structuring of
complex metal oxides through the formation of discrete polyoxometalates depending
on pH conditions. This formation process similarly takes place even in facile but
carefully controlled solution-based synthesis to form dense complex metal oxides like
spinel with simultaneous tuned crystal phase and elemental compositions (Fig. 1.26¢)
[71,72].

It should be, however, referred to that a bottom-up method from the
atomic/molecular level still has difficulty in creating complex interactions as
intended. Many other atomic-nanoscale synthetic chemistry faces these problems
and still requires a lot of trials and time to create new catalytic materials. It should be
added herewith, as a countermeasure, that there are automated test methods such as
combinatorial methods and high-throughput synthesis. To make them meaningful, it
is necessary to combine theories and cooperate with advanced analysis, and in the
end, advanced judgment by humans is required. This has resulted in further temporal
divergence.
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Fig. 1.26 Schematics of the crystal formation through discrete unit formation, successive conden-
sation and transformation under mild heating condition like as hydrothermal condition. a the pentag-
onal unit supplied from precursor condenses each other with linkers [70], b discretely condensed
octahedra reacts each other with metal cations for crystallization (From Ref. [71] (Reprinted with
permission from Springer Nature), and ¢ randomly distributed molybdenum polyhedra self-organize
under hydrothermal condition (Adapted with permission from Ref. [72]. Copyright 2012 American

Chemical Society)
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Chapter 2 M)
Catalysis Chemistry of Crystalline ek
Complex Metal Oxide Catalysts

Wataru Ueda

2.1 Catalysis Chemistry of Crystalline Complex Metal
Oxides

2.1.1 Metastable State

A great number of complex metal oxides having crystal structures act as solid cata-
lysts and are put to practical use in a variety of catalytic reactions. Thermal stability
of solid catalysts is always a crucial issue in practical use. Even if high catalytic
performance is achieved at the laboratory level, thermal distribution will inevitably
occur in the catalyst layer zone of the practical large-size reactor, causing the catalytic
performance degradation over a long time on stream. To prevent such problems, solid
catalysts have to gain higher or improved thermal resistance. A further combination
of elements is often used in many cases for this purpose. However, the combina-
tion of elements does not always improve catalytic performance, and in many cases
catalytic performance is sacrificed for the purpose of improving thermal tolerance.
One of the reasons is that the structural flexibility required for a stable catalytic
reaction cycle at local structural sites formed on a crystalline matrix depends on the
thermal stability of the whole structural of the catalyst, so that when changes are
made to the whole structural matrix to increase thermal stability, the local structural
sites are also changed at the same time. Another important reason is the change
in the number of catalytically active local structural sites. While pretreatment at a
temperature sufficiently higher than the reaction temperature naturally increases the
state of crystallization and improves the stability of the catalyst material, the surface
state is greatly affected by sintering, reduction in surface roughness, and changes in
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the state of intergranular materials, resulting in a decrease in the number of catalyti-
cally active local structural sites. Nevertheless, if the number of catalytically active
local structural sites per surface area is maintained to some extent while the desired
selectivity and other catalytic properties are maintained, the net effect of thermal
stabilization is regarded as positive.

What emerges from the above discussion is that the surface structure of a crys-
talline catalyst is never as stable as the bulk state of a solid catalyst, even though
the surface structure has lower surface energy and is sustained by the bulk structure.
In addition, catalytic reactions can induce dynamic changes in the surface structure,
which in turn induce structural changes in the bulk [1]. The surface structure of solid
catalysts is thus a metastable state. The metastable state is understood in terms of
solid-state chemistry as follows: If various polymorphs exist in the crystal structure
of a solid material, the phase transition of one polymorph into a thermodynamically
more stable one occurs much more easily at the surface than the structural transition
in the bulk. This transition usually occurs at the Tamman temperature range. Even
in the absence of polymorphic structures, changes in elemental composition due to
migration of elements, displacement of elements, and valence change due to reduc-
tion or oxidation between elements or under the atmosphere will occur, resulting in
a completely different crystalline phase in bulk, or in the generation or disappear-
ance of defect structures at the surface. Looking at such crystallographic metastable
state formation from a catalytic chemistry point of view, a metastable state is always
established under various perturbations added to the surface structure, like the direct
action of reactant and produced molecules on the surface during a catalytic reaction,
electron transfer, oxygen atom transfer and preferential metal element migration,
metal-oxygen bond breaking and regeneration, metal-oxygen bond displacement,
reaction heat transfer, etc. in addition to thermal deformation during the catalytic reac-
tion with heating [2—4], so-called irreversible changes, in situ activation of catalysts,
and also surface reconstruction known as common phenomena in oxide catalysts not
only for the redox-type reaction [5] but also for solid-acid type reaction [6, 7]. The
stable functioning as a solid catalyst means that the catalytic material has dynamic
reversibility in the local structure and electronic state while repeating the catalytic
cycle under such perturbations. It is important to note, however, that such pertur-
bations should not irreversibly cause large deformations in surface local structure.
This is because if the change is irreversible, the material cannot be a catalyst. A solid
catalyst is a material that can tolerate dynamic reversibility in the range of small
displacements and deformations. Crystalline complex metal oxide catalysts acting
at 800 °C, such as the catalysts for OCM, appear to undergo little change during the
reaction, but in reality, small changes occur in the structure and electronic state at
the surface through binding to the reactants during catalysis, which is why they can
act as solid catalysts. In other words, it is more important for solid catalysts whether
the change with a smaller energy difference is dynamically reversible rather than
the change of crystallographic metastable state. This leads to the further implica-
tion, that is, reversible dynamic micro-displacements of the structure of crystalline
solid catalysts do not necessarily occur over the entire structure of the crystal, but a
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reversible dynamic change in a narrow or limited region is enough to promote catal-
ysis. The local structures produced or sustained over the entire crystal structure should
have micro-kinetical reversibility and dynamic reversibility to show catalytic func-
tions. Crystalline Moz VO ; oxides are good examples. As can be seen in Fig. 1.17,
the rigid ring-type framework with six pentagonal units occludes five octahedra
connected to each other in the center in the case of the orthorhombic type and three
octahedra in the case of the trigonal type and seems to support the dynamic change of
the octahedral connection under the catalytic reaction. Crystal structure information
of metal oxide catalysts always gives us better pictures of catalytically active struc-
tures. The catalytic functions of solid catalysts should be viewed in terms of such
metastable states. But at the same time, it must be in mind that correlating the catalytic
behaviors of complex metal oxides to their bulk structures in a simple manner without
actual surface features [8] will mislead in understanding real catalysis and giving the
wrong direction of catalyst design.

2.1.2 Dynamic Reversible Phase Transfer Under Catalysis
(MvK Mechanism)

Dynamic reversible elemental displacement and change in electronic state in bulk
structure and/or on the surface structure of crystalline complex metal oxide catalysts
can be either very small at the surface, as exemplified by the complex metal oxide
catalyst for OCM described above, or a major structural transition of the entire
crystalline catalyst. The former is a dynamic change at a surface atomic level under
a catalytic cycle of oxidizing an organic substance using the lattice oxygen in the
surface region of the oxide catalyst as an oxidant, while the latter is a rather dynamic
change accompanying a structural phase transition, where an oxide catalyst with a
crystal structure changes to another crystal structure with releasing lattice oxygen
to oxidize organic molecules and then the phase-changed catalysts return to the
original structure of the oxide catalyst again by replenishment of lattice oxygen
with molecular oxygen. This working mechanism is effective in making the catalytic
reaction selective because catalytically active oxygen species is only lattice oxygen.
This working process of the latter is known engineeringly as a chemical loop [9],
which is an effective method in chemical processes. Catalytic reactions utilizing
lattice oxygen of metal oxide catalysts are also carried out in a manner known as a
moving-bed reaction process in which the reaction of the reactant with lattice oxygen
of metal oxide catalysts and replenishment of lattice oxygen with molecular oxygen
are carried out in separate reactors and the catalyst is moved around. The key to these
reaction methods is to utilize lattice oxygen to the extent that the reversibility of the
crystal phase of the complex metal oxide catalyst can be maintained. Maximization
of the amount of available lattice oxygen and sustaining of reversibility as well as
both activity and selectivity of reaction are mandatory in selecting the crystal system
and adding elements in catalyst design.
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The separation and cycling properties of solid catalysts as described above are
very important not only from a reaction engineering point of view, but also from a
catalytic chemistry point of view. This catalytic working process is well-known as
the Mas van Krevelen (MvK) mechanism [10, 11]. This mechanism is applicable for
a variety of catalytic reactions over solid-state oxide catalysts and the mechanism
for oxidation reactions is described in Fig. 2.1 as a representative.

MvK mechanism is classified into two categories at least. First is the catalytic
reaction mechanism based on a back-and-forth cycle between oxidized oxide catalyst
crystals (crystal phase 1) and oxygen-deficient crystalline catalysts (crystal phase 2).
The phase transition between them is associated with reduction—oxidation (redox)
chemistry. The mechanism also includes the case in which the reaction proceeds
with lattice oxygen transfer through the oxygen vacancies formed during the redox
process over the entire crystal without changing the starting crystal phase. Structural
elasticity of bulky crystal seems a fundamental requisite for this mechanism. In both
cases, most of the lattice oxygen in the metal oxide crystal is participated in the
catalytic reaction and has equivalent chemical potential to the oxygen molecules in
the gas phase. In this chapter, the case in which lattice oxygen of the entire crystal is
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involved in the catalytic reaction will be referred to as the bulk-type MvK mechanism
(Fig. 2.1a and b).

There is another MvK mechanism different from the above bulk-type one:
Catalytic reaction, in which the local structure site or surface structure of the solid
catalyst is only considered to undergo microscopic dynamic reversible displacement
under the steady catalytic cycle. This can be categorized in the MvK mechanisms
since the dynamic phenomenon at the locally limited region of solid catalyst takes
place without accompanying a clear crystal phase change. The reaction is here called
the localized MvK mechanism (Fig. 2.1c). Even when an oxygen-deficient site is
formed on the surface of a crystalline oxide catalyst and acts as a strong adsorption
site, small surface structure displacement inevitably occurs through the dynamic
formation of oxygen vacancy and also during adsorption and catalysis, which means
that the local structure site or surface structure of the solid catalyst has also a character
of dynamic reversible displacement definitely similar to the case of the bulk-type
MvK mechanism. This mechanism, therefore, can even apply to polyoxometalate
catalysts with discrete metal oxide clusters [12]. Not only redox-type reactions but
also catalytic hydrogenation of CO, over various complex metal oxide catalysts is
also an example of this category because strong adsorption of CO, adsorption on
oxygen vacancy and leaving oxygen in catalysts with electron transfer are involved,
those of which strongly force deformation in the local structure on the surface of
solid catalyst [13—15]. For this type of reaction, the Langmuir—Hinshelwood mech-
anism and the Rideal-Eley mechanism, which are static reaction mechanisms taking
adsorption into main consideration, have been used to explain the reaction so far, but
from the oxide catalyst state point of view, the localized MvK mechanism is more
realistic [16, 17] and gives a better understanding of catalysis. Thus, the dynamic
reversibility of solid metal oxide catalysts under steady-state catalytic reactions is
important in many catalytic reactions in relation to the crystal structure of the metal
oxide catalysts. In this chapter, crystalline complex metal oxide catalysts are clas-
sified into two types according to the bulk-type MvK mechanism and the localized
MvK mechanism.

2.1.3 Defect Structure and Ion-Conduction

In the bulk-type MvK mechanism involving redox of whole crystalline complex
metal oxide catalysts, the formation of oxygen defect structures and ionic conduc-
tivity within the solid catalyst are essential. The structural transformation is always
accompanied by a valence change of the constituent elements and a defect structure.
This kind of transformation is accompanied to some extent even in the bulk-type
MvK mechanism of the case without exhibiting a clear crystalline structural tran-
sition. In fact, many crystalline oxide catalysts are known to adopt the bulk-type
MvK mechanism without a clear crystalline structural transition, and perovskite-
type oxides are typical examples (see also Chap. 10). They have been widely applied
as oxidation catalysts, NOx removal, solid electrolytes, electrocatalysts, etc. This is
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because their bulk properties such as anion and cation defect structure formation,
valence control, anomalous valence, mixed valence, ionic conduction, and absorp-
tion of ions and molecules based on their stable crystal structures are clearly reflected
in various catalytic functions. Interestingly, the bulk properties brought about by the
crystalline structure can accurately control the solid catalyst properties. These facts
mean that the bulk crystal structure is continuous to the surface to some extent, a
metastable state formed on the surface structure is controlled by the bulk structure,
and the chemical state of the bulk can be linked to the surface structure. To use this
tendency, crystalline metal oxides have an advantage, on the other hand, it is difficult
to efficiently manifest these properties by controlling amorphous solid materials.

What is the view of defect structures and ionic conductivity of crystalline complex
metal oxide catalysts in the case of alocalized MvK mechanism working? It is reason-
able to assume that defect structures exist as a normal state in metastable surface
structures, but the dynamic displacement of the surface structure under steady-state
conditions of catalytic reactions is difficult to understand quantitatively because the
structure is highly dependent on the defect nature. The mechanism is particularly
complicated when ionic conduction occurs at the surface structure. If fast ionic
conduction, such as proton transfer with a time constant smaller than the localized
MvK mechanism, occurs during the catalytic reaction, the localized MvK mecha-
nism accompanying dynamic local structure deformation is unlikely to work majorly.
On the other hand, reactions involving the transfer of oxygen ions and desorption
processes of strongly adsorbed reaction products on oxide surfaces may well obey
the localized MvK mechanism.

Comparison between the bulk-type MvK mechanism and the localized MvK
mechanism reveals something very important, which is the effect only in the bulk-
type MvK mechanism for catalytic oxidation. Molecular oxygen receives an electron
at the catalyst surface, quickly forms two lattice oxygen ions, migrates through the
defect structure, and finally reappears at the surface as a suitable electronic state of
the lattice oxygen ions depending on the properties of the adjacent component metal
ions. This phenomenon can only happen in the bulk-type MvK mechanism. On the
other hand, in the localized MvK mechanism the extent of electron transfer taking
place to adsorbed oxygen molecules at local structural sites will be limited if electrons
cannot be supplied sufficiently from the oxide catalysts. This results in a different
bonding state between the metal cation and oxygen ions from that in the original
structure, and thus in a different catalytic activity. Therefore, the optimal reaction
differs between the bulk MvK mechanism and the localized MvK mechanism.

2.1.4 Valence Control and Mixed Valence

As mentioned above, the defect structure is very important when considering the
function of the crystalline complex metal oxide catalyst. A good example is the above-
mentioned perovskite type oxide catalyst. If the ionic radius and charge conditions are
satisfied for maintaining the basic perovskite structure, the catalyst can be composed
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of a variety of elements, which makes it possible to control the valence of metal
ions and to introduce oxygen deficiency. Taking La;_,Sr,BO; (B: B-site ion) as an
example, when a part of La** is replaced by Sr?*, the valence of the B-site ion is
forced to change to balance the total charge, or the formation of oxygen vacancies
(Vo) is accompanied. If the B-site ion is Al** of which valence does not change,
oxygen vacancies are formed (Eq. 2.1). If the B-site ion can take a valence of 4+
like Mn, the net charge is compensated by the valence change and the mixed valence
(Eq. 2.2). If the B-site ion can take a valence of 4+ but the valence is not stable,
for example, Co and Fe, the valence change of the B-site ion occurs giving mixed
valence states and thus forming oxygen vacancies at the same time (Eq. 2.3).

(1 —X )LaAlO3 + XSI‘2+ — Lal_xerAlO3_X/2Vo(X/2) (21)
(1 — x )LaMnO; + xSr** — La;_xSrxMn3*, Mn% 05 (2.2)

(1 — x )LaCoO; + xSr** — Lal_xerCo?fx_,_yCo‘,‘(ty03_y/2Vo(y/2) 0<y<x)
2.3)

These three formulas can be clearly classified as solid-state chemistry, but at the
same time, there is a clear relationship between solid-state chemistry and catalysis. In
Egs. 2.1 and 2.3, oxygen vacancies (Vo) are formed, so that oxygen ion conductivity
appears, and the material becomes a good solid electrolyte. In Eq. 2.3, electron
conductivity is added at the same time, so that the mixed conductivity is obtained.
The reaction of Eq. 2.3 causes a change in the valence state of the B-site ion, which is
mainly responsible for catalytic activity, and facilitates the transfer of lattice oxygen
throughout the solid with the formation of oxygen vacancies (Vo), thus bringing
about functions as a solid catalyst. Furthermore, the value of y in the solid obtained
by Eq. 2.3 changes depending on the oxygen partial pressure of the environment,
so that the valence state of the metal ion changes, which in turn causes a change in
the catalytic function. It can be said that the solid obtained by Eq. 2.3 is a typical
catalytic crystalline material where the bulk type MvK mechanism works in the
catalytic reaction.

On the other hand, the solid obtained by Eq. 2.2 is stable in the high valence
state, and almost no oxygen vacancies are created within the crystal, so that the
catalytic function associated with oxygen ion-conduction in the solid does not occur,
but only the state of oxygen ions bound to high valence metal ions on the solid
surface and oxygen vacancies on the surface are involved in catalysis. Catalytic
reaction over this type of catalyst should follow the localized MvK mechanism
under the consideration of the mechanism definition. Thus, it is always necessary to
keep in mind that solid-state chemistry and crystal synthesis based on it even affect
the mechanism of catalytic reactions. This is a phenomenon unique to crystalline
composite oxide catalysts.
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Such solid-state chemistry methodologies are also being developed for electro-
catalysts in oxygen reduction reaction (ORR) and oxygen evolution reaction (OER),
where catalytic performance is being improved by the formation of defect structures
as well as the resulting coordination structure of B-site ions, electron occupancy of
eg orbitals, and Oy, band structure (see descriptors in Table 1.7).

2.1.5 Introducing Coordinatively Unsaturated State

The introduction of a coordinatively unsaturated environment around the metal
elements constituting the solid catalyst is extremely important for the generation
of a catalytic function, and the crystalline complex metal oxide catalyst is no excep-
tion. Introducing a coordinatively unsaturated state into metal ions while preserving
the crystal structure is an important key to catalyst design. Since the termination
of an elemental sequence of a crystal structure is the truncation at the surface of
a normal metal oxide, a coordinatively unsaturated state is inevitably introduced
into the surface metal element depending on the exposed crystal plane and the kind
of coordination polyhedral. However, as far as which exposed surface has a coor-
dinatively unsaturated state is not clear, it is hard to selectively expose the specific
crystal plane without doing a trial-and-error material synthesis. After all, constructing
of a coordinatively unsaturated state directly by complexing elements while main-
taining a specific crystal structure is realistic. The following is a list of some of the
methodologies for introducing a coordinatively unsaturated environment.

1. A solid-state chemical methodology for controlling valences, in which the
complexation of metal elements with different ionic radii and electronegativity
is used. Doping of cation is also applicable.

2. A method of using crystals with non-stoichiometric oxides, such as crystals
with a fluorite structure.

3. Hydrogen reduction to remove lattice oxygen by keeping the structure under the
condition that the defective structure cannot be eliminated by forming a shear
structure.

4. Formation of metal oxide crystal composed of polyhedral with a coordination

number less than that is optimal for the radius of the constituent metal ions.

The metal oxyhydroxide is heated to desorb water and form oxygen vacancies.

High-temperature heating under vacuum to release oxygen from oxide bulk.

7. Introduction of coordinatively unsaturated state due to removal of organic ligand
by heat treatment from synthesized metal oxide crystals containing strongly
coordinating organic ligand.

8. The coordinatively unsaturated surface is selectively exposed by controlling the
crystal habit by element complexation.

9. Make crystals nano-size.

10. Coordinatively unsaturated surface exposure due to strong support effect of
crystalline carrier on metal oxide.

oW
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The reason why there are various methods as briefly listed above is that the
introduction of a coordinatively unsaturated environment is obviously an important
issue in establishing a solid catalyst, and therefore, various synthetic approaches have
been made and developed for that purpose. From a catalytic chemistry point of view,
it is sufficient to construct a catalytically active local site that contains the minimum
coordinatively unsaturated environment. At the same time, it is desirable to maximize
the exposure extent of the surface having a coordinatively unsaturated environment.
In other words, the ideal crystalline material is one which is homogeneous and
three-dimensionally constructed with the connection of catalytically active local
structure units, like oxide clusters, that should retain a coordinatively unsaturated
state around constituting elements, and more preferably is porous enough to allow
reactant molecules to freely access all the active coordinatively unsaturated sites.

Efforts toward the realization of this ideal catalyst state have a long history, begin-
ning with crystalline layered compounds, followed by zeolites with oxygen tetrahedra
as the basic building block, and most recently, the appearance of all-inorganic porous
crystals with oxygen octahedra as the basic building block. At the same time, there has
been a remarkable development in the direction of MOFs, which are porous crys-
tals made from inorganic—organic compounds, although MOF materials have still
difficulties in introducing coordinatively unsaturated states around building units to
reveal catalytic activity. Coordinatively unsaturated state is not necessarily ensured
in the stage of solid-state synthesis but should be generated with its own structural
characteristics under pretreatment conditions or catalytic reactions.

In layered compounds, metal ions are introduced between layers by ion exchange,
and the introduced metal ions are held in the interlayer spacing of the negatively
charged metal oxide layer, so that the coordinatively unsaturated state of the metal
ions attains easily under catalytic reaction conditions. Similarly, metal ions in zeolites
can be introduced into the cavity or the inner walls of the pore structure by ion
exchange, resulting in a coordinatively unsaturated state. A coordinatively unsatu-
rated state is also created when the tetrahedrally coordinated metal ions in the zeolite
framework are replaced by other metal ions, resulting in a change in the coordination
number. Recently, all-inorganic porous crystals with the oxygen octahedron as the
basic building block are synthesized as crystalline complex metal oxide catalysts
[Fig. 1.12b, c], in which not only the coordinatively unsaturated state is produced
around metal ion introduced by ion-exchange in the pore structure in the same way
as zeolite, but also the metal-oxygen polyhedral themselves, which are necessary to
constitute the framework here, can have a coordinatively unsaturated state due to
crystal structure regulation. It should be emphasized that since the complex metal
oxide itself is a porous crystal, all the constituent elements can involve in the catalytic
reaction. In this situation, this structure type of solid catalyst is regarded as the
metastable state material. Furthermore, the material is the ultimate solid catalyst in
which a localized MvK mechanism is established for all crystal constituents.
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2.1.6 Catalytic Collaboration among Constituting Elements
and Interplay of Different Structural Phases

In solid catalysis chemistry, complexation and diversification of the constituent
elements have very often produced positive effects, leading to the realization of
many practical catalysts. Such complexation effects are not necessarily limited to
crystalline solid catalysts. However, as seen in the history of the development of crys-
talline complex metal oxide catalysts described in Chap. 1, introduction of multiple
elements in the crystalline state has been successful with a certain bonding pattern
and electronic state, as a result of the pursuit of improved catalytic performance.
In this trial, establishing a certain spatial arrangement of multiple elements in bulk
crystal structure or local site structure on the surface is indispensably important for
the evolution of catalytic function. In other words, structure, especially local struc-
ture, is essential for the generation of the complexation effect. It should be kept in
mind that the manifestation of the effect is first brought about by a change in the
individual constituent elements themselves, which in turn causes a change in the
catalytic activity. The factors governing these will be summarized later as descrip-
tors in Table 2.1. The individual effects are illustrated by specific examples in the
contents of the related chapters.

Here, we focus on multi-elemental cooperation due to the proximity effects of
elements, and edge shared polyhedral dimer is taken as the example. First, for those
classified as localized MvK mechanisms, their characteristic structural sites can be
roughly divided into catalytic functions as shown in Fig. 2.2. In all cases, different
metal elements face each other via metal-oxygen bonds and can work together in a
close environment without losing the characteristics of each element. Furthermore,
the electron density of the intervening lattice oxygen ions varies greatly depending on
the type of surrounding atoms, bonding distance, bond angle, and number of bonds,
which in turn greatly affects the catalytic activity. When metal elements have different
charges, protons are located on oxygen to maintain charge balance (Case 1). This
proton can play as acid, resulting in the material possessing acid catalytic property.
If protons are removed as water by reacting with lattice oxygen, the oxygen site in
the metal-oxygen bond becomes empty and forms a coordinatively unsaturated state
on metal cation which can work as a Lewis acid site (Case 2). Owing to the strong
covalent bonding character between oxygen and metal in Cases 1 and 2, the oxygen
defects cannot form easily, do not readily migrate, and are not replaced with others,
which means that the state is rather static. However, there are still a few changes
in the metal-oxygen bonding situation occurring under dynamic catalytic reaction
circumstances. In Case 3, a redox active element and non-redox element collab-
oratively work to accept proton and electron concertedly (coupled) from organic
reactant to activate the C—H bond. If electron transfer becomes easier, the metal—
oxygen bond weakens, allowing retaining of the oxygen deficiency, resulting in a
coordinatively unsaturated state (Cases 3, 4, 5, 6). The vacancy can accept oxygen
and hydrogen from reactant molecules. In Cases 4 and 5, if two unpaired electrons are
created when the oxygen vacancy is formed and are located around oxygen vacancy,
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H* H*
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Fig. 2.2 Proximity effects of two different elements in edge shared polyhedral dimers on catalytic
functions

electrons in this situation play as Lewis base, adsorbing acidic molecules like CO,,
assisting C—O breaking, and accepting O atom in oxygen vacancy [18] (more details
in Chap. 12). In Case 6, there are two types of lattice oxygen, one connected with
Bi shows nucleophilicity and the other connected with Mo shows electrophilicity,
thus separately catalyzing hydrogen abstraction and oxygen insertion. Case 7 is
rather unique, but electron transfer from a metallic element to an adjacent non-redox
element or vice versa to create a catalytically active site. Case 8 is another unique
one in which anionic species like electron, hydride, halogen anions, N ion, and S ion
get the position of lattice oxygen [19], causing various catalytic functions (related
examples in Chap. 7), like photocatalysts (more details in Chap. 9). The final case
is Case 9, where the coordination number around one lattice oxygen is high and
forms multiple bonding with metal elements. This bonding situation creates lattice
oxygen with high nucleophilicity that can promote the breaking of a strong C-H
bond (an example in Chap. 10). As the variety of constituent elements increases
and hence the complexity of the local structural sites increases, several of the above
classified cooperative effects will operate simultaneously depending on constituting
elements. At present, a depth understanding of these effects has not well progressed,
but more multi-elemental catalytic systems with control of oxygen vacancy [20] will
be advanced further [21].
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Next, regarding the establishment of different element collaboration and func-
tional separation based on the crystalline composite oxide catalyst in which the bulk-
type MvK mechanism is established, the multi-component Mo—-Bi catalyst, which
is well known as the olefin oxidation catalyst, is taken as an example. The multi-
component Mo-Bi oxide catalyst for propene selective oxidation is composed of Mo
as the main component and with nearly ten kinds of elements like Bi, Fe, Co, Ni, K,
and P [22] which is the most complicated catalyst among the industrial catalysts. The
oxidation activity of the multi-component Mo—Bi oxide catalysts has dozens of times
of that of simple crystalline Mo—Bi—O oxide catalyst (Fig. 1.20) which is known as
a basic active crystalline catalyst. The catalyst shows activity even at 100 °C lower
reaction temperature and high selectivity for the acrolein formation. In reflection of
the complicated component, the multi-component Mo-Bi oxide catalysts consist of
various metal oxide phases and complex metal oxide phases either in crystal or in
amorphous states. When Mo,Bi;Fe;CogOx is taken as an example (Fig. 2.3) [23,
24], Co and Fe are mainly located in the bulk of the molybdate crystal particle, and
on the other hand Bi condensates on the molybdate particle surface because the Bi
has larger ionic radius than Co and Fe. As aresult, a Mo—Bi—O phase forms fine crys-
talline particles on the surface region of the crystal particle of Co(+Fe) molybdate
solid-solution (Fig. 1.21). This whole structure quite resembles RuO,/TiO, catalyst
shown in Fig. 1.8.

The oxidation of propene over the catalysts proceeds through the dissociative
activation of oxygen molecules, the abstraction of allyl hydrogen of propene, the
oxygenation of allyl intermediate, the electron transfer in the catalyst through the
lattice defect, and a migration of the active oxygen in the bulk of the oxide catalysts.
The oxidation can appreciably take place over the Bi-Mo—O catalyst at a relatively
high temperature, indicating that the catalytic cycle is not optimal for each element
to work effectively in this catalyst. The problem is due to excessive roles imposed on
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Fig. 2.3 Elemental distribution in multi-component Bi-Mo oxide catalyst, Moj2BijFe3Co;; Oy,

active for propene oxidation to acrolein and catalytic function separation based on crystal structure
and phase cooperation [23, 24]
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Bi which must directly participate in the whole reaction cycle. Therefore, the mean
number of the Bi site involved in the rate-determining step and in oxygen activation
could be limited at the dynamic reaction cycle condition. This is considered to be the
reason for the low catalytic activity of the simple Bi-Mo—O catalyst. On the other
hand, in the multi-component Mo—Bi oxide catalysts, tri-valent cation Fe takes part
in the oxygen molecule activation in place of Bi, and activated oxygen can migrate
through the lattice defect in Co(+Fe) molybdate to the surface where Bi locates
(Fig. 2.3). Then Bi can devote itself to the process of hydrogen abstraction from
propene predominantly, resulting in high oxidation activity. Furthermore, a useless
oxidation reaction with oxygen species formed by partial reduction of molecular
oxygen causing lower selectivity will be diminished when the rapid migration of
lattice oxygen and electron transfer. This situation acts profitably in many respects
that reduction of oxygen with the Fe site occurs at lower temperature and sustains
full reversibility of the local catalytic active site under dynamic micro-kinetics condi-
tions, thus resulting in a remarkable increase in the catalytic activity. This cannot
be attained by a simple phase mixture, although almost all elements are practically
exposed on the surface, emphasizing the importance of the ordered arrangement of
constituent elements in the crystal structure. This is a representative example that
the bulk-type MvK mechanism works most effectively and makes a clear function
separation and elemental collaboration supported by the catalyst structure and multi-
element complexation possible. Element complexation effect based on particular
crystal structure formation is derived neither from the summation of catalytic func-
tions of each element nor from simple multiplication of the function but must be
based on block chain structure where electrons and lattice oxygens rapidly move to
exchange the state information of elements.

2.1.7 Crystal Facet Dependence of Catalytic Function

It is often seen that the catalytic activity of crystalline single metal oxide or complex
metal oxide catalysts differs greatly depending on the exposed crystal plane. This
dependency has been demonstrated by methods such as crystal morphological
change, selective poisoning of exposed surfaces, grinding effect, and so on. Although
the structure and elemental composition of the crystal surface are not always clarified,
such dependency does not occur unless the bulk crystal structure affects the struc-
tural termination at the surface. Therefore, the crystal facet dependence of catalytic
activity is important.

The example here is the crystalline divanadyl pyrophosphate [25, 26] catalyst
which is active in the selective oxidation of n-butane to maleic anhydride. The char-
acteristic point of this catalyst is that the twin octahedral vanadyl cluster is structurally
isolated by the six surrounding tetrahedral phosphate anions (Fig. 2.4). Only crys-
tallized divanadyl pyrophosphate particles showed exclusive activity and selectivity
for the reaction to other V-P-O crystalline compounds, indicating that the particular
crystalline phase formation is indispensable for the catalysis in this case. Before the
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Fig. 2.4 Facet dependency in the case of butane oxidation over (VO),P,07 catalyst and site-
isolation structure on (100), which shows the isolated V octahedra dimer by six tetrahedral POy
surround [25, 26]

discovery of the crystallized divanadyl pyrophosphate catalyst, an amorphous type of
V—P-O catalyst has been known for 1-butene oxidation to malic anhydride. However,
the amorphous type of V-P—O was not as good as the divanadyl pyrophosphate cata-
lyst for the n-butane oxidation, suggesting that a particular crystal structure is needed
for forming oxygen species active enough for n-butane oxidation than for 1-butene
oxidation which has much weaker C—H bond than n-butane has. Furthermore, the
entire catalyst material must be uniform, and if not, various undesirable reactions will
occur, causing lower product selectivity. In fact, under the progressive development
of V=P-O catalysts, the introduction of crystal structure has been successfully done
and turned out to be a highly active catalyst for the n-butane oxidation to maleic
anhydride.

It is believed that the twin vanadyl sites surrounded by six tetrahedral phosphate
anions can provide active oxygen species through dynamic structure deformation
(MvK mechanism) during the catalysis and also transfer 14 electrons to complete
the reaction of n-butane to maleic anhydride (site isolation concept [10, 11]). This
twin structure responsible for the catalysis appears on the basal plane only of the
plate-type crystal of divanadyl pyrophosphate. Therefore, the surface dependence of
this catalyst is clear [25, 27, 28], and the structural specificity of the catalytically
active surface also supports this phenomenon. The same facet dependency was also
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demonstrated in crystalline Mo3 VO ; catalyst for ethane oxidative dehydrogenation
as introduced in Chap. 4.

It is natural that the catalytic activity is significantly different between a surface
having a simple element arrangement structure in terms of crystal structure and a
surface having a complicated and discrete element arrangement structure. In other
words, it is not natural that surface dependence does not occur in such characteristic
crystal particles. An important conclusion comes here, that is, the local elemental
arrangement in structure has a great significance for catalytic chemistry. Even a
simple elemental arrangement on the surface has a catalytic function, but the surface
of a complicated but stable local structure is mostly catalytically superior. There-
fore, crystal particles having a particular surface predominantly exposed result in a
successful catalyst consequently. It is not the conclusion that the simple surface is
not doing anything as a catalyst. Rather, a simple structural surface is responsible for
other necessary reaction steps like the uptake of oxygen molecules while the complex
surface is responsible for the selective main reaction, as exemplified using the above-
mentioned multidimensional Mo—-Bi composite oxide catalyst where the bulk-type
MvK mechanism is working. Although fundamental studies have yet progressed
from that point of view, the separation of catalytic functions and the collaboration of
constituting elements and facet dependency are rather a natural phenomenon when
considering the dynamic behavior in the crystal structure under catalytic reaction
conditions. As a matter of fact, crystalline complex metal oxides are industrially
used as an excellent catalyst and this fact is strong evidence supporting that catalytic
function is derived from or based on crystal structures. However, there are still a
lot of problems. Even if an attempt is made to introduce an element in anticipation
of the complexation effect of the element on catalysis in order to further improve
the catalytic function, the crystal structure does not accept to accommodate alien
elements in itself because the crystal structure always tries to maintain the original
structural characteristics. This might be the main reason why further advancement of
V—P-O catalyst performance has almost ceased in the last two decades. Exactly the
same situation seems going on in the MoVTe(Sb)NbO catalysts for alkane oxida-
tion. The catalyst was invented more than 20 years ago, but even today the basic
component of this catalyst is the same although many attempts have been made to
improve its catalytic performance. The obvious reason here is again the mandatory
requisite of specific crystal formation. This trend seems characteristic in crystalline
solid catalysts and thus a new approach based on crystals, crystal engineering, is
required to find out post-V-P—O catalyst and post-MoVTe(Sb)NbO catalysts.

2.1.8 Catalysis based on Molecularity of Discrete Structure

The above-mentioned crystal plane dependence makes it clear that the complicated
but discretely arranged structure, oxide cluster, is extremely important for creating
catalytic function. Here is another important factor in addition to this. Take a consider-
ation about the skeleton of the discretely arranged structure based on the oxide cluster
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structure with the same elements. The oxide cluster referred to here is, for example,
a dimer in which oxygen octahedrons share corners, edges, and faces. Not only the
cluster structure itself has a catalytic function, but also the metal element that needs to
connect the oxide clusters during crystallization and another element that is arranged
in the void between the clusters have catalytic functions too. Constructed structural
environment in such a way can provide a local catalysis field where constituent
element cooperates with each other and ultimately generates an excellent catalytic
function, like (VO),P,07 catalysts described already in Sect. 2.1.7.

Such a discrete structure environment may appear when a high index crystal plane
is preferentially exposed even in a dense crystalline complex metal oxide having a
simple crystal structure, but this approach is not designable. Otherwise, the method
of forming oxide clusters on a surface of two-dimensional metal oxide crystal support
gives rise to the same structural environment. Actually, this support-assisted method
is now widely advanced (Figs. 1.7 and 1.8) and makes it possible to design a discretely
element-arranged structure by the chemical interaction between the surface of the
support and the cluster.

Based on a discrete structure (cluster) composed of polyhedral, a three-
dimensional crystal structure having the discrete structure environment can be formed
as well. For instance, an anionic oxide cluster together with another metal cation
forms an ionic crystal (Figs. 1.4, 1.5 and 1.14). Polyoxometallate cluster is a typical
example and is condensed each other to form a framework-type oxide structure
(Fig. 1.12). It becomes possible to transform into a crystal having micropore prop-
erties at the same time as the oxide clusters are three-dimensionally connected with
added metal cations. Note that this idea of catalyst structure design is naturally derived
from the requirement of a discrete elemental arrangement structure for catalysis. It
has already been known that there are a variety of oxide clusters as illustrated in
Fig. 1.14 and are formed in many cases in the intermediate stages of oxide solid
material formation, as shown in Fig. 1.26, so there is a high probability that these
molecular oxide clusters formed in the intermediate stages are further condensed and
join with other metallic elements to form a structure that eventually develops into
a three-dimensional crystal. The formation of discrete elemental structures seems
a very natural phenomenon. Therefore, efforts to synthesize metal oxide clusters
in zeolite-type pore structures (Fig. 1.11) have recently become widespread, and
there have been many reports of successful development of specific catalytic func-
tions because there are many kinds of possible discrete oxide clusters as shown in
Fig. 1.14.

2.1.9 Descriptors

As described above, the characteristics of crystalline composite oxide catalysts are
summarized in terms of crystal structure, and in some cases local structures are espe-
cially focused. However, there are not many cases where the actual local structure
responsible for catalysis has been clarified. This situation should be regarded as
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common but not good for understanding and designing the catalytic activity in a true
sense. Although reliable local structure information is essential for these purposes,
the clear and strong effect of bulk crystal structure on the catalytic property of crys-
talline composite oxide catalysts can be utilized in one way. As an alternative, we
can understand and explain the catalytic activity with descriptors focusing on metal
cation, lattice oxygen, and metal-oxygen bond, which are the smallest units of oxide
catalysts but are based on crystal structure information. Relevant descriptors as many
as possible are listed in Table 2.1. Many efforts have been made to explain catalytic
functions using a variety of descriptors in many studies [29] (see more in Chaps. 12
and 13). Howeyver, it must be reminded that no single descriptor is sufficient, and here
again, a complex approach is needed. The problems lying behind the complexity are
the following.

2.2 Catalysis Chemistry in Complexity

2.2.1 Structure Difference Between Bulk and Surface
of Complex Metal Oxides

This has been a long-standing controversy and may be an eternal issue peculiar to
the catalysis chemistry field. Even with the same crystal catalyst, the understanding
of the surface may be completely different depending on the analysis method and
analysis conditions. Some researchers argue that the surface is completely different
from the bulk, and some emphasize the peculiarities of the surface while reflecting
the bulk structure. Some believe that the surface is just the end of a continuous bulk
structure but not exactly in the same environment as bulk, and thus support that the
catalytic function can be understood as reflecting the bulk crystal structure. Recently,
research efforts are being focused on knowing what the surface of a crystal catalyst
looks like in an actual catalytic field [1, 8]. It is really the right direction, but it seems
like a long way off to see the results in a clear manner. The reason is that modern
analytical methods are not yet fully capable of identifying true catalytic local surface
structures. Nevertheless, this approach should be continued as it may result in a
deeper understanding of the state and function of catalysts. However, nowadays we
are not allowed to stop making efforts to introduce new catalysts required by modern
society until the progress of analytical technology is made and the surface state is
fully clarified. A more realistic and reliable interpretation is needed. Below are the
facts that can positively emphasize the importance of the bulk crystal structure.

1. The catalytic function can be controlled in a correlative manner by applying a
methodology for controlling bulk physical properties (defect structure, valence
control, band structure, DOS, etc.; see Table 2.1) [7].

2. Catalytic performance may differ significantly between catalytic materials with
the same constituent elements but different crystal structures.
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10.

11.

12.

13.

14.

15.
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Pore structural crystals such as zeolite have already lost their surface uncertainty
described above.

Catalytic function of the three-dimensional crystal catalyst composed of a
discrete metal oxide cluster is determined by the cluster.

The transfer of lattice oxygen, protons, electrons, etc. in the crystal depends on
the crystal structure, which in turn greatly affects the catalytic reaction.

A better catalyst is established by well and uniform crystallization of the
constituent elements by appropriate synthetic methods.

Catalyst life can be improved by increasing the resilience of the crystal catalyst
by adding an element that does not become a catalytically active element.
Catalytic activity is produced only when multiple constituent elements are
arranged at fixed positions in the crystal structure.

The catalytic performance is maximized at extremely narrow or simple
constituent element ratios, that is, crystal formation.

Even if element segregation occurs on the crystal surface, the element often
forms a structure (epitaxial, etc.) while maintaining the arrangement of the
underlying elements, and the entire crystal structure is often reflected.

The intrinsic catalyst performance is basically independent of the particle size
of the crystal catalyst.

Crystal catalysts are often in the form of small crystal particles, which inevitably
causes phenomena such as element segregation, impurity phase formation, and
condensation at grain boundaries, but such formation is suppressed at the cata-
lyst preparation stage. Thus, the catalyst performance is improved by adopting
the method.

Polymorphic problems. If polymorphs exist in crystals, polymorphs slightly
thermodynamically unstable can form unavoidably near the surface, but this
also falls into the category of crystal catalysts in the end.

There is an optimum calcination temperature. Calcination just before the
structure changes or collapses brings good catalytic performance in many cases.
The proportion of surface-exposed metal ions varies depending on whether
they are in the oxygen octahedron or oxygen tetrahedron in the crystal struc-
ture. This is because the stability on the coordinatively unsaturated surface
differs depending on the polyhedron, and the exposure of oxygen octahedron
has priority [8].

Crystalline complex metal oxides are representative in the field of ceramics and

ionics, and new materials have been actively developed. As a result, new materials
and new physical/chemical properties have been discovered and put into practical use.
Looking at such circumstances and movements in the field of ceramics and ionics,
it is unfortunate that only the field of catalysts sticks to the surface and neglects
bold catalyst development. Efforts to put a scientific scalpel into understanding the
true surface state should be greatly promoted, but at the same time, exploration of
new catalytic materials, especially those based on crystallinity, should be actively
promoted.
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2.2.2 Difficulty in Determination of Active Site Number
on Metal Oxide Surface

For better catalytic activity comparison, it is desirable to determine the reaction rate
(or formation rate) per active site, which is indispensable for performance comparison
between catalysts. As described above, the catalytic functions are based on a local
active site structure in which the catalytic constituent elements are accumulated or
clustered depending on the bulk crystal structure. If the local active site is a single
metal, itis possible to define the active site number by using the surface-exposed metal
element, and then it might be possible to measure the amount of surface-exposed
metal. However, there must be exposed surface dependency and effect of defects
in the case of the crystalline metal oxide crystal catalyst; it is difficult to evaluate
the catalytic activity correctly unless the amount of true active surface metal under
working conditions of the catalytic reaction is obtained. At present, the amount of
active surface sites must be determined by ensuring conditions that can be reasonably
deduced or extrapolated. If the active site is formed by a local structural unit composed
of various elements, a simple adsorption method is not always useful to determine
the number of true active site numbers, unless there is a strong proof to support
the correlation between adsorption amount and active site number. It is, therefore,
necessary to devise a method for quantifying the active site in connection with the
catalytic reaction. Ideally, a truly working active site can be specified only when
the structural state and constituent element state of the catalytically active site can
be identified, and then the number can be accurately determined. In recent years,
the constituent elements of metal catalysts have tended to be extremely complicated,
making it difficult to accurately compare functions between catalysts, and as a result,
the role of constituent elements has become increasingly uncertain. The uncertainties
associated with such complications prevent the essential function of the catalyst from
being clarified.

On the other hand, what about crystalline metal oxide catalysts? Since the cata-
lysts classified as single atom in Table 1.2 are placed in the same situation as the
above-mentioned metal catalysts, the active site number seems to be strictly defined.
However, again, since not all of them contribute to catalysis as a single atom site
does, it is still necessary to quantify by some method under various restrictions. The
discrete molecular oxide cluster-type catalyst categorized into the crystalline metal
oxide catalyst (Table 1.2) ensures a solid structure and homogeneity. The number
of catalytically active sites can be defined by the amount of substance of the oxide
cluster used, if it is recovered in the same state after use in the reaction. This is in the
same classification as the organometallic complex catalyst, which is the opposite of
the solid metal catalyst.

In the surface layer or interlayer compounds (two-dimensional) in the second
classification of Table 1.2, it is extremely difficult to identify the active site and its
structural mode, and it is almost impossible to determine the number of active sites.
This category poses a problem for catalytic chemistry because the locally layered
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surface structure is a frequent form in solid catalyst materials and is easily prepared.
The problem will be discussed in detail in the next section.

How about a metal oxide catalyst with a more advanced dimension? Needless to
say, a simple structural oxide catalyst has the same level of complexity as the two-
dimensional material described above and has similar difficulty in the determination
of active site number. However, even if the long-period order of elements is not estab-
lished, it is possible to determine the number of active site structure by applying some
assumptions that the catalyst has high structure homogeneity in the element distribu-
tion and chemical bond mode as a whole catalyst material. No matter what the crystal
particle states, the particle size distribution of the solid, and the aggregated state of
any particles are, the local parts that make up the catalytic active site structure are
nearly homogeneous. It is permissible to make a comparative evaluation of catalytic
activity based on the outer surface area as the first step. However, if the constituent
elements become complicated, the relative arrangement of the constituent elements
can change in various ways in crystal structures, so that the homogeneity is greatly
reduced. In this respect, the trend of the increasing complexity of solid catalysts is
hindering the development of catalytic chemistry.

The densely crystallized oxide catalyst is generally uniform in the bulk structure,
but there is inevitably a limited number of non-uniformities on the surface, which is
the catalytic field. This is because there are always different crystal exposed surfaces.
And since the constituent elements are exposed in various states on each surface, it
makes virtually no sense to specify the number of active sites if the catalytic reaction
proceeds with different performances on all exposed surfaces. However, as described
above, since a crystalline metal oxide catalyst having activities and high selectivity
has a strong crystal plane dependence, in other words, the stronger crystal plane
dependence results in a better catalyst; it is possible to derive the active site number
if the active plane can be specified with an active structural characteristic. However,
strictly speaking, if defects are present and is involved in the catalytic reaction, it is
necessary to measure the number of defects by some method. However, at present,
there is no effective method because the defect state is dynamic under catalytic
conditions. The possible way is to evaluate from chemisorption or from the reactivity
using the pulse reaction and temperature programmed surface reaction (TPSR) [30],
but still further advancement of this methodology is necessary.

Apparently, there are various limits to the determination of the number of
active sites. Nevertheless, under such limitations tremendous catalysis research has
achieved and actually developed various new solid-state catalysts. It started with
crystalline layered materials, and with the advent of microporous composite oxide
crystals, in which the above problems could be eliminated. In the example of a crys-
talline layered material, protons are located between layers, the number of which is
determined from the valence of the constituent elements, and the interlayer spacing
freely functions as a catalytic reaction field. Therefore, the number of protons is
directly equal to the active site number. When the metal oxide layer itself exhibits
catalytic activity, the homogeneity of the surface is guaranteed, so that the calculation
can be done with the assumption of the active site based on the crystal structure and
the value of the outer surface area.



2 Catalysis Chemistry of Crystalline Complex Metal Oxide Catalysts 75

The crystalline catalyst that can specify the number of active sites more strictly
is the recently introduced microporous crystalline complex metal oxide crystal cata-
lyst. Since they are crystalline substances and also porous, the characteristic of this
material is that the environment of the constituent elements in the crystal is uniform,
and that all the constituent elements uniformly contact the reactant molecule and
work as a catalyst. Therefore, the active site can be easily defined, and the number
can be calculated based on the elemental composition. Indeed, the identification of
active site structures and the determination of the number become possible by the
realization of a completely new crystalline complex metal oxide. This approach has
been difficult so far. In the context of catalytic active site number, it can be recognized
here again how important crystalline complex metal oxides having various structural
characteristics is.

2.2.3 Micro-Structure in Amorphous Complex Metal Oxides

The amorphous state is not necessarily inferior to the crystalline catalyst, and it
is often seen that amorphous oxide has an ordered structure to some extent when
viewed microscopically, and it can be sometimes regarded as a quasi-crystal locally.
This state is clearly exemplified in the case of Mo3 VO ; oxide catalysts (Fig. 1.17).
Fig. 2.5 shows HAADF-STEM images of two samples having the same elemental
composition [31]; one is a well-crystallized solid and the other is XRD amorphous,
which are synthesized by changing pH conditions under the identical hydrothermal
condition. The characteristic structural motif of the so-called pentagonal unit can be
observed clearly in both cases, but the ordering of the pentagonal unit is different.
The crystal specimen showed clear order while the amorphous specimen showed a
random arrangement of the motif, which is typical in an amorphous state. However, if
we take a closer look at the images, one can see the same local structure arrangement
(highlighted in Fig. 2.5) in both cases. Apparently, the number of this local structure
is lower in the amorphous material than in the corresponding crystal, and in fact
the catalytic activity is superior to the crystal than the amorphous one. Historically,
the Mo—V-0 type catalyst developed for acrolein oxidation in the gas phase was
the amorphous one because of the conventional metal oxide preparation process.
This catalyst state has been long used industrially after elemental complexation
because the resulting catalyst shows reasonably high oxidation activity and extremely
high product selectivity, but recently even simple crystalline Moz VO, catalysts
show much superior catalytic performance by keeping the same high selectivity,
emphasizing the importance of the introduction of crystalline state.

Considering the atomic level region of the active sites, short-range order of
elements should be enough in principle for these states fully exerting catalytic activity.
However, if a locally well-ordered atomic arrangement is essential for generating
catalytic activity and if this arrangement is possible with crystalline catalysts, the
active site density of crystalline catalysts must be higher than that of amorphous
catalysts and accordingly, the catalytic activity becomes higher per unit surface area.



Fig. 2.5 HAADF-STEM images of a orthorhombic Mo3VOy, and b amorphous Mo3VOy. The
highlight represents the basic structural motif that appeared in both the materials [31]

Furthermore, even if the atomic arrangement around the catalytic active site is satis-
fied to some extent in the amorphous oxides, subtle differences such as bond angle,
metal-oxygen bond distance, and metal-to-metal distance will inevitably occur, so
that the intrinsic activity of the active site between the crystalline catalyst and the
amorphous state are different. In other words, both can never be the same.

On the other hand, crystallinity seems to be more advantageous in many cases in
terms of selectivity. Crystallinity induces high selectivity because the homogeneity
of the catalytic active structure almost always promotes the reaction in the speci-
fied direction, but the increased inhomogeneity creates the possibility of different
reactions occurring, which leads to lowing of reaction selectivity. Inhomogeneity in
the catalytic active structure is derived from non-identical elemental mutual position
and deformed metal-oxygen bond formation. This situation is more prominent in the
case of amorphous solids even with the same constituting elements and in the case
that constituting elements become more multiple and complicated. This is another
type of problem since catalyst development goes in the direction of further element
complexation which causes hardly controlling of each constituting element’s position
in the structure, resulting in selectivity problems. Here, it should be reminded that
higher complexation is still high potential in catalyst development, particularly for
catalytic reactions with no need to take selectivity into consideration, for example,
total oxidation. Further, the appearance of completely different local structural units
is unavoidable in the amorphous form. The inhomogeneity pointed out here cannot be
eliminated even with a crystalline catalyst, for example, because the exposed surface
appears in various ways and forms a local structure depending on each. These have a
negative effect on selectivity. Nevertheless, most of the catalysts that have success-
fully appeared as catalysts with excellent selectivity have strong exposure surface
dependence of catalytic performance as described above, so such a possibility can
be minimized. Otherwise, excellent selectivity cannot be created. Then, a highly
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ordered structural mode and characteristic bonding mode are inevitably formed on
that surface, which are not formed on other surfaces. In other words, it is a good solid
catalyst that a unique local structure is formed in the crystalline material.

The above is ideal, but it is rare to reach a crystalline substance at the beginning of
the real catalyst development process, as introduced in Chap. 1. Oxide catalyst is often
established in the supported form or the amorphous state. Eventually, the crystallized
solid catalyst appeared by the sophistication of the catalyst synthesis method. Not
all catalysts have gone through this process to reach complexation, but this process
seems inevitable. However, it is not always a good idea to pursue crystalline material
synthesis from the beginning. This is because most of the synthetic methodologies for
giving crystalline materials have employed processes such as high-temperature calci-
nation and resulted in a thermodynamically stable crystalline phase. As mentioned
earlier, the catalytically active structure is not always in an extremely stable struc-
tural state but mostly metastable, so that catalytically active crystalline solid cannot
be reached without careful consideration of the synthesis methodology. Therefore,
a way to develop crystalline catalysts is not a simple pursuing of crystal, but under
prioritizing catalytic activity development process should be followed by identifying
the active ingredients of the catalyst while sacrificing some selectivity, embodying
them in the form of carrier or simple composite, and then proceeding to the process
of purifying the active structure. What is interesting is that even in the process of
such development, there are many similarities with the final ideal crystal catalyst,
for example, the optimal elemental composition is not so different. This is not the
case with the supported catalyst type, but if the bonding surface between the carrier
and the catalytic substance can be accurately separated, it can probably become a
new catalytic substance that exists in nature. The fact that a certain degree of selec-
tivity is obtained even with a mixed-type catalyst means that the catalytically active
site is quite limited in percentage, but the formation is still dependent on the overall
constituent element ratio. Since the abundance of such active sites cannot be expected
to be large, active structure purification should proceed through crystal formation in
the process of catalyst development later, and then the high activity will be achieved.
Again, crystallization is not prioritized in catalyst development at the beginning, but
more development of mixed or amorphous forms of solid catalysts proceeds because
the methodology of complexing elements in this case is easily adopted in order to
improve catalyst performance. The reason is that mixed or amorphous solid catalysts
can accept any number of composites of elements. The complexing effect obtained
here will be utilized later in the crystal catalyst evolution.

2.2.4 Structural Surface Material Formation

One of the major advances in the long history of solid catalyst development is that the
catalytic material is immobilized on the surface of the solid carrier. The supported
catalytic materials work not only by themselves, but also work with strong assistance
from the solid carrier through electronic and structural interaction. This has greatly
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changed and advanced the view of solid catalysts. Take a system that a metal oxide
catalyst is supported on an oxide carrier as an example. The formation of catalytic
materials in a monolayer state with the electronic effect from the support carrier
and with the influence on the catalyst structure (particle size, morphology, etc.) was
the first concern. For example, the chemical bond with the oxide carrier has been
recognized as an important factor in understanding the catalytic property, which in
turn regulates the structure of the catalytic materials on the carrier (Fig. 2.6) [32].
This has recently led to the understanding of the formation of a molecular cluster-type
surface substance. At this point, it can be considered that a highly ordered structure
in the discrete range is locally formed between the crystal structure of the carrier and
the surface oxide materials like oxide clusters, beyond the dimension of the supported
catalyst. This is regarded as a structural surface substance. Since this material form
seems unstable but relatively homogeneous on the carrier surface, it may not be
impossible to synthesize the materials as an isolated single crystal structure. If the
analysis advances the firm identification of such structural surface materials, it will
be possible to extract and synthesize them as crystals by making full use of synthetic
catalytic chemistry.

A system in which a metal catalyst is supported on an oxide carrier follows similar
advancement. The ultimate example is a supported gold catalyst. The gold particles
themselves show little catalytic activity, but when properly immobilized on a metal
oxide carrier such as TiO,, a completely new catalytic state is created and it exhibits
significant catalytic activity for CO oxidation. The origin is now believed to be
the junction boundary region between the gold particles and the carrier, that is, the
perimeter region. The gold atom is incorporated into the titanium oxide matrix at the
atomic level, and more locally, the Au,—O-Ti bond can be established (Fig. 1.9), and
in such a state, Au is no longer a metal, maybe in a positive or negative charge. This
state is maintained only when titanium and gold particles are joined, and it is not
possible to take out the gold in the state of Au,—O-Ti. Au,—O-Ti might be also the

® O © Fe © La ¢© Ce co,

Fig. 2.6 Schematic illustration of nano-size CeO; clusters strongly interacted with crystalline
LaFeO3 with the formation of chemical bonding, associated electronic perturbation, and oxygen
vacancies. Adapted with permission from Ref. [32] Copyright 2020 American Chemical Society
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state of a structural surface material generated during the development of catalysts,
but if the state of Au,—O-Ti can be extracted and synthesized in a form of crystal
structure in the same way as the above-mentioned oxide system, much different
catalytic material understanding will be advanced greatly. Although this approach
is not progressing yet, extraction will become more realistic if the chemical theory
of catalyst improvement can be developed, for example, the elemental complexa-
tion effect can be developed to further stabilize the structural surface material. The
completely opposite system is a metal oxide catalyst supported on metal particles
(Fig. 1.7). The basic view of the catalyst structure is the same, only the structure
is reversed, and in fact many examples have recently been found. Here as well, the
identification of structural surface substances will be further advanced in the future,
and it will be possible to take them out as crystal structures.

As described above, a clear local structure can be seen over the traditional
supported solid catalyst when closely looking at the catalytically active site and it
plays a major role in the catalytic reaction. The catalytic elements are not randomly
distributed, and the electronic states are not scattered, and thus homogeneously
formed active site naturally shows high catalytic performance. Now the catalytic
activities can be understood both from the structure of the crystalline composite
oxide catalyst and from the structural surface material on the carrier are on the same
level. Therefore, there is no difference between them from the viewpoint of catalytic
activity even if they are not a clear and pure crystalline solid form in a solid-state
catalyst. In other words, more new crystalline solid catalysts will be created, and
more new catalytic functions such as micropores, structural coordinatively unsatu-
rated state, ordered elemental defects, and anomalous valence content will be added.
Then, new catalytic chemistry can be developed with many crystalline catalysts.
At this stage, there is no need to be particularly aware of the difference between
surface and bulk as discussed earlier. This is the way that scientific progress should
be made, and breaking the old catalytic chemistry. At the same time, we will be able
to escape from our current strong dependency on a precious metal element as solid
catalysts by developing crystalline metal oxide catalysts, thanks to their superiority
of compositional and structural diversity and flexibility and to elemental abundancy
and environmental friendless.
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Chapter 3 )
Polyoxometalate Unit Assembling skl
for Crystal Catalysts

Haruka E. Ooyama and Masahiro Sadakane

3.1 Introduction

3.1.1 Polyoxometalates

Early transition metals such as tungsten (W) and molybdenum (Mo) form anionic
multi-metal oxide molecules, so-called “polyoxometalates (POMs)” [1-3]. The metal
oxides such as MO3; (W and Mo) are dissolved by adding bases such as NaOH or
NHj; to form NayMO, or (NHy4),MOy, respectively. The [MO4]?>" is a monomeric
molecule. The addition of a sufficient amount of acid or full removal of the base
reversibly produces polymeric metal oxides, n MOj3; by dehydrative condensation.
On the other hand, if the amount of acid or removal of the base is controlled, dimeric
to polymeric metal oxide molecules “polyoxometalate” are formed (Fig. 3.1).

Polyoxometalates with only one early transition metal are called as “isopolyox-
ometalate”, and those with more than two cationic elements in the molecule frame-
work are called as “heteropolyoxometalate”. It is possible to make a variety of struc-
tures by changing synthesis conditions (kinds and amounts of additional elements,
solvents, pH, redox states, temperature, and so on) [1-3].

Polyoxometalates show acid—base properties [4, 5], redox properties [5-9], and
photochemical properties [10, 11] which are important for catalysis and utilized not
only in academic research but also in industries [12].
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Fig. 3.1 Polyoxometalate formation mechanism

3.1.2 Structure of Polyoxometalates

The structure of the polyoxometalates is classified into three types, (1) molecule
structure, (2) crystal structure together with counter cation, and (3) aggregation of
crystal (Fig. 3.2).

Molecule structure
Anionic oxide Molecular Cations & =
Metals, organic cations

Metal organic cations

Crystal structure
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Fig. 3.2 Polyoxometalate Crystal Structure
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The primary structure is molecule structure. Variety of molecule structure and
anionic charge is possible with a different number of component elements, and several
important properties such as acidities, redox properties, and photochemical proper-
ties of the molecule are tunable by changing structures. Therefore, control of the
primary structure is the most important for catalyst design both in homogeneous and
heterogeneous systems.

Anionic molecules interact with a variety of cationic species such as proton, alka-
line and alkaline earth cations, transition metals, lanthanide metals, organic cations,
organometallic cations, and organic compounds [1-3, 13], and ordered packing
of the anionic polyoxometalates and cationic components forms crystals, whereas
unordered packing forms amorphous materials.

Aggregation of polyoxometalate crystals forms micropores (pore size less than
2 nm) between the crystals where small molecules such as N, O,, CO,, CHy, and
CH3CHj3 can enter [5, 14].

3.1.3 Scope and Limitations

LEIT3

If we search papers with the keywords of “polyoxometalate”, “crystal”, and “catal-
ysis”, a lot of papers are listed because polyoxometalates are important key species
for catalysis. Papers are divided into two categories; polyoxometalates crystals are
utilized as catalysts and polyoxometalates are loaded into the crystalline supports. In
recent years, many papers include crystalline materials of MOFs (metal-organic
frameworks) in which polyoxometalate molecules or nanoparticles are loaded.
Catalytic applications of polyoxometalate/MOF crystals [15—17] are excluded. Table
3.1 summarizes recent (later than 2021) research on polyoxometalate crystals that
can be utilized for catalysis.

In this chapter, we describe polyoxometalate crystal materials where polyox-
ometalate units have bonds with linkers to form crystals. After the introduction of
the molecule structure of polyoxometalates, the connection of polyoxometalates with
cationic linkers to form crystalline materials is presented.

3.2 Design of Polyoxometalate Crystals

3.2.1 Molecule Structure

3.2.1.1 Isopolyoxometalates

In the basic condition, monooxometalte, [MO4]>~ (M = W or Mo), is formed. The
addition of proton or removal of base promotes dehydrative condensation to produce
a variety of structures depending on the formation condition [1, 35]. An example
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is shown in Fig. 3.3, the reaction of ammonia with MoOj3 produces ammonium
monomolybdate, (NH4),MoQy. Heating in the solid state releases NH3 and H, O, and
(NH4);Mo0y is transformed into a variety of polyoxomolybdates such as ammonium
heptamolybdate, (NH4)sM070,4; ammonium dodecamolybdate, (NH4)sMo0;¢O34;
ammonium tetramolybdate, (NH4),Mo040;3; and then molybdenum oxide, MoOj3
[36]. On the other hand, control of pH in the solution also produces a variety of
polyoxomolybdates. A lot of different structures have been produced depending on
synthesis conditions [1]. One of the most common isopolyoxomolybdate species
is heptamolybdate, [Mo70,41°~, which is produced both in the solid state and in
solution. The structure is controlled by the synthesis conditions such as counter
cations, concentrations, pH, solvents, and the presence of reducing reagents.

The reduction of Mo(6+) to Mo(5+) or Mo(4+) produces different structures, and
ball-type, wheel-type, and cage-type polyoxomolybdates have also been reported
(Fig. 3.4) [37]. A huge cage-type polyoxomolybdate containing 368 Mo is also
reported.

In the case of isopolytungstates, heptatungstate, [W70,4]®"; paratungstate,
[HoW1204,]'%" [38]; metatungstate, [HyW2040]1° [39]; and decatungstate,
[Wi9O3]*~ are most common species. However, many other structures have been
reported [1].

In the case of isopolyoxovanadate, isopolyoxoniobate, and isopolytantalate,
hexaoxometalate, [MgO;9]%~, is the most common species (Fig. 3.5) [1].

Addition of NH;

Heating, - n NH; — n H,O

' 3

(NH4);M0,043  (NH,)gM01503, (NH4)sMo; 05,  (NH,),M00,
Solid State Heating

M003 _________________________
In Solution oH ©
low < &
[M0350115(H;0)16]* [Mo; 0., [MoQ,J*

pH 12 pH 12

Fig. 3.3 Formation of isopolyoxomolybdate in (upper) solid-state heating and (lower) solution



3 Polyoxometalate Unit Assembling for Crystal Catalysts 89

5.5 nm

A nm

[M01540452(H20)701* [HM03650 1032(H20)72(S04) 48] **

Fig. 3.4 Examples of reduced Isopolyoxomolybdates

oy &

Lindqvist-typ
Meta-tungstate Para-tungstate Hexametalate Waugh-type
[HaW 1,040)% [HaW1204.]" [MgO1e]™ [M'MgOs]™

Dawson-type
Anderson-type [XM;506,]™ Preyssler-type
[M'M5O,4)™ (X=P, S,etc, M=Wor Mo) [XsW3,0450Na]™ (X =P, S)

Fig. 3.5 Structure of polyoxometalates
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3.2.1.2 Heteropolyoxometalate

Polyoxometalates containing other cationic elements in the molecule framework
are called as “heteropolyoxometalate”. The most known example is a Keggin-
type structure with one tetrahedral XO4 (X = P, Si, S, Co, B, etc.) surrounded
by 12 octahedral MOg to form a ball-type molecule (Fig. 3.6). Four edge-sharing
M301; units are connected to the central X. According to the rotation of the MOy,
unit, there are -, -, y-, 8-, and e-isomers. The a-Keggin-type phosphotungstate,
[PW1,040]°", is formed in an acidic solution containing phosphate and tungstate. The
same combination also produces other molecules, and the two most often observed
molecules are Dawson-type, [PyW 30,1, and Preyssler-type phosphotungstates,
[P5W300110N&]14_ (Fig. 3.5).

It is possible to incorporate other metals in the molecule frameworks. Several
[M = O] units in the polyoxometalate molecules are removable to form so-called
“lacunary” species. Figure 3.7 shows examples of the lacunary species of the Keggin-
type polyoxometalates. Removals of one, two, or three [M = O] units form mono-,
di-, or tri-lacunary Keggin-type complex, respectively (Fig. 3.7). Removal of [M
= O] produces new terminal oxygens in the lacunary sites which can react with
cationic species such as transition metals, lanthanide metals, organometallic cations,
and organic molecules. The reaction of mono-lacunary species with transition metals
forms mono-transition metal substituted species, where the incorporated transition
metals occupy the removed metal position. In the case of di-lacunary species, two
metals incorporated species and sandwiched species are produced. In the case of

T-v

[XO,4) (X =P, 8i, S, Co etc)

‘{‘M; ©

W30:-PO,

a-isomer

i CA - St S B T o S

B-isomer y-isomer d-isomer g-isomer

Fig. 3.6 Structures of Keggin-type polyoxometalates
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Mono-lacunary Di-lacunary Tri-lacunary Tri-lacunary
[0-XM1O36]™ [7-XM1oO3¢]™ [A-0-XMgO34]™ [B-0-XMgO34]™

Mono-metal substituted
[0=XMy;O56M'(L)]™

g Oeg T DaMor
= 10 21V 484,

Fig. 3.7 Structures of lacunary Keggin-type polyoxometalates and other metal-containing
complexes

tri-lacunary species, sandwiched complexes where multi-metals are sandwiched by
the two tri-lacunary species are produced (Fig. 3.7).

The structure of other polyoxometalates such as Dawson-type, Preyssler-type,
Anderson-type, and Lindqvist-type (Fig. 3.5) can also be tuned by removal of
molecule and incorporation of other metals. All 12 metal sites of a-Keggin-type
polyoxometalates are equivalent, and therefore, mono-metal substituted a-Keggin-
type polyoxometalates have only one isomer. On the other hand, there are two kinds
of metal sites in the case of Lindqvist-type and Dawson-type, and there are two
isomers of mono-metal substituted Lindqvist-type and Dawson-type polyoxometa-
lates (Fig. 3.8). It is also possible to substitute more than two metals in the polyox-
ometalates, and there are increased number of isomers in the multi-metal substituted
polyoxometalates. In the case of Anderson-type polyoxometalates where transition
metals are surrounded by six corner-sharing octahedra of Mo or W, it is possible to
change the central transition metals.
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L 2R 5

Lindqvist-type Anderson-type

Hexametalate [M'MeO)

[MgO16]™ (M: V, Nb, Ta, W, Mo) (M’: Mn, Ni, Co etc., M: Mo, W)
Dawson-type op-isomer oy-isomer
[X2M150¢,]™

(X=P, S, etc, M =W or Mo) Mono-metal-substituted Dawson

Fig. 3.8 Substitution of molecular metals in polyoxometalates

3.2.2 Polyoxometalate Unit-Based Crystal

3.2.2.1 Pentagonal Polyoxometalate Unit

The first example of polyoxometalate unit to form metal oxide crystals is pentagonal
polyoxometalate, [MgO,;1°~ (Fig. 3.9). This molecule has not been isolated, but is has
been found as a building unit in many polyoxometalates such as [Mo3sO12(H,0)]%~,
ball-type, wheel-type, and cage-type polyoxometalate (Figs. 3.3 and 3.4) [37]. The
pentagonal unit has one pentagonal bipyramidal MO; surrounded by five octahedral
MOg. Two equatorial terminal oxygens of neighboring MOg on the molecular plane
bind to other cations (red arrows in Fig. 3.9) and bind with octahedral linkers of Mo
and V to form a rectangle sheet or diamond-shape sheet. Stackings of the rectangle
and diamond-shaped sheets through axial Mo—O-Mo bonds vertical to the sheets
produce orthorhombic and trigonal Mo—V oxide [40, 41], respectively. One unit cell
of orthorhombic oxide contains four pentagonal units, four six-membered rings of
MOg, and four seven-membered rings of MOg. On the other hand, one unit cell of
trigonal oxide contains three pentagonal units, three six-membered rings, and three
seven-membered rings. The stacking of the six-membered and seven-membered rings
produces two kinds of channels. The diameter of the seven-membered ring channel is
ca. 0.4 nm [42], into which molecules smaller than ethane can enter. Both oxides are
redox active, and the pore diameter is tunable by redox treatments [43]. In the case
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Linker
Mo, V

v iy O, n';?:'.!’ S
PR Y ‘é_.__‘ %4y

Pentagonal unit \_- a

[MgO2:]& (M = Mo, W) Trigonal MoV oxide

Fig. 3.9 Pentagonal polyoxometalate unit assembly to orthorhombic and trigonal Mo-V oxides

of Mo-V-based oxides, pentagonal units contain exclusively Mo, and the linkers
are composed of Mo and V octahedral [44-46]. The catalytic activities of these
crystalline metal oxides are summarized in Chap. 4.

3.2.2.2 e-Keggin-Type Polyoxometalate Unit

e-Keggin-type polyoxometalates has T; symmetry, and there are four face directing
tetrahedral fashion (Fig. 3.10). There are three oxygen atoms (red in Fig. 3.10) that
can bind to metal atoms. Transition metals such as Bi, Mn, Zn, Co, and Fe can
bind to the three oxygens in an octahedral fashion. Linkage of two e-Keggin units
by one metal forms metal oxides with 3D diamond-like frameworks (Fig. 3.10)
[47]. There are all inorganic e-Keggin-type polyoxometalate-based oxides where
e-Keggin-type polyoxometalates are linked by metal cations and organic-¢-Keggin-
type polyoxometalate-based hybrid materials where e-Keggin-type polyoxometalate
are linked by organic linkers. In the case of the first all inorganic e-Keggin-type
polyoxometalate-based oxide, Bi-V-Mo oxide. e-Keggin-type [VMog 4V,6040]%"~
where central tetrahedral VO, is surrounded by 12 octahedral MOg (M: Mo and V) is
linked by Bi(3+). In the case of M’—Mo oxide (M’: Zn, Mn, Co, Fe), e-Keggin-type
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BN
Linker ‘\f v
Bi, Mn, Zn, Co, etc

e-Keggin unit
[XM;2040]™

Fig. 3.10 e-Keggin-type polyoxometalate unit assembly to metal oxides with diamond-like
frameworks

[M’Mo,2040]"~ where tetrahedral M’ Oy is surrounded by 12 MoOg is linked by octa-
hedral M’. In the case of organic-e-Keggin-type polyoxometalate-based hybrid mate-
rials, e-Keggin-type polyoxometalates containing four transition metals (Fig. 3.10,
pink balls) bound on the four sets of three oxygens (Fig. 3.10, red oxygens) are linked
by organic linkers. All inorganic one is more thermally stable and water molecules in
between polyoxometalates can be removed without collapse of the framework, and
3D micropores in the oxide can be available.

The catalytic activity of the e-Keggin-type polyoxometalate crystals has been
reported. In 2021, epoxidation reaction catalyzed by Bi—V-Mo oxide (No. 13 in
Table 3.1) [30] and oxidation of ciprofloxacin [31] and alcohol oxidation [32] (No.
14 and 15 in Table 3.1) catalyzed by FeMo oxide have been reported. The synthesis
and catalytic activities of these crystalline metal oxides are summarized in Chap. 5.
There are many examples where organic ligands link e-Keggin-type polyoxometa-
lates [48, 49]. Crystalline organo-polyoxometalate material where e-Keggin-type [e-
PMo,,037;(OH);]1%~ with four-surface four Zn(2+), [e-PMo,,037(OH)3]Zn, is linked
by 4,4’-bipyridine shows catalytic activity for oxidation of sulfide (No. 2 in Table
3.1) [19].
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Fig. 3.11 e-Keggin-type polyoxometalate unit assembly to metal oxides with diamond-like
frameworks

3.2.2.3 Cubane-Type Polyoxometalate Unit

It is known to form a reaction of [MoO4]*>~ with Cp*IrCl, (Cp*: pentamethylcy-
clopentadienyl) form cubane [Mo4O 613~ polyoxomolybdate (Fig. 3.11) unit where
four Cp*Ir moieties are attached on the surface [50]. Octahedra are bound by
edge-sharing and each metal in the cubane [M40;4]3~ polyoxometalate has three
terminal oxygens, and it is possible to bind metal cations. It is possible to link the
cubane [W40;6]3~ polyoxotungstate with tetrahedral V to form cubic cubane-type
polyoxometalate-based oxide which shows high porosity. Furthermore, a variety of
linkage modes promotes diversity of the zeolite-like structure [51]. Substitution of
W with Mo and V with Zr or Ti is possible, and catalytic activity for NH3—SCR
(selective catalytic reduction of NOx with NH3) can be tuned (No. 16 and 17 in
Table 3.1) [33, 34]. The synthesis of the zeolite like tungsten oxide and catalytic
activities are summarized in Chap. 5.

3.2.2.4 Anderson-Type Polyoxometalate Unit

In some polyoxometalates, it is possible to substitute three molecule oxygens
with tri-methanol-methane derivatives. Then, trismethanolmethane moiety can
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(OCH,);CNH,

Linker

(OCH,);CNH,

Anderson unit
[MnMogO{(OCH,);CNH,},]>

Fig. 3.12 Anderson-type polyoxometalate unit linkage with the organic linker to organo-
polyoxometalate crystal with adamantane-like frameworks

be bound on the surface of polyoxometalates. Anderson-type polyoxometalate,
[M’MgO24]"~ (M’ = Ni, Mn, etc., M = W or Mo) can bind two trismethanol-
methane on both sides (Fig. 3.12, left). Anderson-type, [MnMogO-4]'"~, with
two trimethanolaminomethane (Tris) react with tetrahedral aldehyde, tetrakis(4-
formylphenyl)methane to form a 3D framework crystal with adamantane-like
(Fig. 3.12) [52].

3.2.2.5 Polyoxometalate-Based Ionic Crystals

There are many reports about polyoxometalate ionic crystals where anionic poly-
oxometalate molecules interact with cationic species by the Coulomb force. The
most common example is ammonium or cesium salt of Keggin-type polyoxomet-
alates which forms cubic crystals (Fig. 3.13) [5]. Increasing the size of counter
cations increases unit cell parameters and forms porosity in the crystals. Large
organometallic cation-polyoxometalate materials which show catalytic activity are
intensively investigated [53, 54].

The presence of metals and organic ligands forms a variety of crystals with
different polyoxometalate structures. A variety of Keggin-type complexes are utilized
to form crystals showing catalytic activities (No. 3, 4, 5, 6, 8, 10, 11 in Table 3.1)
[20-23, 25, 27, 28]. Other structures such as Waugh-type (No. 1 in Table 3.1) [18],
octamolybdate (No. 7 in Table 3.1) [24], Anderson-type (No. 9 in Table 3.1) [26], and
cyclic and non-closed vanadate (No. 12 in Table 3.1) [29] are packed with organic
ligands to make crystals showing catalytic activities.
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Fig. 3.13 Packing of a-Keggin-type polyoxometalates with mono-valent cations such as NH4* or
Cs* to form cubic packing

3.3 Perspective

Polyoxometalates, anionic metal oxide molecules with a variety of components
and structures, are important components for metal oxide crystalline catalysts.
Molecule properties such as acidity, redox potentials, and photochemical property
are tunable by changing structure and component elements. Furthermore, there are a
variety of strategies to bind anionic polyoxometalates with cationic metals, organic
cations, organometallic cations, and organic compounds. Here, we presented exam-
ples of the structure and component of polyoxometalate molecules and crystals
together with recent examples. We hope that this article helps further development
of polyoxometalate-based crystalline catalysts.
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Chapter 4 ®
Mo-V-Based Crystalline Complex Metal ek
Oxide Catalysts

Satoshi Ishikawa and Wataru Ueda

4.1 Introduction

Inrecent years, there has been a growing interest in a carbon—neutral society to realize
a sustainable future [1]. Particularly, there has been a lot of interest in technology
developments related to energy and chemical productions, such as fuel cells, energy
carriers, and conversion of various resources into valuable chemicals [1-3]. Catalysis
is one of the key technologies to accelerate these developments, and heterogeneous
catalytic processes using solid-state catalysts can play a central role to realize the
practical application of these technologies [2, 3].

Complex metal oxides are the most important classes of solid-state catalysts due
to their excellent performance and durability under catalytic reaction conditions. In
addition, the materials have a designability in their crystal structures and elemental
compositions, allowing the optimization of catalytic functions to suit catalytic reac-
tions. Much effort has been devoted to the development of new complex metal oxide
catalysts. The selection of elements in the development is crucially important in
order to control the electronic state of solid catalysts since the electronic state domi-
nates the catalytic properties [4]. Therefore, metal oxide catalysts are synthesized
using multiple elements to achieve the appropriate electronic state. Crystal structure
constructed by the interaction of cation (metal) and anion (oxygen) is also important
to control the electronic state of metal oxide catalysts.

This trend toward complexation and structurization is pronounced in a selective
oxidation catalyst [5] because oxidation reaction normally requires multiple catalytic
sites to activate not only the substrate but also the oxygen source at the same time.
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Table 4.1 Examples of complex metal oxide catalysts used for gas-phase oxidation reactions

Reaction type Reaction example Catalyst

Oxyhydration Ethylene/O, — Acetic acid Pd/Si-W-0?

Allyl oxidation Propylene/O, — Acrolein K-Bi-Mo-Fe-Co-O
Ammoxidation Propane/O2/NH3 — Acrylonitrile Mo-V-Nb-Sb-0/SiO;

Propylene/O2/NH3 — Acrylonitrile

K-Bi-Mo-Fe—-Co-O

Alcohol oxidation Methanol/O, — Formaldehyde Mo-Fe-O
Aldehyde oxidation Methacrolein/O, — Methacrylic acid | Cs—=P-Mo—-V—-Cu-Sb-O
Acrolein/O, — Acrylic acid Pd/Si-W-0O

Mo-V-W-Cu-O

Pd-Mo-V-Nb-O/TiO;
Mo-V-Nb-Te-0/SiO,

Ethane/O; — Acetic acid
Propane/O, — Acrylic acid

Alkane oxidation

Butane/O; — Maleic anhydride V-P-O
Aromatic oxidation Benzene/O, — Maleic anhydride Mo-V-P-O

o-xylene/O, — Phthalic anhydride V-Ti-Si-O
Oxidative dehydrogenation | Ethane/O; — Ethylene Mo-V-Nb-Te-O

Propane/O, — Propylene V-Mg-O

4 Heteropoly acid

Necessary multiple catalytic functions are such as adsorption/desorption proper-
ties of substrates/products and activation properties of substrates/molecular oxygen.
Accordingly, the catalysts employed in the oxidation processes have been developed
in the direction of multi-component systems. Table 4.1 lists the representative exam-
ples of the multi-component complex metal oxide catalysts for gas-phase selective
oxidations.

There are many important structural features desired for high catalytic oxidation
performance in metal oxide catalysts. The most important one seems the site isola-
tion concept proposed by Grasselli [6, 7]. The idea of this concept is that limiting the
number of active oxygens available for the reaction can prevent the undesired sequen-
tial reactions, and thus, the selectivity to partial oxidation products can improve. This
concept can be realized by the crystal structure organization where catalytically active
sites consisting of a necessary number of elements polyhedra isolate each other by
being surrounded by other element polyhedra. The construction of a site-isolated
structure locally but periodically in a bulk crystal must be profitable to create highly
selective oxidation catalysts. For this purpose, clarification of the catalytically active
structure responsible for catalysis beforehand is the foremost task toward a rational
catalyst design. However, the proposal of crystalline metal oxide catalysts on the
basis of the concept has scarcely been reported so far. One of the reasons is that it is
almost impossible to deduce a desired crystal structure of metal oxide catalysts from
a given catalytic reaction. Another reason is the lack of rational synthetic methodolo-
gies for oxide catalysts. These difficulties are obviously derived from the complexity
of solid catalysts.

Historically, long-year efforts have successfully realized various highly efficient
metal oxide catalysts for oxidations and made it possible to use them as industrial
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processes. For example, Mo-V-based complex metal oxides were developed as highly
active catalysts for gas-phase oxidations of acrolein and alkanes. Recently, we have
synthesized a crystalline Moz VOX catalyst extremely active for these oxidations for
the first time by using the hydrothermal method. Interestingly, this crystalline oxide
catalyst has a complicated local structure that perfectly satisfies the site-isolation
requisite.

This chapter focuses on the crystalline Mo3;VOx catalyst which has a unique
crystal structure responsible for oxidation catalysis and shows how the catalytic
functions are generated and tuned in terms of crystal structure.

4.2 Mo-V-Based Oxide Catalysts for Selective Oxidations

4.2.1 Development of Industrial Oxidation Catalysts

Mo-V-based complex metal oxides show catalytic activity for a variety of oxidations
of light alkanes and unsaturated aldehydes. Several reactions have been industrialized
using these catalysts. Here, we briefly summarize the development of the catalysts
in the selective oxidation of acrolein, propane, and ethane from their discovery to
the present (Fig. 4.1).

Mo-V-based oxide catalysts have a long history as industrial catalysts in the selec-
tive oxidation of acrolein to produce acrylic acid. An excellent oxidation property of
these catalysts is firstly discovered by Toyo Soda in 1963 [8]. Since this discovery,
much effort has been made for the development of these catalysts, and the basic
elemental compositions were determined to be Mo—V-W—-Cu—O by 1974 [9]. Acrylic
acid yields of more than 95% have been currently achieved since the discovery and
industrial research are still ongoing to improve their catalytic performance further.

In 1995, Mitsubishi Kasei discovered the crystalline Mo—V-Te—Nb oxide as an
extremely active catalyst for the ammoxidation of propane [10]. This catalyst showed
far superior catalytic activity to V-Sb—W-0 and achieved the acrylonitrile yield
close to the industrially applicable level [11]. The reaction over this catalyst was
operatable at a lower reaction temperature below 450 °C, making this crystalline
catalyst further attractive. 20 years later from the discovery, a propane ammoxidation
process has been successfully industrialized by Asahi-Kasei in 2013 in Thailand
using Mo—V-Sb-Nb-O having an identical crystal structure to Mo—V-Te-Nb-O
[12]. Acrylonitrile yield is reported approximately 60% in this process.

The crystalline catalyst exhibited excellent catalytic activity for selective oxida-
tion of propane to acrylic acid as well as ammoxidation. This reaction was also
discovered by Mitsubishi Kasei [13]. The process has not yet been industrialized
because the yield of acrylic acid in a recent report [14] is still not high enough for
the industrialized levels.

At the beginning of the discovery of Mo—V-Te-Nb-O and Mo-V-Sb-Nb-O
catalysts, it has already been recognized that the formation of a crystalline state is
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Development of Mo-V based complex metal oxide catalysts
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Fig. 4.1 Development of Mo-V-based complex metal oxide catalysts in the field of acrolein
oxidation (black), propane (amm)oxidation (red), and ethane oxidation (blue)

crucial for generating the catalytic property and also that the catalytic preparation
had to be carefully done. Soon the crystal structure was determined in the company
and a hydrothermal method was demonstrated as a better reproducible preparation of
the catalysts [15—18]. Since then, fundamental research on this crystalline catalyst,
including detailed structural analysis, chemical states, and catalytic roles of consti-
tuting elements, were extensively conducted. The most striking point in the catalysts
is that the crystal structure is highly complicated [19]. The structure was based on
the arrangement of pentagonal units composed of Mo and Nb, which were connected
by VOg octahedral to form the basal plane constituting hexagonal and heptagonal
textures. The basal planes stacked each other along the c-direction, forming hexag-
onal and heptagonal channels in the crystal structure. Te (or Sb) was located mainly
at the hexagonal channel and partially at the heptagonal channel in the framework
structure. The elemental composition of Mo—V-Te—-Nb-O was determined with some
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deviation depending on the reports but was in the range of Mo/V/Te/Nb = 3/0.6—
1.2/0.2-0.6/0.3-0.7, and the group of Mitsubishi Kasei adopted the elemental compo-
sition of Mo/V/Te/Nb = 3/1.2/0.3/0.6 as the most active and selective catalyst in their
initial studies [10, 19-23].

This crystalline catalyst also showed prominent catalytic properties for oxidative
dehydrogenation of ethane to form ethylene. Thosteinson et al. discovered that Mo—
V-Nb-O promoted the selective oxidation of ethane to form ethylene and further to
acetic acid depending on the reaction conditions [24]. They mentioned that the active
catalysts for the ethane conversion are constructed by the stacking of octahedral with
the Mo/V ratio of 3/0.75 ~ 1.5. Later, Nieto et al. reported the catalytic performance of
Mo-V-Te-Nb-O in the oxidative dehydrogenation of ethane [25, 26]. This discovery
again highlighted the importance of crystal structure in the selective oxidations over
Mo-V-based complex metal oxide catalysts. The yield of ethylene over these catalysts
reported to date is around 75% [27]. This catalytic performance over Mo—V—-Te—-Nb—
O affords the ethylene yield almost at the commercialization levels. The practical
application of this process has been a central topic in the selective oxidation since
the shale gas revolution in the US due to the huge demand for ethylene which is
the most produced organic compound in the world [5]. Attempts to further improve
the ethylene yield are ongoing. In addition to this issue, attention has focused on
preventing the sublimation of Te for practical applications. Replacement of Te with Sb
or introduction of Bi into Mo—V-Te—Nb-O is investigated [28—30]. As this catalyst
has a specific crystal structure, much work has been done to elucidate the relationship
between the crystal structure and catalytic activity to obtain fundamental information
about their catalytic function. However, a consensus has not yet been reached due to
the complexity of their catalyst structure and elemental composition [31-34].

Although the Mo-V-based complex metal oxide catalysts have been developed
differently depending on the reactions, there are common characteristics in the cata-
lysts. Andruskevich et al. summarized the characteristics of the catalytically active
components in the Mo-V-based oxide catalysts for acrolein oxidation [35]. They
concluded that catalytically active components are constructed by the stacking of
octahedral with the elemental composition of Mo3; VOy;. Vogel et al. also confirmed
the optimum Mo/V ratio of approximately 3 [36, 37]. The octahedral stacking and
compositional (Mo/V ratio = 3) characteristics are also valid for the ethane oxidation
and the propane (amm)oxidation catalysts.

Furthermore, catalytic activity over these catalysts was strongly dependent on the
crystal structure. Mo—V-0O having a tetragonal MosO4 structure was once consid-
ered as the catalytically active phase. Although this phase can satisfy the Mo/V ratio
and other characteristics, the catalytic activity of pure tetragonal crystal was negli-
gible. The complicated crystal structure for the Mo—V—-Te—Nb-O catalyst was found
inherently active for the reactions and only specific structures exposed on the cross-
section of the rod-shaped crystal played crucial roles in these reactions [15, 38]. This
discovery implies that the formation of a local catalyst structure is responsible for
the oxidation catalysis.
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4.2.2 Evolution of Crystalline Mo3VO, Catalysts

Minimization of constituting elements of metal oxide catalysts with keeping the
intrinsic catalytic property, that is, with keeping the original crystal structure, is an
indispensable approach for understanding the fundamental catalytic function and
their origins. We approached the above introduced crystalline Mo-V-based complex
metal oxide catalyst in this context and we successfully synthesized crystalline
orthorhombic Mo3 VO catalyst (Orth-MoVO) by hydrothermal synthesis [39]. This
catalyst has an identical crystal structure with Mo—V-Te-Nb-O and is composed
of the structural arrangement of {MogO»; }6- pentagonal unit and MOg (M = Mo,
V) octahedral. There are no elements inside the hexagonal and heptagonal channels
different from Mo—V-Te-Nb—O. The empty heptagonal channel works as a micro-
pore with a diameter of approximately 0.40 nm, which adsorb small molecules like
light alkanes [40]. Interestingly, Orth-MoVO satisfied all the structural and compo-
sitional characteristics reported by Andruskevich et al. as active components of the
Mo-V-based oxide catalysts for the selective oxidation of acrolein. Different from the
MosO14-type tetragonal crystal structure, Orth-MoVO exhibited excellent catalytic
activity for acrolein oxidation, and the activity was even superior to that of the indus-
trial catalysts [41]. These facts suggest that this catalyst contains a catalytically active
component for this reaction. In the (amm)oxidation of propane, Orth-MoVO showed
comparable or even higher catalytic activity for the conversion of propane with that of
Mo-V-(Te,Sb)—(Nb)-O, while the selectivity toward acrylonitrile or acrylic acid was
significantly poorer than those of these catalysts [42, 43]. This observation suggests
that the Mo—V-O texture is involved in the activation of propane and that additional
elements are needed to obtain high selectivity for partial (amm)oxidation products.
In the selective oxidation of ethane, Orth-MoVO showed excellent catalytic activity
for the ethane oxidation to ethylene, achieving comparable ethane conversion at a
reaction temperature lower than 100 °C for Mo—V-Te—Nb-O under similar reaction
conditions [44].

We then further synthesized the crystalline Mo3VOy catalysts with the same
structural units (pentagonal unit and octahedral), the same crystal morphology (rod-
shaped crystal), and the same elemental composition, but with the different structural
arrangement in the cross-section of the rod [44—47]. These are Orth-MoVO, trigonal
MosVOy (Tri-MoVO), tetragonal Mo3; VOy (Tet-MoVO), and amorphous Mos VO,
(Amor-MoVO) (Fig. 4.2a). Among them, Tet-MoVO was the one proposed as a
catalytically active component in the selective oxidation of acrolein once. Orth-
MoVO, Tri-MoVO, and Amor-MoVO constitute the pentagonal, hexagonal, and
heptagonal channels in the crystal structure, while there is no heptagonal channel in
Tet-MoVO. Since all these catalysts satisfied the structural and compositional char-
acteristics, the catalytic property of these catalysts was investigated in the selective
oxidation of acrolein and ethane and compared to each other [46]. In both the reac-
tions, Orth-MoVO, Tri-MoVO, and Amor-MoVO having the heptagonal channel in
the crystal structure exhibited the catalytic activities (Fig. 4.2). The catalytic activity
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of Tet-MoVO was almost negligible. The order of the catalytic activity was Tri-
MoVO > Orth-MoVO > Amor-MoVO > Tet-MoVO (almost inactive) in the acrolein
oxidation, while Orth-MoVO > Tri-MoVO > Amor-MoVO > Tet-MoVO (almost
inactive) in the ethane oxidation. The former was consistent with the number of the
heptagonal channel on the catalyst surface. The latter corresponded to the micropore
volume of the heptagonal channel rather than the number of the heptagonal channel.
These results indicate that the local catalyst structure around the heptagonal channel
is primarily responsible for the catalytic oxidations and that the reaction field where
the oxidation takes place depends on the reactions, acrolein oxidation over the surface
heptagonal structure and ethane oxidation inside the heptagonal channel.

(a) Orth-MoVO Tri-MoVO Amor-MoVO Tet-MoVO

(b) 100 (c) 100 - T T
@®: Orth-MoVO
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Fig. 4.2 a Crystal structures of four distinct crystalline Mo3VOy. b Acrolein conversion as a
function of reaction temperature over the four distinct crystalline Mo3VOy catalysts. Reaction
conditions: reaction gas, acrolein/O2/(N; + He)/H,O = 1.3/4.0/31.8/13.0 mL min~ ! (total:
50.1 mL min~ !); catalyst amount, 0.15 g. ¢ Ethane conversion as a function of reaction temperature
over the four distinct crystalline Moz VO catalysts. Reaction conditions: reaction gas, ethane/O,/N;
= 5/5/40 mL min~ ! (total: 50 mL min— 1); catalyst amount, 0.50 g
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4.3 Catalytic Property of Crystalline Mo3VOy

4.3.1 Catalysis Field based on Crystal Structure

As briefly introduced above, the heptagonal channel formed in the crystalline
Mo3VOy catalysts is proved to play essential roles in selective oxidations. To gain
insight into the crystal structure-catalytic activity relationship, it is necessary to eluci-
date the field where the oxidation catalysis takes place [48, 49]. Orth-MoVO with the
different external surface areas but with the same micropore volumes were synthe-
sized by changing the hydrothermal synthesis conditions and tested for selective
oxidation of ethane and acrolein (Fig. 4.3 a—d). Figure 4.3e shows the relation-
ship between the external surface area and the conversions of ethane and acrolein.
The acrolein conversion increased with the increase of the external surface area.
This is normal when the heptagonal channel site on the surface acts as the active
site. In fact, Orth-MoVO without grind treatments showed much lesser catalytic
activity since the cross-section of the rod, where the heptagonal channel is located, is
hardly exposed. Similar dependency of the catalytic activity on the crystal plane was
observed in (amm)oxidation of propane over Mo—V-Te—-Nb-O, as mentioned above
[15, 38]. The catalytic activity for the ethane conversion was, on the other hand,
independent of its external surface area. This observation indicates that the ethane
conversion takes place inside the heptagonal channel micropore. Concomitantly,
Orth-MoVO without the grind treatments exhibited catalytic activity comparable
to that of the ground catalyst. Recently, it was reported that the ethane conversion
also takes place inside the heptagonal channel micropore of Mo—V-Te-Nb-O cata-
lyst, although their heptagonal channel is partially occupied by Te, retarding the gas
diffusion [33]. Ethane conversion inside the heptagonal channel micropore was also
confirmed in Tri-MoVO [50]. This catalyst was amenable to introducing the addi-
tional elements without altering the basic crystal structure, and Tri-MoVO containing
Fe inside the heptagonal channel (Tri-MoVFeO) and that containing W in the pentag-
onal units (Tri-MoVWO) were successfully synthesized by hydrothermal synthesis.
Tri-MoVO and Tri-MoVWO containing no elements inside the heptagonal channels
showed almost the same catalytic activity for selective oxidation of ethane, while the
catalytic activity over Tri-MoVFeO was almost negligible at the same reaction condi-
tions. Fe inside the heptagonal channel made the diffusion of ethane in the heptagonal
channel micropore difficult, resulting in a significant decrease in the ethane conver-
sion. The difference in the catalysis field depending on the reactions is simply due
to the different molecular sizes of reactants and products, because molecules larger
than the micropore diameter cannot react inside the channel but easily access the
catalytically active heptagonal area. The other reason besides molecular size is func-
tional groups in molecules as a polarity derived from these groups would strongly
interact with polar sites over the catalyst surface.
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Fig. 4.3 a—-d SEM images of Orth-MoVO with controlled crystal size. External surface areas
obtained by N, adsorption measurements are shown in the images. d is the same material as b but
is not ground. e Ethane (left) and acrolein (right) conversions as a function of external surface areas
of Orth-MoVO. Open symbols represent the results of the unground catalyst (SEM image is shown
in (d)). Reaction conditions in acrolein oxidation: reaction gas, acrolein/O2/(N2 + He)/H,O =
2.5/8.0/70.0/27.0 mL min~! (total: 107.5 mL min~1); catalyst amount, 0.125 g. Reaction conditions
in ethane oxidation: reaction gas, ethane/O2/Ny = 5/5/40 mL min~! (total: 50 mL min—'); catalyst
amount, 0.50 g
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4.3.2 Oxidation Catalysis for Ethane Oxidation

Since the bulk properties of metal oxide catalysts can be evaluated by various char-
acterization methods, further details of the relationship between crystal structure
and catalytic activity are investigated in depth. Among the inorganic microporous
materials reported so far, Orth-MoVO is a particularly important class of material
in terms of the constituent elements [51-54]. Different from the typical inorganic
microporous materials such as zeolites, Orth-MoVO is composed of transition metals
that majorly adopt octahedral configuration. Since the size of the octahedral can be
tuned by controlling the oxidation state of metal elements, the size of the heptag-
onal channel micropore was tunable by controlling the oxidation state of constituent
elements [55-57].

The effect of reduction degree on the microporosity and the catalytic property for
ethane oxidation has been investigated in Orth-MoVO [58]. The degree of reduction
of Orth-MoVO was controlled by controlling the reduction treatment conditions and
was expressed as the number of lattice oxygens removed from the crystal structure.
Orth-MoVO with the lattice oxygens vacancy is abbreviated as MoVO (8), where 3
indicates the number of lattice oxygens vacancy formed from the Orth-MoVO unit
cell (Moy9V110112_;). Ethane adsorption measurements were conducted on MoVO
(3) and the amounts of ethane adsorbed in MoVO (3) are plotted as a function of 3
(Fig. 4.4a). Orth-MoVO can adsorb ethane up to the theoretically calculated microp-
orous volume of the heptagonal channel (23.4 x 1073 cm? g~!) when the material was
calcined in the air (MoVO (0)). This capacity was not significantly changed despite
the removal of lattice oxygens up to MoVO (4.2). However, the adsorbed amount of
ethane drastically decreased by the reduction above MoVO (5.4). Structural analysis
revealed that the pentagonal unit started to expand by the reduction above MoVO
(5.4) which led to the shrinkage of the heptagonal channel. The drastic decrease
in the micropore adsorption amounts was the result of this shrinkage. The ethane
conversions at 10 min from the start of the reaction (initial catalytic activity) over
MoVO (3) are also plotted in Fig. 4.4a. Since the ethane oxidation takes place inside
the heptagonal channel micropore, the ethane conversion drastically decreased by the
reduction above MoVO (5.4). It is noteworthy that the ethane conversion increased
from 13.7 to 33.0% by the reduction from MoVO (0) to MoVO (4.2), although
the adsorption capacity of ethane was comparable. Since Orth-MoVO catalyzes the
ethane oxidation inside the heptagonal channel micropore, possible changes in the
local structure around the heptagonal channel might be related to this observation.
The drastic changes in the microporosity and the catalytic activity upon the reduction
at the threshold of MoVO (5.4) may also be related to the local structural changes.

When MoVO (6.8) was calcined in air at 400 °C (MoVO (6.8)-AC), the ethane
conversion drastically increased. Interestingly, the ethane conversion of MoVO (6.8)-
AC was approximately three times higher than that of MoVO (0) and was similar
to that of MoVO (4.2). Despite the air-calcined catalysts at the same conditions, the
ethane conversion over MoVO (0) and MoVO (6.8)-AC was significantly different.
Through the investigations of the local catalyst structure around the heptagonal
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Fig. 4.4 a Micropore volumes of MoVO (8) measured by ethane adsorption (left) and ethane
conversions at 10 min from the start of the reaction (right) as a function of d (Mo29V110112-5).
Reaction conditions: reaction gas, ethane/O,/N, = 5/5/40 mL min~! (total: 50 mL min~1); catalyst
amount, 0.50 g; reaction temperature, 300 °C. b Structural images around the heptagonal channels
of MoVO (8)-(AC). a-oxygen defect site is represented as a dotted circle in MoVO (4.2)

channel, it was found that there were two types of lattice oxygens in Orth-MoVO.
One was the lattice oxygen removed in the early stage of the reduction and hardly
come back to the structure by the oxidation treatment. This lattice oxygen is almost
completely removed by the reduction up to MoVO (4.2). The other was the lattice
oxygen removed continuously by the reduction and reversibly come back to the
structure by the reoxidation. The former and the later lattice oxygens are abbre-
viated as a-oxygen and f-oxygen, respectively. a-oxygen is identified as the lattice
oxygen in the pentamer unit which is isolated in the framework structure based on the
pentagonal unit network, and f-oxygen is identified as the lattice oxygen connecting
the a-b plane along the c-direction. The physicochemical properties of MoVO (0)
and MoVO (6.8)-AC were similar, but the occupancy of a-oxygen was significantly
different since a-oxygen is not able to come back to the structure despite the oxida-
tion treatment. After removing a-oxygen, the micropore size expanded as confirmed
by various adsorption experiments. This observation indicates that a-oxygen defect
site is concentrated at the pentamer unit facing the heptagonal channel. Based on
the fact that the catalytic activity drastically increased by the removal of a-oxygen,
it is speculated that active oxygen species form at the a-oxygen defect site. These
species efficiently promote the ethane oxidation to form ethylene and water inside the
heptagonal channel micropore. The similar catalytic activity between MoVO (4.2)
and MoVO (6.8)-AC is also derived from the occupancy of a-oxygen since a-oxygen
is almost completely removed from the structure by the reduction up to MoVO (4.2).
As mentioned above, the microporosity and the catalytic activity dropped drastically
with the reduction above MoVO (5.4) due to the expansion of the pentagonal unit,
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while no such changes were observed up to MoVO (4.2). Removal of a-oxygen is
a possible trigger to initiate the expansion of the pentagonal unit. Local structural
changes around the heptagonal channel of Orth-MoVO by the redox treatments are
summarized in Fig. 4.4b. Details have not yet been understood why the oxidation
treatment did not refill a-oxygen defect. We are tentatively considering the electron
localization. Upon removing a-oxygen from the structure, the pentamer unit gains
four electrons since this unit contains two a-oxygens (see Fig. 4.5). If these electrons
are localized at the specific sites in the pentamer unit, particularly on the metals
adjacent to the oxygen defect site, four-electron oxygen reduction is not likely to
refill the lattice oxygen (O, + 4e~ — O?7). Instead, a limited number of electron
transfers might occur to molecular oxygen during the oxidation catalysis, resulting
in partially reduced oxygen species like superoxide (O, ™) or peroxide (0,>7). These
species might work as catalytically active oxygen species.

Based on the results obtained above, the oxidation catalysis over Orth-MoVO for
the ethane oxidation is proposed as follows: (1) both ethane and molecular oxygen
are captured inside the heptagonal channel; (2) molecular oxygen is activated at the
oxygen defect site at the pentamer unit facing the heptagonal channel; (3) activated
molecular oxygen reacts with ethane to form ethylene and water. During the oxidation
catalysis, the pentamer unit constituting the a-oxygen defect is allowed to be kept
under the reaction conditions since this unit is stabilized in the stable framework
structure based on the pentagonal unit network. The role of the crystal structure for
ethane oxidation is summarized in Fig. 4.5. Although further works are necessary
to clarify how the reaction cycle closes and what types of active oxygen species are
indeed generated, it is noteworthy that the highly organized local catalyst structure
constituting an isolated structural site within the framework is responsible for the
oxidation catalysis.

» Framework structure
Sustaining the pentamer
unit stable during the
oxidation conditions

» a-oxygen defect
Activation

molecular oxygen

of &

» Heptagonal channel

» Pentamer unit
Creation of ; : i .
catalytically active i //‘\//‘ <y
structure R T T

Fig. 4.5 Role of the crystal structure of Orth-MoVO for oxidation catalysis in selective oxidation
of ethane
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4.3.3 Catalytically Active Structure for Acrolein Oxidation

In the case of acrolein oxidation, as mentioned above, the local catalyst structure
around the heptagonal channel of the crystalline Mo3; VO works as the catalytically
active structure. In consideration of the fact that these catalysts satisfied the structural
and compositional characteristics as catalytically active components, it seems that
the local catalyst structure around the heptagonal channel is the catalytically active
structure for this reaction. In the typical industrial catalysts for acrolein oxidation, on
the other hand, Mo-V-based complex metal oxide catalysts contain various promoter
elements [9, 59-61]. Cuand W are used in most of the cases as the promoter elements
in the industrial catalysts, although their catalytic roles have not yet been clarified.

Cu can be introduced into the crystal structure of Orth-MoVO by optimizing the
hydrothermal conditions (Orth-MoVCuO) [62]. Cu is placed at the interstitial spaces
between the lattice oxygens in the pentamer units facing the heptagonal channel, the
interstitial spaces between a-oxygens (Fig. 4.6). The catalytic activity for acrolein
oxidation was almost halved with the introduction of Cu. However, the selectivity
to acrylic acid was improved from 92 to 98% by the introduction of Cu, irrespective
of the acrolein conversion (Fig. 4.6). Since Cu is located between a-oxygens, Cu is
considered to affect the number of electrons transferred to molecular oxygen. In this
regard, it was reported that the heat of adsorption of molecular oxygen decreased
when Cu is introduced into the Mo-V-based catalysts [35, 63]. The introduction of
Cu seems to decrease the activity of active oxygen species due to the change in the
number of electrons transferred to molecular oxygen. This active oxygen state may
not cause undesired oxidations like C—C scission to generate COy, resulting in the
improvement of acrylic acid selectivity.

d
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90
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Fig. 4.6 a Structural images of Orth-MoVCuO. Mo, light blue; V, gray; O, red; mixture of Mo
and V, light green; Cu, dark red. The crystal structure in the c-direction and the local structure
around Cu are shown in (b) and (c). d Acrylic acid selectivity change as a function of acrolein
conversion over Orth-MoVO (circle) and Orth-MoVCuO (triangle). Reaction conditions: catalyst
amount, 0.02-0.25 g; reaction temperature, 250 °C; reaction gas, acrolein/O,/(N; + He)/H,0 =
1.3/4.0/31.8/13.0 mL min~! (total: 50.1 mL min—"). Adapted with permission from Ref. [62].
Copyright 2019 American Chemical Society
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The catalytic role of W for acrolein oxidation can be understood based on the
crystal structure [64]. Although W was hardly introduced into Orth-MoVO, Tri-
MoVO containing W was successfully obtained by optimizing the hydrothermal
synthesis conditions. W was placed in the {MogO,;}°~ pentagonal units in Tri-
MoVO. The introduction of W improves the tolerance of the acrolein conversion
upon the decrease in the water pressure, although the introduction did not alter the
acrolein conversion or selectivity to acrylic acid. The water tolerance of the acrolein
conversion was further improved by increasing the amount of W introduced, which
can be seen in the long-term reactions (Fig. 4.7). Under the low water pressure region,
with partial pressure of H,O less than 5%, the acrolein conversion over Tri-MoVO
gradually decreased with reaction time, while the catalytic activity over Tri-MoVWO
was stable. In the case of Tri-MoVO, the decrease of the acrolein conversion in the
low water pressure region is mainly caused by the strong adsorption of reaction
intermediates such as acrylate species, which is known to be firmly bound to the
catalyst surface [37]. The introduction of W promoted the dissociative adsorption
of water under the reaction conditions and consequently, desorption of the reaction
intermediates is promoted by the replacement of the hydroxyl group, leading to the
formation of acrylic acid. A similar catalytic role of W was also reported in W-V-
based complex metal oxide catalyst for selective catalytic reduction of NOy with
NH; (NH3;-SCR) [65, 66].

Tri-MoVWO can accommodate Cu inside the structure. The resulting catalyst
(Tri-MoVWCuO) contains Cu cations at the interstitial spaces between the lattice
oxygens in the trimer unit, which is isolated by the framework structure like the
pentamer unit in Orth-MoVO. Although the acrolein conversion decreased with the
introduction of Cu, Tri-MoVWCuO showed stable acrolein conversion even under
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Fig. 4.7 a Acrolein conversion and b acrylic acid selectivity changes as a function of reaction
time over Tri-MoV(W)(Cu)O. Reaction conditions: catalyst amount, 0.15 g; reaction tempera-

ture, 250 °C; reaction gas, acrolein/O,/(N> + He)/H,O = 1.3/4.0/55.0/3.0 mL min~! (total:
63.3 mL min~!)
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the low water pressure condition in a manner similar to Tri-MoVWO (Fig. 4.7). In
addition to the improvement of the tolerance of the acrolein conversion under the
low water pressure region, the selectivity to acrylic acid was substantially increased
by the introduction of Cu as was also observed in Orth-MoVCuO. As a result of the
structural arrangement to accommodate multiple elements in each structural site, the
constituent elements can work cooperatively to achieve multiple catalytic functions
in Tri-MoVWCuO, including catalytic activity, water tolerance, and excellent acrylic
acid selectivity.

The physicochemical properties and catalytic functions of Tri-MoVWCuO were
compared with the industrial Mo—V-W-Cu-Sb-O catalyst (Ind-MoVWCuSbO)
synthesized according to the patent [60]. These catalysts satisfied the structural
and compositional characteristics reported by Andruskevich et al. as catalytically
active components for acrolein oxidation. Both the catalysts indeed showed catalytic
activity for acrolein conversion as can be expected from their structural and compo-
sitional characteristics, while the activity per catalyst weight over Tri-MoVWCuO
was approximately twice of Ind-MoVWCuSbO. HAADF-STEM measurements of
Ind-MoVWCuSbO unraveled their local catalyst structure (Fig. 4.8). This catalyst
consisted of the pentagonal unit and octahedral like the crystalline Moz VO catalysts,
and the local catalyst structure was identical to Tri-MoVWCuO. The observations
strongly suggest that the local catalyst structure around the heptagonal channel of
Tri-MoVWCuO is the true catalytically active structure for the selective oxidation
of acrolein over industrial Mo-V-based complex metal oxide catalyst (Fig. 4.8).

Mo-V-based complex metal oxides have been used for various oxidation reac-
tions. Although the catalysts were optimized to suit each catalytic reaction, the
developed catalysts resulted in common structural and compositional characteris-
tics. The appearance of the crystalline Mos; VOy catalysts successfully unraveled the
reason for these common observations. The catalytically active component of Mo-
V-based complex metal oxides visualized in the crystalline Mo3;VOx was a highly
organized local structure consisting of micropores. The history of the developments
of Mo-V-based complex metal oxides is summarized in Fig. 4.9 based on their crystal
structure.

4.4 Conclusions and Future Outlook

The oxidation catalysts have been developed based on complex metal oxides for
many years and are extremely advanced by introducing multi-elements and crystal
structuring. The chapter highlighted the most prominent example, which is Mo-V-
based complex metal oxides and more specifically, crystalline Mo3;VOy catalysts.
Thanks to the crystalline state of the catalysts and to the clear structure effect on
catalytic functions, depth understanding of catalysis and the catalytic roles of each
constituent become possible on the basis of a clear picture of crystal structure and
local structure. This chapter visualized the local catalyst structure responsible for
oxidation catalysis and provided fundamental insight for rational catalyst design.
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Fig. 4.8 HAADF-STEM images of a Tri-MoVWCuO and b Ind-MoVWCuSbO. ¢ Image of the
true catalytically active structure in industrial Mo-V-based complex metal oxide catalysts for the
selective oxidation of acrolein. Blue, mixture of Mo and W; gray, V; light green, mixture of Mo and
V; darkred, Cu;red, O. Atoms constituting the heptagonal channel micropore are represented in ball-
and-stick manner. Adapted with permission from Ref. [64]. Copyright 2021 American Chemical
Society

Crystal structure clearly gives us the advantage of correctly accessing the real catal-
ysis field. This situation may not only be valid for metal oxide catalysts but also for
other material’s state of catalysts. Therefore, it should be highly valuable to pick up
crystalline solids as catalysts because there are a huge number of crystalline solids
which are yet used as catalysts.

There is no doubt that technology development toward a carbon-neutral society
will accelerate in the near future. It may be necessary to replace current industrial
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processes with the ones realizing extremely high selectivity toward desired prod-
ucts with low environmental impacts. For this realization, the development of solid
catalysts will play central roles.
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Chapter 5 )
All-Inorganic Zeolitic Octahedral Metal skl
Oxides

Zhenxin Zhang and Wataru Ueda

5.1 General Introduction of Zeolitic Octahedral Metal
Oxides

Zeolites are crystalline aluminosilicates that have porous structures. The frameworks
of zeolites are composed of metal-oxygen tetrahedral [1-4]. Zeolites have been
applied to many fields, such as adsorption, ion exchange, separation, and catalysis.
The chemical composition of zeolite is based on main group elements majorly, which
limits the application fields of the materials. Therefore, expanding the chemical
composition of zeolites from main group elements to transition metal elements that
show unique properties, such as multi-electron transfer property, electrochemical
property, photochemical property, and magnetic property, is desired. There are many
attempts for incorporating transition metal elements in zeolites. Zeolitic aluminates
are the typical example for this purpose [5—7], where transition metal ions can be
incorporated. However, frameworks of the zeolitic aluminates are always not stable,
which leads to that the micropores of the materials cannot be opened. The frameworks
would be damaged when the structure directing agents inside the micropore are
removed. Therefore, the applications of the materials are limited. The limited content
of the transition metal elements in the material and the weak frameworks are the main
shortcomings that are needed to be overcome.

Synthesis of zeolitic inorganic networks based on mainly transition metal oxide
is difficult, because the coordination number of transition metal element is always
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higher than four, majorly six or more. However, the assembly of transition metal—
oxygen octahedra to form molecular clusters is easy, and the resulting metal-oxygen
clusters are called polyoxometalates (POMs) [8—10]. Introducing organic linkers
with connecting metal-oxygen clusters produces porous materials based on transition
metal-oxygen octahedra, which are called metal-organic frameworks (MOFs) [11—
14]. MOFs show good structural and elemental diversity. MOF materials have been
successfully applied to the fields, such as adsorption and separation. The success in
the synthesis of MOFs demonstrates that metal-oxygen clusters are good building
blocks for porous materials based on transition metal elements.

Furthermore, POM-based porous materials are desired to be synthesized for many
years. In the early stage, Cs salt of POM is found to be microporous, which can
adsorb small molecules [15]. The micropore of the material is not intrinsic and only
derived from particle aggregation. There are other examples of POM-based porous
frameworks. However, the pores of the materials always cannot be opened and the
materials do not show adsorption properties [16-24].

Assembly of POM units with inorganic ions forms the crystalline microporous
transition metal oxide oxides, and the materials are composed of metal-oxygen octa-
hedra, which are called zeolitic octahedral metal oxides (ZOMOs). Different from
other porous materials based on POMs, ZOMOs show a fully inorganic composition
of the frameworks as well as ordered microporosity. Furthermore, the frameworks of
the materials are stable enough for the removal of the guest molecules of the materials
to open the micropores. Combined with the microporosity and the redox property,
ZOMOs show good application potential in many fields, including adsorption, sepa-
ration, ion exchange, battery, and catalysis. There are four different ZOMOs found
in recent years, the pentagon unit-based vanadomolybdate, the e-Keggin POM-based
molybdates, hexagon unit-based molybdates and tungstates, and cubane unit-based
vanadotungstates.

5.2 Material Synthesis

5.2.1 Conditions for Material Synthesis

ZOMOs are synthesized by a hydrothermal method in most cases, the precursor solu-
tions of which contain simply metalates for constructing the framework, reducing
agent, and cation species. The materials are formed by self-assembly of the precursor
compounds under heating conditions. There are many factors that affected the forma-
tion of ZOMOs, such as temperature, time, concentration, ratio of the precursor
materials, types of the precursor materials, acidity of the solution, and cation species.

Temperature, time, and concentration are important factors and show similar influ-
ences on ZOMO formation. Different ZOMOs are obtained under different temper-
atures. e-Keggin-based ZOMOs are able to be obtained at the temperature range
from 150 to 230 °C [25]. For hexagon unit-based ZOMOs, the materials are able to
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be obtained from room temperature to 175 °C [26]. Based on the current material
syntheses, if the ZOMO materials can be prepared at a lower temperature the material
also can be obtained at a higher temperature. Sometimes the syntheses at a higher
temperature would produce impurity phases in the products [25-27]. The effect of
time and concentration is similar to that of temperature. When the other conditions
are suitable for one exact ZOMO material, increasing reaction time, concentration
of the precursor solution, and the reaction time tends to obtain the material with
high yield. Decreasing reaction time, concentration of the precursor solution, and
the reaction time decreases the yield of the material. The factors of temperature,
time, and concentration majorly affect the rate of the formation of the materials.

The more important factors are acidity of precursor solution, cation species, and
types of starting material for obtaining ZOMOs, which not only affect the rate of
formation of the materials, but also affect the crystalline phases of the materials
obtained in the syntheses.

The effect of acidity of precursor solution has a great influence on the resulting
ZOMOs. Generally, the ZOMO materials can be generated in acidic conditions.
Different ZOMOs are obtained at slightly different pH of the precursor solutions.
Increasing acidity of the precursor solutions causes speeding up condensation of
metal-oxygen bond and increases the rate of formation of ZOMOs, so that it increases
formation speed and yield of the products [25-27]. Furthermore, low acidity produces
ZOMOs with high porosity. For zeolitic vanadomolybdates, the highly acidic condi-
tion of the precursor solution generates trigonal vanadomolybdates (t-VM) with
low porosity (Table 5.1, entry 1). Decreasing the acidity of the precursor solution
generates the orthorhombic vanadomolybdates (o-VM) that have the same chem-
ical composition as t-VM. The porosity of 0o-VM is higher than that of t-VM
(Table 5.1, entry 2) [28, 29]. Other different ZOMOs prepared at low acidic condi-
tions, such as e-Keggin POM-based ZOMOs (zeolitic bismuth vanadomolybdates,
(NH4)2'8HQV9[8-VV1'0M0V2'3MOVI7'] VIVI'gVVQ_g O4QBiHIz], S-BVM) and cubane unit-
based ZOMOs (zeolitic vanadotungstate, (NHy)o.25K; sHo25s[WV14 VY3001, VI-1),
show high porosity compared with VMs (Table 5.1, entries 3,4). Furthermore, when
only the pH of the precursor solution is changed with keeping other conditions
the same, the effect of the pH of the starting reaction mixture is important for
obtaining different crystalline phases. Hydrothermal reactions of reaction mixtures
with pH values between 1.6 and 6.0 produces the desired e-Keggin-based Mo oxides
(NaHg[e-Co"™MoY §MoY14049Co",], e-Na-CM). The main side products are MoO,
and CoMo04-0.75H,0 at lower pH values (1.6—4.2) and at higher pH values (4.8—
6.0), respectively. When pH is less than 1.3, only MoO, is detected (Fig. 5.1)
[30].

Cation species are important for preparing ZOMOs. Cation occupies micropores
of ZOMOs, which affects the structure of ZOMOs. Cation species also affect the
properties and applications of the materials, which will be discussed in the later part.
Cation of the materials has an influence on the iso-structural zeolitic vanadotungstate
formation [31], the material formed the cubic phase (VT-1) when K* is used as the
cation, while using organic ammonium cation, trimethyl amine, only produces the
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Table 5.1 Acidity and micropore volume of the materials

Entry Material pH of precursor Micropore volume (cm3/g) References
1 t-VM 22 0.0048 [31]
2 o-VM 34 0.0122 [32]
3 e-BVM 3.4-5 0.0202 [33]
4 VT-1 5 0.102 [34]

“Na-Mo-Co oxide ~ NaCo,(MoO,)OH-H,0
«— MO ——— =

"% CoM00,-0.75H,0
'+ Mo metal

MoO,

Without Mo metal

CoM00,-0.75H,0 NaCo,(MoO,)OH-H,0

pH
110 2!0 3FD . 4!0 SFO 6!0 ?!0

Fig. 5.1 Relationship between pH and products of hydrothermal reactions of aqueous solutions of
Nap;MoOy4 and CoCl, at 170 °C for 24 h with and without Mo, Reprinted with permission from
Ref. [30]. Copyright 2017 American Chemical Society

trigonal phase ([N(CH3)3]; 4Ha[WY,VIV30,9], VI-5) with almost the same condi-
tions of other factors. Furthermore, not using proper cations make the synthesis for
ZOMOs unsuccessful. In the case of 0-VM, NH,* is critical for obtaining the mate-
rial. When Nat and K* are used for cation, no solids are obtained. Cations act as
structural directing agents that help with forming different structure topologies of
the materials [31].

Starting materials are important for obtaining ZOMOs. There are three factors for
starting materials: valency, physical properties, and chemical properties. Valency of
the starting chemicals is critical. In most cases of the ZOMO synthesis, the syntheses
need a reduced state of the metal elements. As summarized in Table 5.2, the reduced
state of the elements is essential to obtain the material. For e-Keggin POM-based
Z0OMOs, molybdates are reduced by Mo to form e-Keggin POM (Table 5.2). For tran-
sition metal oxide molecule wires, SeO, and TeO, with the reduced state are used.
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Table 5.2 Starting materials for ZOMOs synthesis

Metal I (valence) Reduced Metal II (valence) Metal IIT References
t-VM AHM (Mo"h VOS0y4 (VIV) - [29]
o-VM | AHM (Mo VOS04 (VIV) - (28]
eZM | AHM (Moh) Mo (Mo?) ZnClL (Zn) | [27]
h-TT AMT (W'D TeO, (Tel) - [35]
VT-1 WOz (WVT) VOS04 (VIV) - [34]
VT-5 W05 (W'Y VOSSO, (VIV) - [34]

For cubane unit-based ZOMOs and pentagon unit-based vanadomolybdates, VOSO4
is used for synthesis. The physical state of the material is also important for obtaining
the material with different crystallinity. Starting materials are important for obtaining
ZOMOs. Types of the starting materials not only affect the resulting ZOMOs forma-
tion, but also affect the size of the resulting materials. Using Bi(OH); as the insoluble
Bi source for e-BVM formation produced well-crystalline e-BVM with the size in
the micrometer size. Furthermore, using soluble Bi source of Bi(NO3); nanocrystals
of e-BVM are able to be obtained with the size of 24 nm. The size of the material
is also observed by transmission electron microscopy (TEM), showing that the size
decreased from micrometer level to nanometer level [25].

5.2.2 Design of Framework

ZOMO materials show potential structural diversity. However, the current structure
topologies of the synthesized ZOMOs are not many. Compared with MOFs and
zeolites, the structural diversity of transition metal oxides is currently poor. The
reason might be the highly coordinated metal ion center of transition metal oxides
compared with the lowly coordinated (tetrahedrally coordinated) metal center of
zeolites. The building blocks of MOFs are based on transition metal-oxygen octa-
hedra. However, MOFs have good structural diversity, which is due to the assembly
of the metal-oxygen cluster as building blocks with organic ligands as linkers. There-
fore, using the assembly of POM with inorganic linkers to develop structural diversity
of ZOMOs is promising, because structures of POM molecules are diverse and the
connection of the POM is many and designable, which can be utilized for creating
ZOMOs.

The cubane unit of [W40,¢]®~-based ZOMO materials show good structural diver-
sity, and the framework can be extended with different connection styles of the cubane
unit and linker. Ten hypothetical structures are generated based on the building unit
of [W4014]%~, denoted as VI-1 to VI-10, respectively (Fig. 5.2). The hypothetical
isomeric structures are optimized by density functional theory (DFT) calculation.
The resulting energies and densities of the structures show that the energy of V-1 is
the lowest and the density of VT-1 is the highest among all the VT members, and thus
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VT-1 is the thermodynamically most stable structure among VTs (Fig. 5.2c¢). The
energy of VT-5 is just 1.1 kJ mol~! higher than that of VT-1, which demonstrated
that VT-5 is the second most stable one.

5.3 Advanced Structure Determination, Step by Step

Structure determination of new crystalline materials is important because the prop-
erties and application performance of the materials are highly dependent on the
structure of the materials. Furthermore, for tuning the properties and modifying the
application performance of the materials, understanding the structural information of
the material is also necessary. The current advanced structure determination strate-
gies and methods are applicable to zeolitic octahedral metal oxides, but the mate-
rials show different features compared with other materials. Therefore, some slight
modifications of the current structural determination are necessary for ZOMOs.

5.3.1 Structure Determination Using Single Crystal X-ray
Analysis

Hydrothermal reaction of (NH4)¢Mo070,4-4H,0, VOSO4-5H,0, and Bi(OH);
produced crystalline e-BVM, the size of which was less than 1 pm in one dimen-
sion, which were too small to perform single crystal structure analysis (Fig. 5.3)
[32]. Large crystal of e-BVM was prepared by the crystal growth experiments using
the as-synthesized material as a seed in the reaction mixture. The repeating crystal
growth produced large crystals of e-BVM (~5 pum in one diameter), which was
enough for single crystal analysis (Fig. 5.3).

The obtained crystals by the crystal growth experiments were still too small for the
diffractometer in the laboratory system, and therefore, data collection was performed
on a high-precision diffractometer installed in the SPring-8 BL40XU beamline. The
synchrotron radiation emitted from the helical undulator was monochromated by
using a Si(111) channel cut monochromator and focused with a Fresnel zone plate.
A Rigaku Saturn724 CCD detector was used. The measurement was performed at
100 (2) K. An empirical absorption correction based on the Fourier series approx-
imation was applied. The data were corrected for Lorentz and polarization effects.
The structure was solved by direct methods and refined by full-matrix least-squares
(SHELX-97), where the unweighted and weighted agreement factors of R = X // Fol
— [Fc // /ZIFol (I>2.000 (I)) and wR = [Zw(Fy, — Fep)?/Zw(F,)?]"2, respectively,
were used. Oxygen atoms of water in Mo — V — Bi oxide were refined isotropically,
and other atoms were refined anisotropically. Total amounts of water and ammonium
cations estimated by the elemental analysis were slightly larger than those obtained
by single crystal structure analysis. This is because of the difference in the crystal
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Fig. 5.3 SEM images of ae-BVM, b large e-BVM crystal for single crystal analysis, and ¢ Compar-
ison of a) the experimental XRD pattern with b) simulated pattern using structural data obtained by
single crystal structure analysis with lattice parameter refinement (a = 19.79 A, Ryp = 10.49%),
and c) difference of experimental pattern and simulated pattern, Reprinted with permission from
Ref. [32]. Copyright 2014 American Chemical Society

sample and bulk sample. The sample for elemental analysis may contain surface
waters.

The structure of the powder sample was not completely the same as that of the
material for single crystal X-ray analysis. The Rietveld refinement was used for
confirming the structure of the powder sample. The initial structure of e-BVM was
refined by powder XRD Rietveld refinement. The pattern parameters and lattice
parameters of the materials were refined by the Pawley method. Then, isotropic
temperature factors were given for every atom in the initial structure of the mate-
rial. Rietveld analysis was initiated with the initial models of the materials, and the
lattice parameters and pattern parameters were from the Pawley refinement. Every
atom position was refined. The occupancy of the atoms in the framework was fixed
without further refinement, and the occupancies of the atoms in water and the cations
were refined with consideration of the elemental analysis results. Finally, the pattern
parameters were refined again to obtain the lowest Ry, value (Fig. 5.3). The powder
X-ray diffraction pattern of e-BVM was similar to the simulated pattern obtained
by using crystal data from single crystal structure analysis. Furthermore, there were



5 All-Inorganic Zeolitic Octahedral Metal Oxides 131

no additional peaks in the experimental data, indicating that the powder sample of
e-BVM was pure.

For different materials, the crystal growth method would be different. For
(NHy),[TeVWVIg0,;] (h-TT), the large single crystal was obtained by low-
temperature crystallization [33]. h-TT synthesized at low temperature is larger than
that synthesized by the regular hydrothermal method (Fig. 5.4). XRD and FTIR
confirmed that the basic structure of the material at low temperature was the same
as that of the material obtained from hydrothermal synthesis. Single crystal anal-
ysis was performed using the same process of e-BVM. Furthermore, the structure
of the powder sample was confirmed by the Rietveld refinement, which showed that
simulated patterns of the materials were similar to those of the experimental data,
indicating that the proposed structures were correct (Fig. 5.4).

c) ] Experimental pattern
1 — - — Simulated pattern
4 — - — Difference
: # I |II | ‘,’q'i
= UL S
=) Wil W' W
g WORPPY I PP
E | 30 40 50 60 70 80 90
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T % S—rry N,

2 theta (degree) (Cu-Ka)

Fig. 5.4 SEM images, a h-TM, scale bar = 3 um, b h-TM synthesized under refrigeration, scale

bar = 5 pm, and ¢ comparison of the experimental XRD patterns with the simulated XRD patterns
using the Rietveld method
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5.3.2 Structure Determination Using Powder X-ray
Diffraction Analysis

The crystals of ZOMOs were always small by hydrothermal reaction, which is not
suitable for single crystal analysis. The crystal growth process is not applicable to
all the ZOMOs we synthesized, and thus other methods for structure determination
are applied for structure determination of ZOMOs.

Crystal structure determination using powder X-ray analysis is good for
solving the structure of ZOMO, particularly the material with high symmetry.
The initial structure of Na; sH;; 4[e-Zn™oY ;g oMo"!| | O40{Zn"},]-(e-Na-ZM) was
determined by powder XRD [27]. The powder XRD patterns for structural anal-
ysis were obtained on a laboratory powder X-ray diffraction apparatus. First, the
powder XRD pattern was indexed by the DICVOLO06 [34] and X-cell programs [35].
After performing Pawley refinement, the most reasonable space group was obtained.
Then, the Le Bail method [36] was applied for intensity extraction with the EdPCR
program. The initial structure was solved by a charge-flipping algorithm [37]. The
positions and types of atoms were obtained by analyzing the generated electron
density maps (Fig. 5.5). The framework oxygen atoms and cations that could not
be found by the charge-flipping algorithm were added logically. For e-Na-ZM, the
results obtained by using the charge-flipping algorithm reveal the three most inten-
sive peaks of the electron density map with the intensity order of surrounding metal
sites > central metal site ~ linking metal site (Fig. 5.5 a-c). Elemental analysis of
e-Na-ZM reveals that the ratio of Mo: Zn is 12: 3. These results indicate that Zn is
present in the central and linking metal sites and that Mo is present in the surrounding
metal sites. Other sites are assigned to be oxygen atoms of the Keggin-unit, counter
cations, and oxygen atoms of water. The initial structure of e-Na-ZM was refined by
Rietveld refinement, which showed that the simulated pattern was the same as the
experimental one (Fig. 5.5).

For (NH4)o.4[Coll; 3(OH)Se"™YWV1c0,,] (h-CST), the structure was determined
from powder XRD [38]. The powder diffraction peaks of h-CST were indexed,
and the hexagonal system with P6 space group was obtained. The charge flipping
algorithm indicated the arrangement of the heavy metal ions in the building blocks
of the material. There were three sites in the material with high electron densities
with the ratio of the linker site: the surrounding site: the central site = 3: 6: 1 in
the unit cell (Fig. 5.6). The initial structure was refined by the Rietveld refinement.
The simulated XRD pattern of the material matched the experimental pattern. No
additional peaks were observed from the experimental data when compared with the
simulated pattern, indicating that the powder sample of h-CST was pure (Fig. 5.6).

The XRD pattern of VT-1 was indexed to a cubic cell with lattice parameters of
17.1101 A and a space group of PA-3 (Fig. 5.7). The initial structure was solved
by the charge-flipping algorithm. The arrangement of W formed [W,406]%~ cubane
cluster. The [W4016]3~ units were proposed to be connected by VO?* linkers to form
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Fig. 5.5 Schematic representations of charge-flipping algorithm results: a electron density map
from the charge-flipping method showing positions of the intensive peaks (surrounding metal sites
(Q1; gray), linking metal sites (Q2; red), and central metal sites (Q3; blue)) in a unit cell, b an
e-Keggin unit with 4 linking metal sites, ¢) intensity difference of the peaks of e-Na-ZM, and d)
comparison of experimental XRD patterns with simulated XRD patterns using the Rietveld method,
Mo-Zn oxide, Ryp = 7.10%, Reprinted with permission from Ref. [27]. Copyright 2014 American
Chemical Society

a 3D framework. The simulated pattern fit well with the experimental pattern after
Rietveld refinement, indicating that the proposed structure was correct and that there
were no obvious crystalline impurities (Fig. 5.7).
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Fig. 5.6 a Electron density map from charge-flipping algorithm, b structure of h-CST, and ¢
comparison of experimental XRD patterns with simulated XRD patterns using the Rietveld method

5.3.3 Structure Confirmation Using Atomic Resolution
Electron Microscopy

The obtained initial structures of the materials were confirmed by atomic resolu-
tion electron microscopy. The High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images were obtained using an ARM-200F
electron microscope (JEOL, Japan) operated at 200 kV with a CEOS probe aberra-
tion corrector. The probe convergence semi-angle was 14 mrad and the collection
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Fig. 5.7 a Electron density map from charge-flipping algorithm, b structure of VT-1, and ¢
comparison of experimental XRD patterns with simulated XRD patterns using the Rietveld method

angle of the HAADF detector was 54—175 mrad. Obtained images were treated
with Local 2D Wiener Filter in the HREM-Filters Pro software (HREM Research
Inc., Japan) for noise removal. STEM samples for side views of molecular wire
were prepared through the deposition of the wire on carbon-coated cupper grids
from the aqueous suspensions. The wire was dispersed in water for a short time
(~5 min). Cross-sectional STEM observation was performed using thin sections of
the resin-embedded molecular wires sliced with an ultramicrotome.

The arrangement of the [W4016]% cubane units in VT-1 was observed by
HAADF-STEM (Fig. 5.8). The lattice parameters determined from HAADF-STEM
by directly measuring the distance were the same as the lattice parameters obtained
from powder XRD. The ordered arrangement of 4 intense spots was observed in
the (100) plane, attributing to the [W40;6]®~ units. The periodic packing of the
[W40,6]%" units in the (100) and (110) planes was identical to the proposed structure
(Fig. 5.8).
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Fig. 5.8 HAADF-STEM images (top) and corresponding structure models (bottom). a VT-1 in the
(100) plane, b VI-1 in the (1 1 0) plane, ¢ VT-5 in the (0 0 1) plane, scale bar: 5 nm, d Cs-VT-1 in
the (1 0 0) plane, and e Cs-VT-1 in the (1 1 0) plane; W (blue), V (gray), O (red), and Cs (purple)
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5.4 Typical Zeolitic Octahedral Metal Oxides

5.4.1 e-Keggin POM-Based ZOMOs

The structure of e-Keggin POM-based ZOMOs is confirmed by single crystal
analysis, powder X-ray diffraction (XRD) Rietveld refinement, and high reso-
Iution high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM).

Among the iso-structural materials based on e-Keggin POM, only the struc-
ture of (NH4)2,8H0'9 [S-VV1'0M0V2.3MOVI7_1VIV1,3VV0,8O40BiIHz] (S-BVM) oxide is
confirmed by single crystal X-ray analysis. The crystal size of e-BVM is the largest
among the iso-structural materials based on e-Keggin POM. The building block of
e-BVM is an e-Keggin-type polyoxovanadomolybdate that is formed by one central
VO, tetrahedron surrounded by twelve MOg (M = Mo or V) octahedra (Fig. 5.9).
The tetrahedral VOy is surrounded by four edge-sharing M30;3 (M = Mo or V) units
to form the e-Keggin POM [32].

The cavity of the material is comprised of ten e-Keggin POM building blocks that
are connected by MOg octahedra (Fig. 5.9) with an internal diameter of ca. 7.7 A.
The cavity is connected with each other by four pore openings with the size of ca.
3.4 A, which constructs a periodical 3D pore system in a tetrahedral fashion. In one
direction, the tunnel of the micropore is not linear but in a zigzag-like fashion.

For other iso-structural materials, the structures of the materials are confirmed
by the Rietveld refinement. The simulated powder XRD patterns are in good agree-
ment with the experimental patterns, which indicates that the structures of the mate-
rials are the same as that of e-BVM [32]. The structures of e-BVM and NaHg|e-
Co"™oYgMoVY1,049Co™,] (e-CM) are observed by HAADF-STEM (Fig. 5.10). The
(110) plane of the material shows that the signal of the HAADF-STEM image is
in good agreement with the proposed structure (Fig. 5.10). When Bi is used as the
linker, the intensity of the linker site is high, whereas when Co is used as the linker,
the intensity of the linker site is low. The micropore of the material is also observed
in HAADF-STEM [30].

The e-Keggin POM-based ZOMOs show high elemental diversity. The
surrounding site of the materials is able to incorporate Mo, V, and W, and the linker
site of the materials is able to incorporate Mn, Fe, Co, Ni, Cu, Zn, and Bi. The cation
of the materials is replaced by an alkali metal ion and an alkali earth metal ion [27].

5.4.2 Hexagon Unit-Based ZOMOs

The hexagon unit-based transition metal oxide molecular wires are firstly synthesized
by the hydrothermal method using (NH4)¢M070,4-4H,0O (AHM) and Te and Se
sources [33]. The large single crystal of (NH,4),[Te'YMoY160,,] (h-TM) suitable
for X-ray single crystal analysis is prepared by crystallization at room temperature.
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Fig. 5.9 Polyhedral representations of a e-Keggin POM unit and its connection, b unit cell of
e-Keggin POM-based framework, central Zn (gray), Mo (blue), linker Zn (purple), cation and water
(deep blue), ¢ CPK (Corey, Pauling, and Koltun) representation of the material with Connelly
surface (gray curved surface) that shows the micropore system of the material, Reproduced from
Ref. [42] with permission from the Royal Society of Chemistry
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MNumber of atoms in four e-Keggin units along 110 axis

Linker metal ®: 4,
Surrounding metal @:4, @:2
Central metal ®:2

Fig. 5.10 a Ball-and-stick representation of e-CM along the [110] axis, Mo (dark and light green),
linker Co (red and orange), and central Co (blue). Numbers of overlapping dark green balls, light
green balls, red balls, orange balls, and blue balls along the [110] axis are 4, 2, 4, 2, and 2, respec-
tively. HAADF-STEM images of b e-BVM and ¢ ¢-CM. (Insets) Simulated images, Reprinted with
permission from Ref. [30]. Copyright 2017 American Chemical Society

The crystal structure from X-ray single crystal analysis shows that one Te ion in
the central site is surrounded by six MoQOg octahedra, forming the hexagon unit of
[TeMogO,11?~ [33]. The Te ion in the center of [Te'YMoVY's0,11>~ is coordinated to
three oxygen atoms. The hexagonal [TeMogO;; 12~ units assemble along the c-axis to
form the molecular wires (Fig. 5.11). The molecular wires are further packed parallel
in a hexagonal fashion to form the material, in between which there are ammonium
cations and water.

The material shows good elemental diversity. Mo can be successfully replaced
by W [39] and V [40], and the central [Te'Y 5] is able to be replaced by [Se! O3],
[HP™MQ,], and [PY,0s] [41]. Furthermore, the local structure of the central element
of the material changed with the central elements. In the case of using the reduced
metal elements, such as Se'V, Te'V, and P!, the central element is in a triangle shape.
When central of the material is replaced by PV, and the central of the material is a
corner-sharing PO, tetrahedra.
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Fig. 5.11 Structural representations. a Polyhedral representation of a hexagonal unit of
[Te"YMoY1605, 1%~ or [Se'YMoVY150,; 1%, b ball-and-stick representation of a hexagonal unit of
[Te™VMoVY160,1 1%~ or [SelYMoY150,; 12~ with labels, ¢ a single molecular wire of Mo-Te oxide,
The bridge oxygen atoms that connect the hexagonal units are highlighted in yellow, d assembly
of single molecular wires into crystalline h-TM (or Mo—Se oxide). Mo (blue), Te (Se) (brown), O
(red)
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Fig. 5.12 High-resolution HAADF-STEM images (right) and proposed structures (left) of a h-TT
in the a-b plane, b in the (100) plane, ¢ in the (210) plane, and d h-ST along the c-axis, dashed line
indicates the unit cell; W (blue), Te/Se (brown), O (red)

The structure of h-TT is observed by HAADF-STEM. The image observed is in
good agreement with the crystal structure of the material (Fig. 5.12). The molecule
wire can be isolated from the material by ultrasonication. The isolated single molec-
ular wires are observed by HAADF-STEM. The diameter of the single molecule
wire is ca. 1.2 nm. The thickness of the molecular wire is also measured by atomic
force microscopy (AFM), showing the thickness of the molecule wire is ca. 1.2 nm,
which is a good agreement with that from HAADF-STEM [39].

Introducing Co in the synthesis process of (NHy4),[Se'YWVY150,,] (h-ST) produces
a new porous ZOMO framework based on Co linker and the transition metal oxide
molecule wire as the building unit, h-CST [38]. The framework of the material is
constructed by the connection of the h-ST molecular wire with the Co ions (Fig. 5.13),
which connect the terminal W = O bond of the h-ST molecular wire in the a-b plane.
There are micropores surrounded by three molecular wire building blocks and Co
linkers (Fig. 5.13), which are occupied by water or NH,* in the as-synthesized
material. The (1 0 0) plane is ascribed to the packing of the molecular wire building
blocks, and the (0 0 1) plane is derived from the stacking of the hexagonal units
([SeW0,;1>7) along the c-axis. The size of the pore opening is ca. 0.4 nm.

5.4.3 Cubane Unit-Based ZOMOs

The unit of VT-1 is a cubane unit of [W4014]3~, which is comprised of four tetrahe-
drally linked WOg octahedra. The building block of the cubane unit is connected to
six VO?* linkers nearby through coordination with the terminal W = O bonds of the
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Fig. 5.13 a Assembly of hexagon unit to form the {[SeWs0211*~ }n molecular wire and the 3D
structure of h-CST; W (light blue), Se (yellow), Co (green), O (red), and N (deep blue)

units (Fig. 5.14a). The micropore opening is formed by an eight-membered oxygen
ring with a diameter of ca. 4.3 x 4.3 A (Fig. 5.14b). The micropore system of the
material is cross-linked and unblocked, forming a 3D pore system in the material
(Fig. 5.14 c). The structural topology of the material is similar to that of 4A zeolite.
In the case of VT-5, the secondary building block of the material is formed by
two [W40;6]% units that are firstly connected by three VO?* linkers. The formed
secondary building unit is in the trigonal symmetry (Fig. 5.14). The secondary
building units are connected by six VO?* linkers to form a porous network. The
trimethyl amine occupies the micropores in the as-synthesized material. There are
two different types of pore openings in the material (Fig. 5.14d). The micropore chan-
nels vertical to the a-b plane is surrounded by oxygens and is in trigonal symmetry
with the size of ca. 7.4 x 7.4 A (Fig. 5.14e). The other channel with the pore opening
composed of 12 oxygen atoms is in a prolate shape with a size of ca. 3.9 x 7.9 A,
which is parallel to the a-b plane (Fig. 5.14f). Both of the pore openings are cross-
linked to form a 3D microporous structure in VT-5, which is completely different
from that of VT-1. The structure of VT-5 is the same as that of the zeolite IRY.

5.5 Properties and Applications

5.5.1 Microporosity for Adsorption and Separation

Micropores of ZOMOs are originally occupied by guest molecules. The stability of
the materials is good enough to remove the guest molecules to open the micropore.
The micropore of the materials can be analyzed by molecule adsorption.
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In the case of the ZOMOs based on e-Keggin POM, there is water in the micropore
of the as-synthesized materials, which is removed by heat treatment at over 200 °C.
The structures of the materials do not collapse and the micropores are opened. The
micropores of the materials are accessible to small molecules with proper size. The N,
adsorption—desorption isotherm of e-BVM shows that the material is a microporous
material [32]. The surface area of this material is calculated to be ca. 60 m?/g. The
pore size distribution shows that the diameter of the micropores is ca. 5.5 A, which
is close to the average diameters of the pore openings and cavities. e-BVM is able
to adsorb other molecules, such as CO,, CH4, and C,Hg, respectively, whereas a
slightly larger molecule (C3Hs) cannot be adsorbed [32].

The e-Keggin POM-based ZOMOs can be used for the separation of gas
molecules. e-Na-ZM is used for selective adsorption of CH4/CO, [42]. The mixed
gas selective adsorption experiment shows that the material preferentially adsorbed
CO; from the mixture of CO,/CHy both at high- and low-pressure conditions with
the selectivity of 75-52 (Fig. 5.15). Furthermore, the cation species of the material
affect the selective adsorption of CO,/CH,. Na* is better than NH4* for selective
adsorption of CO,. Selectivity of CO,/CH, increases when Na* is the cation of the
material. Computer-based simulation shows that CO; locates in the cavity with cation
first, and then in the cavity without cation. There is a strong electrostatic interaction
between CO, and the cation of the material. CH, locates in the cage without cation
first, and then in the cavity with cation (Fig. 5.16). The reason might be that CHy is
an electrostatic neutral molecule, which has a weak interaction with cation species,
and the cavity without cation has a larger space for locating CHy.

Furthermore, e-Na-CM can be used as an adsorbent for C, molecule separation
[43]. Single gas adsorption isotherms show that the adsorbed amounts of C,Hg,
C,Hy4, and C,H, are different in the material, indicating that the material can sepa-
rate C, hydrocarbons. Furthermore, the separation performance of the material can
be tuned by changing the linker of the material. The IAST selectivity decreases
when changing the linker from Co to other ions of the material, indicating that Co
is the most suable linker for C, hydrocarbon separation. The breakthrough measure-
ments of the binary mixtures of C;H4/C,Hg, C;H,/C;Hg, and C,H,/C,Hy with the
ratio of 1:1 (v/v) for the materials show that the material can effectively sepa-
rate C, hydrocarbon. The separation performance for gas separation increased with
changing the linker of the material from Zn and Mn to Co. The breakthrough selec-
tivities of Co,H4/C>Hg, C,H,/CoHg, and C,H,/CoHy for e-Na-CM are 12.5, 13.1, and
14.4, respectively (Fig. 5.17). The material can be regenerated and reused after the
separation experiments.

The adsorption structure of the C, hydrocarbon molecules in the material is simu-
lated based on the DFT calculation and system energies of the material after adsorbing
different C, hydrocarbon molecules (Fig. 5.18). The interaction of C;H, to the mate-
rial is the strongest and C,Hg to the material is the weakest. The trend of the energy
change after adsorbing the molecules based on the DFT calculation is in good agree-
ment with the experimental adsorption enthalpy. The author found that the elec-
trostatic interaction of the adsorbed molecule with the cation and the framework
is important for good separation performance. The unsaturated bonds of C,H, and
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Fig. 5.15 CO,/CH4 co-sorption results of a e-Na-ZM at high pressure, b e-NH4-ZM at high pres-
sure, ¢ e-Na-ZM at low pressure, and d e-NH4-ZM oxide at low pressure, black square: system
total pressure (x-axis) and adsorbed amount (y-axis), red cycle: CH4 partial pressure (x-axis) and
adsorbed amount (y-axis), blue triangle: CO; partial pressure (x-axis) and adsorbed amount (y-axis),
Reproduced from Ref. [42] with permission from the Royal Society of Chemistry

C,H, show the pi-Na interaction between the molecule and the material, which is
stronger than C,Hg.

The microporosity changes with the structural topology of the framework of
ZOMOs. The micropores of e-Keggin POM-based ZOMOs are composed of six
oxygen atoms with a pore size of 3.4 A, while VTs showed a larger pore size of the
material.

The framework of VT-1 is a microporous framework. Water in the as-synthesized
material is able to be removed by heat treatment, and the micropore of the material
can be opened. N, adsorption—desorption measurement shows that the material is
a microporous material. BET surface area of the material is ca. 310 m?/g with a
pore diameter of 0.4 nm and pore volume of ca. 0.1 cm3/g. The isomeric structural
material, VT-5, is also porous. Water in VT-5 can be removed by heating. However,
the organic ammonium cation, N(CHj3)3, in the material cannot be removed from the
cavity by heat treatment at a low temperature (<300 °C). Therefore, the micropore
of VT-5 cannot be fully opened. N, adsorption—desorption measurement shows that
N, cannot be adsorbed [31].
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Fig. 5.16 Representations of adsorbed structures of e-Na-ZM from Monte Carlo simulation, upper:
ball-and-stick representations, lower: schematic representations. a primitive cell with cage A and
cage B, b e-Na-ZM adsorbed first CO,, ¢ e-Na-ZM adsorbed second CO;, d e-Na-ZM adsorbed
first CHy, and e e-Na-ZM adsorbed second CHy, Mo (blue), Zn (purple), O (red), (white), C (gray),
and Na (green), Reproduced from Ref. [42] with permission from the Royal Society of Chemistry

VT-1 adsorbs other small molecules, such as CO,, CHy, C,Hg, C3Hg, and nC4H .
‘We found that the linear molecules can be adsorbed by VT-1, and the size of the pore
diameter just allowed the linear molecules to enter the cavity, such as nC4H;o. The
molecules with side branches, such as iC4H, cannot be adsorbed by the material.
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Fig. 5.17 Breakthrough measurements of the binary C, hydrocarbons with the ratio of 1/1 (v/v)
for e-Na-CM, Nag ¢H2[Mn 7MoY, MoV 19040 {Mn'!, }] (e-Na-MM), and e-Na-ZM measured at
0 °C under 100 kPa. Breakthrough curves of a Co,H4/C2Hg, b CoH2/CoHg, ¢ CoHa/CoHy, and d
corresponding breakthrough selectivity

Based on the single gas adsorption measurements, VI-1 s can be used as
the separator for nC4Ho/iC4H;¢ separation [44]. IAST selectivity for VI-1 s of
nC4H;¢/iC4H o reached to 5100 at 21 °C under 100 kPa. The materials preferentially
adsorbed nC4H;o and would have high separation performance for nC4H;¢/iC4Hyj.
The separation performance of the material is affected by the cation of the material.
Li-VT-1 with Li* shows the highest selectivity, while the material with NH4* showed
the lowest selectivity.

Breakthrough measurements show that VT-1 effectively separates the binary gas
mixture of nC4H¢/iC4H;¢ at 0 °C under 100 kPa using a ratio of 1/1 (v/v) (Fig. 5.19).
The material does not adsorb iC4H ¢, and iC4H; is detected first while nC4Hq is
detected later for VT-1 s. The cation in the material has an important influence on
the separation performance. VT-1 with Li* shows the best separation performance
among VT-1 s with different cations. Li* would be the most suitable cation of VT-1
for nC4H,/iC4H¢ separation.

The transition metal oxide molecular wire is connected by Co ion to form ZOMOs
with a unique soft framework, h-CST. The material is able to adsorb water at room
temperature, and the structure of the material changes during the water adsorption
process. There are three stages in the adsorption isotherm (Fig. 5.20). The first stage
consists of a pressure range from 0 to 1.75 kPa with the adsorbed amount of ca.
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Fig. 5.18 Structural models of e-Keggin POM-based ZOMOs. a C2Hg in the cavity, b interaction of CoHg and the framework, ¢ C2Hy in the cavity, d interaction
of C,Hy and the framework, e CoH; in the cavity, f interaction of C;Hj and the framework; Mo (blue), Co (green), O (red), C (gray), and H (white)
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Fig. 5.19 Breakthrough curves and breakthrough selectivities of nC4H;0/iC4H;o with the ratio of
1/1 (v/v), aLi-VT-1,b Na-VT-1, ¢ K-VT-1, d NH4-VT-1, black: first cycle, red: second cycle, blue:
third cycle, purple: fourth cycle, green: fifth cycle, dash line: iC4H, full line: nC4H ¢, measurement
conditions: total gas pressure: 100 kPa; flow rate of each gas: 0.3 mL/min, 1 g of VI-1s, 0 °C

3 mol/mol. The second stage is from 1.75 to 2.5 kPa with the adsorbed amount of ca.
4.5 mol/mol. The final one is up to 3 kPa with the adsorbed amount of ca. 3.5 mol/mol
[38].

The structure evaluation of the material during water adsorption is confirmed. The
relative humidity-dependent powder XRD shows three stable phases with increasing
humidity (Fig. 5.21). The molecular wire building blocks of the material are arranged
in the “edge to edge” manner under a low humidity condition (17%) with a short
distance, which is the first stable phase. With the increase in the humidity to 65%,
the second stable phase is generated with the same packing manner with an increase
in lattice parameter a. The phase with the highest humidity shows the arrangement of
the {[Se"™VWVY140,,1?~}, molecular wires with Co linkers in the “corner to corner”
manner.

5.5.2 Redox Property for Catalysis and Battery

ZOMOs have both advantages of porous materials and transition metal oxides,
which show multi-electron redox properties. In the case of e-Keggin POM-based
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Fig. 5.20 Water vapor adsorption isotherms of h-CST

ZOMOs, the oxidation state of Mo in the material is in the reduced state of MoV
[45]. The reduced MoV can be easily oxidized to MoY! in O,. Particularly, zeolitic
iron molybdate (NHy4),Fe"y¢H;;7[Fe'>oMo"!; 1MoY 109040], e-IM) can activate
O, at room temperature. Further investigation shows that the material adsorbs O, at
room temperature, which produces an irreversible adsorption isotherm. Fe is critical
for the irreversible adsorption isotherm, without which the material lost the ability
of O, adsorption at room temperature. Temperature programmed oxidation (TPO)
shows that the material with Fe is active for O, adsorption and shows redox prop-
erty at room temperature (Fig. 5.22) [45]. X-ray photoelectron spectrometry (XPS)
analysis demonstrates that the irreversible adsorption isotherm of O, is due to the
oxidation of Mo" to MoV! during the oxidation.

The local structure of e-Keggin POM of e-IM during redox reaction slightly
changed with changing the oxidation state of Mo (Fig. 5.23). The distance between
neighboring Mo in the material changes. The distance of Mo—Mo in the Mo030 3
trimer of the as-synthesized &-IM is 3.410 A. After O, adsorption, the distance
decreases dramatically to 3.260 A (Fig. 5.23). The distance of Mo—Mo in the M0, O
dimer increases from 2.646 to 2.910 A after oxidation of the material.

The redox-active ZOMO, ¢-IM, shows catalytic activity for the oxidation of
hydroxyl. The material can be used for the oxidation of ethyl lactate (EL) to form ethyl
pyruvate (EP) with O, as an oxidant. The catalytic performance is highly dependent
on the chemical composition of the material. The catalytic performance of e-IM is
higher than other iso-structural catalysts. Fe is critical, and after the incorporation of
Fe, the inactive iso-structural materials became active [45]. Furthermore, introducing
V in the material, denoted as e-IV\M where x is the V content, further improves the
catalytic activity of the material without a change in the selectivity (Fig. 5.24). The
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Fig. 5.22 a TPO profiles of a) e-IM, b) e-IVg 97 M, ¢) e-IV( 12 M, d) e-IV( 18 M, ) M0oZnO, and
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Reprinted with permission from Ref. [45]. Copyright 2019 American Chemical Society
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Fig. 5.23 Structural representations of the e-Keggin unit, a the polyhedral representation, the ball-
and-stick representation of b the ball representation of the material during redox, Mo (blue), Mo
oxidized (orange), O (red), Reprinted with permission from Ref. [45]. Copyright 2019 American
Chemical Society

materials of e-IM and e-IV4\M are stable during the reaction, and the structures do
not change after the reaction.

Moreover, the same catalyst can activate O, at a lower temperature, which
enables the material for oxidation of alcohols at a lower temperature. e-IViM is
able to catalyze the oxidation of a variety of primary aromatic alcohols, such as
p-methoxybenzyl alcohol, 4-methylbenzyl alcohol, 3-methylbenzyl alcohol, benzyl
alcohol, and 4-bromo benzyl alcohol, using air as the oxidant in toluene at 110 °C
(Table 5.3) [46]. The catalyst is stable and is able to be reused 5 times without loss
of the catalytic activity. The yield to the corresponding aldehydes is over 90% with
high selectivity. The molecule structure, crystal structure, and micropore structure
of the reused catalyst do not change, which demonstrates that the material is stable.
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The transition metal oxide molecular wires based on molybdophos-
phite  (K;7Ho3[(HP™MO3)MoYs015], h-MP™) and  molybdophosphate
(Nag»K;33[(PY,07)Mo"!,056], h-MPY) also show interesting redox property,
and the local structures of the materials change during the redox reaction. {HP™O3}
and {PY,0;} are the central of the hexagon unit of the transition metal oxide
molecular wires.

The building block of h-MP™ is based on the hexagon unit of
[(HP™O3)Mo"'5013]%>~ with a protonated {HPO3} center in a “face to face” mode
[41]. The hexagon unit grows along the c-axis forming the molecule wire of the mate-
rial. The chemical formula of h-MP' is K 7Hg 3[(HP™O3)MoV's0,g]. The building
unit of h-MPV is [(PY,07)MoV!,056]*~ with a corner-sharing {P,0O} tetrahedron
in the center. The chemical formula of h-MPY is Nagy,Ksg[(PY,07)Mo"!,056]
(Fig. 5.25).

The local structure change of the temperature sensitive {HP™O;}-
containing molecular wire via the solid-state structural rearrangement from
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Table 5.3 Oxidation of different alcohols catalyzed by e-IVxM with air

Entry Substrate Product Conv (%) Y. (%) Sel. (%)

1 /©/\OH /@Ao 99 92 92
~o ~o

2 62 62 99

3 81 80 99
E;/\OH ©/§o

4 84 78 93
©/\OH ©Ao

5 99 93 93

oo

Br Br

6 o oH o o 72 53 74

/

Wt W

7 0 0 -
o o

8 NN Non NN, 0 0 -

9 0 0 -
O O

8 Reaction conditions: e-IVxM: 0.04 g, alcohol: 0.8 mmol, TBAB: 0.01 g, TEA: 0.01 mL, toluene:
0.5 mL, decane: 0.25 mmol, temperature: 110 °C, time: 24 h

{[(HP™MO3)Mo"4053]* }a to {[(PY2,07)Mo"!,034]*~ }, undergoes an unusual elec-
tron transfer and oxygen transfer (ET-OT) process. The packing manner of P changes
from the “face to face” mode to the “face to end” mode at 200 °C. The struc-
ture changes from {[(HP™O3)MoY'c0;531*" }, to {[(PY207)Mo"11,036]* },, via blue
intermediates of {[(PY,07)x(P™,0¢)1x(MoVY!|5.4xMo0Y 4x035.4)]*~ }, at a temperature
over 250 °C. The heat-triggered ET-OT process causes the triangle-shaped { HP'O5 }
unit to transfer to the corner-sharing {PY,07} unit. Meanwhile the {Mo"¢0;5 }, shell
is reduced to form the defective { (Mo }5.4,M0Y 4,035.¢) }» shell with oxygen defects,
which are compensated by O from O, to obtain the fully oxidized h-MP".
Furthermore, V can be incorporated in h-MP™ which replaces
MoOg in the hexagon unit forming the V-substituted hexagon unit of
[(HP™O3)(MoY15015)(VY03)]*~ (h-MVP™) (Fig. 5.26) [40]. Incorporating V
in the material changes the heat-triggered intramolecular redox property via the
ET-OT process and the structural evaluation process. Oxygen transfers preferentially
from {VVOg} to {HP™Oj3}, while electron transfers from {HP™Os} to {VVOg)
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Fig. 5.25 Solid state 3'P MAS NMR profiles of a h-MP™ with H-coupling mode, b h-MPl
with H-decoupling mode, ¢ h-MPY with H-coupling mode, and d h-MPY with H-decoupling mode,
inserted images: structural models of a hexagonal unit of h-MP™ and h-MPV, Mo (blue), P (purple),
O (red), H (white), Reprinted with permission from Ref. [41]. Copyright 2019 American Chemical
Society

compared with {Mo"'Og4}. The redox property of the V incorporated molecule wire
(h-MVP'") is more active, and the structure of the material is more stable compared
with h-MP!!,
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Fig. 5.26 The proposed structures change and the corresponding energy by DFT calculation in the
intramolecular redox reaction W (blue), V (orange), O (red), P (purple), and H (white), Reprinted
with permission from Ref. [40]. Copyright 2020 American Chemical Society
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Fig. 5.27 Charging/discharging curves of 0-Bi-VM

ZOMOs show multi-electron transfer properties as well as microporosity, which
are good for the cathode of the battery. The bismuth incorporated orthorhombic
zeolitic vanadomolybdates (0-Bi-VM) is used as a cathode-active material for lithium
batteries (LBs). The first discharging capacity is ca. 380 Ah/kg (Fig. 5.27) [47]. The
cycle performance of 0-Bi-VM is good, and the battery only lost ca. 8% of the initial
capacity after 20 times’ cycles. 0-Bi-VM is a stable and active cathode material for
LBs.

The valence change of Mo during the charging/discharging process is monitored
by operando X-ray absorption near edge structure (XANES). The initial Mo valence
at open circuit voltage is ca. 6.0, which remains constant during the 1% charging. In
the 1* discharging, the oxidation state of Mo decreases from 6.0 to 3.8 (3.0-1.5 V).
The 2™ charging increases the valence from 3.8 to 6.0 in the range of 1.5-3.0 V,
demonstrating that the Mo ions are fully re-oxidized to Mo"! reversibly. V valence
is ca. 4.0 in the as-synthesized material. In the 1% discharging from 4.0 to 2.5 V, the
V valence also reversibly changes from 3.35 to 4.0 V in the voltage range from 4.0 to
2.5V, indicating that most of the V#* ions in 0-Bi-VM are reduced to V** reversibly.

The extended X-ray absorption fine structure (EXAFS) spectra of the material
after discharging show that the bond length increases from 1.64 to 1.88 A during
the discharging (Fig. 5.28a). The increase of the Mo—O bonds is attributed to the
intercalation of Li* with O of the material in battery reactions, which increases the
Mo-0 bond when Li inserts into the structure. Furthermore, the peak at 2.2 A does
not change but enhances, which might be caused by a shortening of the Mo-Mo
distance due to the reduction of Mo"! to Mo!V during the discharging process.
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Figure 5.28 a Fourier transforms of the Mo K-edge EXAFS spectra, b local structure change of
the material based on EXAFS, Mo®* (blue), Mo** (green), O (red), and c) ex situ XRD patterns
for O, 1C, 1D, 2C, and 2D, Reprinted with permission from Ref. [47]. Copyright 2017 American
Chemical Society

The ex situ XRD further confirms the crystal structure of the material during the
battery reaction. After discharging the peak for the (001) plane shifts to a lower angle
(Fig. 5.28c), demonstrating the increase in the lattice parameter ¢ (4.00-4.17 A) and
the distance of Mo—O along the c direction increases correspondingly. The in situ
data shows that during the charging/discharging process Li removal and inserting
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from and in the structure reversibly, which does not cause the structure change of the
material.

Furthermore, because of the microporosity of ZOMOs, the materials also allow the
entrance of large cations, such as Na*, into the structure and it can be used for cathode
material of Na battery [48]. Four different types of isomeric vanadomolybdates are
used to test the battery performance (Fig. 5.29). The trigonal vanadomolybdates (t-
VM) show the best performance as the cathode for Na battery. Different from Li
battery, the Na battery process causes the structure change of the material. During
discharging, Na™* inserts into the structure, due to the limited space inside the micro-
pore of the material, the migrating Na* would disorder the crystalline a-b plane to
form the amorphous a-b plane without changing the pentagon units, which would
make more accessible sites for Na* location (Fig. 5.29). The material with the amor-
phous a-b plane is stable during the following battery cycling tests, and the local
structure and valence of Mo and V change reversibly.

5.5.3 Acidity for Catalysis

The materials of ZOMO are composed of POMs as building blocks. POMs are
transition metal— oxygen clusters, which show acidity [39]. Therefore, ZOMOs are
expected to show acidity and have potential applications in acid catalysis.

The molecular wires based on tungstotellurate, h-TT, and tungstoselenate, h-ST,
are acidic, and the materials can be used for the hydrolysis of cellulose. The cation
of the as-synthesized material is removed by heat treatment at 300-350 °C, which
forms the acid sites in the material. The acid amount of the material is estimated
by temperature programmed desorption and mass spectrometry (TPD-MS), which
shows that ca. 50% of NHj transfers to acid sites by the heat treatment.

Cellobiose is hydrolyzed by h-TT at 130 °C for 4 h, yielding glucose as the
main product with a high yield (90.5%) (Table 5.4). h-TT exhibits high activity for
hydrolysis of other polysaccharides, such as sucrose and starch. Cellulose can be
converted to hexoses (glucose and mannose) at 175 °C for 2 with some by-products
of 5-hydroxymethylfurfural (HMF), levulinic acid, and formic acid. h-TT is more
active for cellulose conversion than other solid acids based on the acid amount, even
though it is more active compared to homogeneous catalysts [39]. The catalyst is
stable and can be reused, the recovered catalyst shows the same activity compared
with the as-synthesized catalysts.

5.5.4 Ion-Exchange Property for Ion Removal

Currently, the frameworks of all the prepared ZOMOs are anionic. Therefore, cation
species are necessary to neutralize the anionic frameworks. Furthermore, the cations
of the materials can be changed without changing the crystal structures of the
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Fig. 5.29 Ex situ XRD patterns of a full patterns of t-VM for Li battery, b enlarged patterns of
t-VM from 5-15 degree for Li battery, ¢ operando EXAFS spectra of t-VM, and d structure models
of t-VM before and after charging/discharging for Na battery, Mo (blue), Na (purple), O (red),
Reprinted with permission from Ref. [48]. Copyright 2020 American Chemical Society
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Table 5.5 Chemical formulas of ZM and MM with alkaline metal ions, Reprinted with permission
from Ref. [27]. Copyright 2014 American Chemical Society

Formula
e-ZM Naj sHij4[e-ZnMo012049{Zn},]-5H,0
¢-H-ZM NaO,(,leAg [E—ZHM01204(){Z1'1}2]~5H20
¢-Li-ZM Lig7NaggH1.4[e-ZnMo12040{Zn},]-5H,0
e-NH4-ZM (NHy)1.4Nag.1Hy1.4[e-ZnM012040{Zn}>]-5H, 0
e-K-ZM K1.4Nag 1Hy1.4[e-ZnMo12049{Zn},]-5H,0
¢-Rb-ZM Rb1'3Nao<2H1 1.4 [E-ZnM01204Q {Zn}z] ~5H20
e-Cs-ZM CsysHj1.4[e-ZnMo12049{Zn},]-5H,0
e-MM (NHa)2.1H7 5[e-Mng2M012040{Mn},]-4H,0
e-H-MM (NHy)1.7H7.9[e-Mng2Mo012040{Mn},]-3H,0
e-Li-MM Lio.1(NHg4)2.0H7.5[e-Mng 2Mo12040{Mn}>]-3H, 0
e-Na-MM Nag 4(NHy)1 7H7.5[e-Mng2Mo12049{Mn},]-3H,0
e-K-MM K1.4(NHg)o.7H7.5[e-Mnp.2Mo012040{Mn}>]-3H,O
¢-Rb-MM Rb.5(NH4)o.6H7.5[e-Mng2Mo12049 {Mn},]-3H,0
e-Cs-MM Cs1.4(NHy)o.7H7.5[e-Mng2M012040 {Mn},]-4H, O

materials. The cations can be easily exchanged by ion exchange in an aqueous
solution.

The e-Keggin POM-based ZOMO shows ion-exchange properties similar to that
of zeolites [27]. The cations, NH4* in e-MM and Na™* in £-ZM, are exchangeable with
other cations. Various alkali metal ions, including H*, Li*, Na*, K*, Rb*, and Cs*,
are tested for ion exchange with the materials. The basic structures of the materials
are unchanged after the ion-exchange process with only a slight change in the lattice
parameter. Elemental analysis confirms that the cations are exchanged with NH4*
or Na* and introduced into the materials. Large cations, including K*, Rb*, and
Cs*, show high ion-exchange capacity for both ¢-ZM and e-MM. Small ions, H*,
Li*, and Na*, are not as efficient as the large ions to replace NH4* or Na* in as-
synthesized materials of e-ZM and e-MM. Furthermore, alkaline earth metal ions are
also able to be introduced into the materials by ion exchange without changing the
basic structures of the materials. Elemental analysis shows that alkaline earth metal
ions can exchange not only with cation species (Na* or NH4™), but also with protons
in the materials (Table 5.6).

Selective removal of Cs in the alkaline metal ion solution is important. The transi-
tion metal oxide molecular wire also shows the ion-exchange property, in which the
original NH4* is exchanged with other cations. With this property, the material can
be used for the removal of Cs™, the isotope of which is the main radiation pollutant
in nuclear waste, which has a long life-time and produces gamma and beta particles
[26].
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Table 5.6 Chemical formulas of e-ZM and e-MM with alkaline earth metal ions, Reprinted with
permission from Ref. [27]. Copyright 2014 American Chemical Society

Formula
e-ZM Naj sHi14[e-ZnMo012040{Zn},]-5H,0
e-Be-ZM BeoA3Na0'9H1 1A4[8—ZHM01204() { Zn}2]~4H20
e-Mg-ZM Mgo.6Nag 3Hi1.4[e-ZnM012040{Zn},]-6H,0
e-Ca-ZM CaHjg9[e-ZnMo012040{Zn},]-7H,0
e-Sr-ZM SrggNag.1Hi12[e-ZnMo12049{Zn},]-5H,0
e-Ba-ZM Ba1_4H10‘1[8-ZnM012040{Zn}2]~5H20
e-MM (NHy)2.1H7.5[e-Mng2M012040{Mn},]-4H,0
e-Be-MM Beo.2(NHy)1.7H7.5[e-Mnp2Mo12040{Mn}>]-5H,O
e-Mg-MM Mgo.6(NH4)1.2H7.2[e-Mng2Mo12049 {Mn},]-3H,0
g-Ca-MM Cag.9(NH4)1 He 8[e-Mng 2M012040 {Mn}2]-5H,0
e-Sr-MM Sro.§(NH4)1H7[e-Mnp 2Mo012049 {Mn},]-5H,0
e-Ba-MM Baj ¢He.4[e-Mng.2Mo012040{Mn},]-4H,O

The competitive ion-exchange experiment in an aqueous solution including the
same amount of the metal chlorides shows that the material preferentially exchanges
Cs* in the mixed solution of Li, Na, K, Rb, and Cs chlorides (Fig. 5.30a).

Cs* is able to be removed rapidly using h-TM as an ion-exchanger. The affinity
between cation and the material is described as distribution coefficient (Kq4). The K4
value of h-TM is at the level of 10?, indicating that the material is suitable for Cs
exchange. The ion-exchange performance of the material is high in a wide range of
pH (1-10). The material showed a better performance of Cs exchange in the neutral
condition. The ion-exchange ability does not vary when the pH value of the solution
changed.

5.6 Perspective

Zeolitic octahedral metal oxides (ZOMOs) are a new family of crystalline micro-
porous materials. Compared with the reported crystalline microporous materials,
such as zeolites and metal-organic frameworks, the materials almost show rigid
frameworks and ordered micropores. Different from the reported crystalline microp-
orous materials, ZOMOs show some unique features, including structural diversity,
elemental diversity, and redox property. The unique features enable the properties
and application performances of the materials to be tuned by different pathways or
to show different performances for applications. The chapter shows the details of
the recent progresses of ZOMOs, including syntheses, structures, properties, and
applications.
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Figure 5.30 a competitive ion-exchange experiment of h-TM, conditions: LiCl, NaCl, KCl, RbCl,
and CsCl (1.2 mmol), water 15 mL, h-TM 0.3 g, room temperature, 1 h, b pH dependent Cs exchange,
initial Cs concentration 250 ppm h-TM 0.1 g/10 mL, room temperature, 1 h, Kq(pH 1.3) = 3425,
kq (pH 3.0) = 9944, kg (pH = 5.5) = 12,839, kg (pH 8.6) = 14,248, and kq(pH 9.8) = 12,165,
¢ time course Cs concentration in solution after ion-exchange with h-TM, initial Cs concentration
3000 ppm, h-TM 0.1 g/5 mL, initial Cs concentration 250 ppm, 25 ppm, 4.6 ppm, h-TM 0.1 g/10 mL,
and d) time course Cs concentration in solution after ion-exchange using recovered h-TM, initial
Cs concentration 250 ppm, h-TM 0.1 g/10 mL, Reproduced from Ref. [26]. With permission from
the Royal Society of Chemistry
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Chapter 6 )
Position Control of Catalytic Elements ek
in Zeolites

Ryota Osuga and Toshiyuki Yokoi

6.1 Introduction and the Recent Trend in Zeolite Catalysis

6.1.1 Zeolite Catalysts with Well-Controlled Position
of Active Sites

6.1.1.1 Position Control of Heteroatoms in the Zeolite Framework

Zeolites are well-known crystalline microporous materials, which have been widely
used as solid acid catalysts due to their unique and attractive characteristics: well-
defined porous structure, shape selectivity to a small molecule, high surface area,
controllable acid and ion-exchange properties, and high hydrothermal stability [1—
11]. The acidity of zeolites is due to the bridging OH groups between the frame-
work Si and Al atoms (Fig. 6.1 [12]). The acid strength of such Brgnsted acid sites
can be controlled by the isomorphous substitution of Si atoms with other trivalent
heteroatoms such as B3*, Fe**, and Ga’*, and the order of the acid strength has been
experimentally and computationally determined as B* < < Fe** < Ga’* < AI**
[13—15]. In addition, the incorporation of tetravalent heteroatoms represented by Ti**
and Sn** yields Lewis acidity derived from each metal center, which functions as
oxidation catalysts as well as Lewis acid catalysts [16-20]; such metal-substituted
zeolites (except for Al) are called “metallosilicate”. Kinds of heteroatoms, there-
fore, affect the acidity of zeolites. Recently, not only the type of the heteroatoms,
but also the “position” of the heteroatoms have been regarded as a crucial factor
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Fig. 6.1 Schematic of MFI-type structure viewed along [010]
MFI-type topology and local
structure of acidic OH
groups in zeolite. Adapted
with permission from the
International Zeolite
Association, the Structure
Commission, Ref. [12]

for improving the catalytic activity and selectivity in addition to the ion-exchange
property [10, 21-24] because the position of the heteroatoms is directly related to
the location of both Brgnsted and Lewis acid sites.

In general, the location and distribution of the framework Al atoms are controlled
by the rational selection of organic/inorganic cations [21, 25-31] and starting mate-
rials [32-36] used for the zeolite synthesis. In 2014, Roman-Leshkov, Davis, and
their co-workers reported the control of the framework Al species in FER-type
zeolite by using different organic structure-directing agents (OSDAs) that can be
achieved based on the charge balance of the zeolite framework [21]. Likewise, Di
Iorio and Gounder et al., have successfully synthesized CHA-type zeolites, SSZ-13,
using N, N,N-trimethyl-1-admantylammonium hydroxide (TMAdaOH) as an OSDA
with the location of the framework Al atoms controlled (Fig. 6.2 [28]); the proximity
of the framework Al atoms (Al — O(—Si — O), — Al), i.e., paired (x = 1, 2) and
isolated Al atoms (x > 3), was tuned by varying Na*/TMAda* ratios [28]. Similarly,
our research group has tackled the control of framework Al atoms, which will be
introduced in the next section (See, 6.2. Control and evaluation of the location of
heteroatom in the zeolite framework).

6.1.1.2 Positional Control of Metal Species in Metal-Containing
Zeolites

Metal-containing zeolites, including metal, oxide, cluster, and cation, have been
developed as catalyst to realize various catalytic processes [37—47]. The posi-
tion, state, and size of the metal species in zeolite are critical factors to deter-
mine the catalytic activity. These properties are oftentimes tuned by different
synthetic approaches. Among them, the position of metal species, i.e., intra- or extra-
framework, is a hot topic in zeolite chemistry. Especially, in the case of cationic metal
species, their location strongly depends on the position of the framework Al atoms
(i.e., ion-exchange sites), because paired Al sites can function as ion-exchange sites
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Fig. 6.2 Strategy for positional control of framework Al atoms in CHA-type structure. Adapted
with permission from Ref. [28]. Copyright 2016 American Chemical Society

for the catalytically active divalent cations such as Co?*, Ni2*, and Cu®* [37, 40,
48-50]. Hence, the synthesis of the metal-containing zeolites with the location, state
and size controlled is also an attractive challenge as well as the positional control of
the heteroatoms in the zeolite framework.

6.1.2 Determination of the Position of Catalytic Active Sites

6.1.2.1 Solid-State NMR Measurement

29Si magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy
is the predominant method in order to analyze the framework Al distributions [22, 51,
52]. This method can detect Si(OSi)4—_,(OAl), units (n = 0-4). Figure 6.3 shows 2si
NMR spectra of Y zeolite (Si/Al = 2.4), where three peaks are observed at around
—105, —100, —94, and —88 ppm attributed to the framework Si species, Si(OSi)4,
Si(0Si)3(0OAl);, Si(0Si),(OAl),, and Si(OSi);(OAl)3, respectively. Besides, 2’ Al
MAS NMR spectroscopy is also used for determining the location of the frame-
work Al atoms, which is a direct observation technique for Al atoms [53]. Among
them, 2’ Al1-*Al double-quantum single-quantum (DQ-SQ) MAS NMR measure-
ment allows the observation of close Al atoms in the zeolite framework [54]. More-
over, 2’ Al multi-quantum (MQ) MAS NMR spectroscopy has enabled the quan-
tification of the framework Al atoms with different crystallographic environments
combined with 2’ Al MAS NMR measurement [22, 55, 56].
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Fig. 6.3 2°Si MAS NMR Si(OSi),(OAl),
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6.1.2.2 In situ IR Spectroscopy with Probe Molecules

Infrared (IR) spectroscopy with probe molecules would be one of the most convenient
and frequently used techniques for characterizing catalytic properties of zeolites [5S7—
60]. Since the acidic OH groups are observed as the O—H stretching vibration in the
IR spectra, the vibrations of the catalytic active sites (acidic OH groups) and the
adsorbed molecules can be monitored simultaneously. Thus, the location of the acid
sites can be distinguished based on the relationship of sizes between zeolitic pore
and probe molecules. For example, pyridine cannot enter into the 8-ring pore due to
size limitations, while CO molecule can access the 8-ring pore [61], indicating that
we can quantify the number of the acid sites located at each size of the micropore
by estimating the amount of the adsorbed probe molecules. In addition, the number
of acid sites on the external surface is also quantified by using more balky probe
molecules [62].

6.1.2.3 Ton-Exchange for Divalent Metal Cations

The presence of the paired Al sites can be confirmed by the ion exchange for the diva-
lent metal cations by determining the number of the ion-exchanged cations, which
represents a simple approach to quantify the paired Al sites in the zeolite framework
[22]. Tt should be noted that the transport of the divalent cations as aqua complexes
inside zeolitic micropore without any restriction is necessary. Among several diva-
lent cations, Co?* is generally accepted as the probe cations to characterize the paired
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Al sites. There is an advantage in Co®* ion exchange for the characterization of the
framework Al distribution that the coordination of Co?* can be monitored by visible
absorption spectroscopy. The visible spectrum of the hexaaqua Co** complex is
detectable in both solution and solid (zeolites). Besides, the perturbation of the coor-
dinated Co?* with zeolite framework is observed as a new band with a higher extinc-
tion coefficient compared to the hexaaqua Co?* complex because the d-d transitions
of the coordinated Co?* with zeolites are allowed [63].

6.1.2.4 Catalytic Reaction—CI Value

Frillette and his co-workers proposed utilizing the constraint index (CI) value for the
estimation of the Brgnsted acid sites where located in zeolitic micropore in 1981 [64].
In this case, the CI value was defined as the reaction rate (k) ratio of the cracking of
n-hexane (n-Hx) to its isomer, 3-methyl pentane (3-MP), which can be calculated by
the conversion level (X) at the initial stage of both reactions under the same reaction
conditions as the following equation (Eq. 6.1).

Cl = kn-nx/ks-mp = log[1 — Xn_px]/log[1 — X3-mp] 6.1)

There are two types of reaction mechanisms in paraffin cracking [65]; monomolec-
ular and bimolecular reactions, which proceed via the pentacoordinated carbonium
ion and the carbeniumion/g-scission mechanism with a hydrogen transfer reaction,
respectively. The tertiary carbon is easily reacted with the acid sites during the
carbeniumion/B-scission mechanism compared to the primary carbon, meaning that
the bimolecular reaction preferentially proceeds in 3-MP cracking. On the other hand,
the bimolecular reaction requires a relatively wide space due to the bulky transition
state of 3-MP. The higher CI, therefore, means that the acid sites are preferentially
located in a relatively narrow space.

6.1.3 Recent Trend in Zeolite Catalysis

6.1.3.1 CH4 and/or CO;, Conversions

Methane is highly abundant and the simplest alkane that has attracted much attention
as a carbon source to produce chemical feedstocks from the aspect of preventing the
depletion of petroleum resources. Therefore, the catalytic conversion of methane to
valuable chemicals, such as syngas, hydrocarbons, aromatics, methanol, and so on,
has been extensively tackled by many research groups [9, 66—71]. The production of
methanol from methane is one of the hot topics in the field of methane conversion.
However, it is difficult to achieve a high methanol yield due to the high stability
of methane and the reactivity of methanol. In 2017, Sushkevich and van Bokhoven
et al. reported the selective anaerobic oxidation of methane to methanol over the
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Fig. 6.4 Catalytic conversion from CO; to valuable chemicals. Adapted with permission from Ref.
[73]. Copyright 2021 Elsevier

copper-exchanged mordenite (CuMOR) [42], where the chemical loop process was
employed to improve the product selectivity. Recently, Jin and Xiao et al. realized
the methane oxidation to methanol by in sifu formed peroxide as an oxidant [72]. In
this case, AuPd nanoparticles fixed within aluminosilicate zeolite crystals function
as catalytic active sites for peroxide and methanol formation. It is notable that this
reaction was carried out under continuous gas-flow conditions.

Carbon dioxide, an abundant greenhouse gas, is also receiving a lot of attention as
a chemical resource. The development of an efficient way for converting the gener-
ated CO, from industry to more valuable chemicals is desired from the viewpoint of
the current global warming solution [73]. Among them, zeolite-based catalysts can
transform CO; into hydrocarbons in the presence of hydrogen. Commonly, such a
reaction can be realized via two different routes: (1) Fischer—Tropsch synthesis [74]
through reverse water—gas shift (RWGS) followed by hydrocarbon cracking, isomer-
ization, and aromatization, (2) CO, conversion to methanol followed by methanol
to hydrocarbon reaction [75-77]. In these processes, zeolite-based catalysts have
been often used, where the metal-containing zeolites exhibit high catalytic activity
for both reaction processes [73]. Such will be key reactions to realize sustainable
chemistry (Fig. 6.4 [73]).

6.1.3.2 Catalytic Transformation of Plastics into Valuable Chemicals

The demand for the chemical conversion technology for plastic waste into fuels
is going to increase [78], which can contribute to the achievement of “Sustainable
Development Goals” (SDGs). The combination of pyrolysis and the catalytic reaction
has been attempted to the transformation of plastics into valuable chemicals [79-81]
but a high selectivity to the fuels had not been achieved. Very recently, Liu and
Vlachos et al. reported the hydrocracking of the plastic wastes to fuels under mild
conditions [82], where the polyolefins were converted to liquid fuels, diesel, jet, and
gasoline-range hydrocarbons, with high yield using Pt/WO3/ZrO, and HY zeolite
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catalysts in the presence of hydrogen at 225 °C. This is a tandem catalytic process; the
polymer was primarily activated by Pt, and then the catalytic cracking occurred over
WO3/ZrO, and HY zeolite as well as the hydrogenation of olefin intermediates by Pt.
This process can be applied to various plastic wastes including low- and high-density
polyethylene, polypropylene, and polystyrene. It is expected that the achievement
will be a breakthrough in this field.

6.2 Control and Evaluation of the Location of Heteroatom
in the Zeolite Framework

6.2.1 Aluminosilicates

6.2.1.1 MFI-Type Zeolites

Controlling the location of the framework Al atoms in the aluminosilicate zeolites
is a key aspect of tuning the catalytic activity because their position reflects the acid
site location, i.e., the catalytic active site. We have been tackling to control of the
framework Al atoms in the aluminosilicate zeolites based on the rational selection of
OSDAs, inorganic cations, and starting materials [21, 25-36]. In this section, some
achievements for MFI- [25-27], MSE- [29, 83], CHA-type frameworks [33] will be
introduced.

MFI-type aluminosilicates, ZSM-5, are generally synthesized by using tetrapropy-
lammonium (TPA) hydroxide as an OSDA. The MFI-type structure has consisted
of parallel and straight 10-membered ring (10R) channels intersected by sinusoidal
10R channels (Fig. 6.5 [12]). The sizes of both 10R channels are similar to that of
the aromatic ring (ca. 5.5 A). In contrast to the channels, the intersections of these
10R channels are a large spherical space (ca. 10 A in diameter), and the TPA cations
are located at the channel intersections due to the size limitation [84, 85]. There-
fore, the framework Al atoms in MFI-type zeolites synthesized with TPA cations in
the absence of Na cations (MFI[TPA]) should be selectively located at the channel
intersections. In practice, we prepared MFI[TPA] and MFI[TPA, Na] synthesized by
using TPA and Na cations, and the location of Al atoms was investigated by 27Al
MAS and MQMAS NMR techniques combined with the evaluation of CI value [25].
This work revealed that the framework Al atoms in the MFI-type zeolites synthesized
by using TPA cation only were predominantly located at the channel intersections
(Fig. 6.6 [25]).

Next, we tried the selective sitting of the framework Al atoms at the 10R channels
in the MFI topology [26, 27], where various alcohols were adopted as pore-filling
agents. The strategy for this study, bulky alcohol was added into the synthetic gels in
the presence of Na cation. In this case, it is expected that various bulky alcohols can
work as a pore-filling agent as well as the OSDA [26, 27]. Meanwhile, the pore-filling
agents have no charge unlike the TPA cation; AI** atoms should be placed around
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Fig. 6.5. Framework and channel system of MFI-type topology with different views. Adapted with
permission from the International Zeolite Association, the Structure Commission, Ref. [12].
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Fig. 6.6 Control of framework Al atoms in MFI-type aluminosilicates. Adapted with permission
from Ref. [25]. Copyright 2015 American Chemical Society

Na* species, resulting in Al atoms being preferentially located at 10R channels.
As a result, the thus-prepared MFI-type aluminosilicates gave remarkably higher
CI values in comparison with MFI[TPA]. In particular, trimethylolethane (TME)
and tert-butanol (TBO) were the predominant candidates (Fig. 6.7 [27]). This work
manifested the importance of the kinds of OSDA and/or pore-filling agents with
inorganic cations.

6.2.1.2 MSE-Type Zeolites

We have investigated the location of framework Al atoms in MSE-type zeolites not
only MFI-type structure [29, 83]. The MSE-type structure has structured by inter-
connecting 12-10-10-ring channels and a supercage connected to a 10R channel
(Fig. 6.8 [12]). MCM-68 was reported as the first example of the synthesis of
MSE-type aluminosilicate by Mobil researchers [86], which was synthesized by
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Fig. 6.7 CI values for MFI-type aluminosilicates synthesized from the synthetic gels containing
various alcohols. Adapted with permission from Ref. [27]. Copyright 2017 Elsevier

using dipyrrolidinium cation, N,N,N',N'-tetracthylbicyclo[2.2.2]oct-7-ene-2,3:5,6-
dipyrrolidinium (TEBOP?*, Fig. 6.9a), as an OSDA. In 2011, UZM-35, another
MSE-type aluminosilicate reported by UOP LLC researchers [87], was synthesized
by using dimethyldipropylammonium (DMDPA*, Fig. 6.9b) cation. Previously, our
group clarified the acid site location in MCM-68 with different Si/Al ratios by using
in situ IR and ¥’Al MQMAS NMR techniques [83], where the numbers of acid
sites in 12R and 10R channels were quantified by in situ IR measurement with probe
molecules, pyridine (Py) and 2,6-di-tert-butylpyridine (DTBPy) (Fig. 6.10 [83]), and
the different distributions of the framework Al species were detected in >’ AIMQMAS
NMR. Besides, the effect of the dealumination treatment on the acid site location
and the catalytic activity for dehydration of sorbitol to isosorbide was studied. Very
recently, the difference in the location of framework Al atoms between MCM-68
and UZM-35 was clarified by using the spectroscopic approaches combined with
evaluating catalytic activity (Fig. 6.11 [29]). In both MSE-type aluminosilicates, 61
and 33% of Brgnsted acid sites were located at the 12R channels for MCM-68 and
UZM-35, respectively. Moreover, the unique catalytic activities for the hydrocarbon
cracking reactions depending on the different acid site locations were observed, indi-
cating that the kind of OSDAs for the zeolite synthesis is among the important factors
for controlling the location of the framework Al atoms in the MSE-type framework.
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Fig. 6.8 Framework and channel system of MSE-type topology with different views. Adapted with
permission from the International Zeolite Association, the Structure Commission, Ref. [12]
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Fig. 6.10 Acid site location of MCM-68 with different Si/Al ratios. Adapted with permission from
Ref. [83]. Copyright 2018 American Chemical Society

6.2.1.3 CHA-Type Zeolites

The starting materials also affect the framework Al distribution not only the kind of
OSDAs. 8R zeolites have received much attention from the viewpoint of selective
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Fig. 6.11 Different acid site distributions in MSE-type aluminosilicates. Adapted with permission
from Ref. [29]. Copyright 2022 The Royal Society of Chemistry

catalysis for small molecules owing to their pore size. CHA-type zeolites and cage-
structured 8R zeolites (Fig. 6.12 [12]) have been extensively investigated by many
groups. Among them, H*-form and metal cation-exchanged CHA-type aluminosili-
cates are often used as the effective catalyst for the methanol to olefins (MTO) and
the NOy selective catalytic reduction (SCR) with ammonia reactions [7]. As already
mentioned in Sect. 6.1.1.1, the control of the framework Al distribution in CHA-
type topology is a crucial challenge. Our group has discovered the critical impact
of the starting materials, i.e., Si and Al sources, on the distribution of the frame-
work Al atoms in CHA-type topology [33]. The CHA-type aluminosilicates can be
synthesized by using amorphous silica with Al source (e.g., AI(OH);, AI(NO3)3,
Al(S04)3, etc.) or the FAU-type zeolite as Si and Al sources [7]. In this work,
CHA-type aluminosilicates were synthesized with different proportions of FAU-
type zeolites in total Al source (thus-synthesized CHA-type zeolites are designated
as CHA-F—x. x means the proportion of FAU-type zeolite in the total Al source for
the starting gels.) (Fig. 6.13 [33]). The proportion of “Q*(nAl)”, Si(OSi)4_,(OAl),
and “Q3(nAl)”, Si(0OSi)s_,(OH)(OAl),, in the total framework Si atoms, was esti-
mated by Si MAS NMR. The proportion of Q*(2Al) was increased with increasing
the proportion of the Al source derived from the FAU-type zeolite (Table 6.1). These
CHA-type zeolites showed different catalytic activities for MTO reaction in addition
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to the hydrothermal stability. Figure 6.14 shows the changes in the methanol conver-
sion and the selectivity for each product with the time on stream, where Q*(1Al) rich
samples yielded a longer catalytic lifetime than that for Q*(2Al) rich samples [33].

Fig. 6.12 Framework and cage system of CHA-type topology. Adapted with permission from the
International Zeolite Association, the Structure Commission, Ref. [12]

TMAda*

+ FAU-type zeolite Q4(2Al) rich
* Fumed silica

. o \{. @
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Fig. 6.13 Control of distribution of framework Al atoms in CHA-type structure. Adapted with
permission from Ref. [33]. Copyright 2018 American Chemical Society
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Table 6.1 Chemical composition and the proportion of Q*(nAl) and Q3(nAl). Adapted with
permission from Ref. [33]. Copyright 2018 American Chemical Society

Samples Si/Al ratio Proportion of Q*(nAl)® and Q3(nAl)° (%)
ICP |NMR? |Q*Q2AD |[Q*CAD | Q30AD |Q*1Al |Q*0Al

CHA-F-0 9 10.2 <0.1 55 12 28.1 65.2
CHA-F-0.1 106 |11.4 <0.1 3.1 22 29.9 64.7
CHA-F-025 [10.9 |11.8 <0.1 45 5.1 24.8 65.6
CHA-F-0.5 113 |11.0 <0.1 73 5 21.5 66.2
CHA-F-0.75 |13.7 |13.7 <0.1 5.8 45 17.9 71.8
CHA-F-1.0 135 | 13.0 <0.1 7.0 9 16.7 67.3
FAU® 2.8 25 14.9 47.0 <0.1 44.5 8.5

2Si/Al molar ratio determined by 2°Si MAS NMR.
PFAU-type zeolite (Si/Al = 2.8) used for the synthesis.

6.2.2 Metallosilicates

6.2.2.1 Ti-MWW Zeolites

Titanosilicates that contain tetrahedrally coordinated Ti atoms in the zeolite frame-
work function as highly active catalysts for the liquid-phase oxidation reactions in the
presence of H,O, [88, 89]. A lot of titanosilicate zeolites, such as MFI- [90], *BEA-
[91], MOR- [92], MSE- [93], and MW W-type [94] structures, have been developed
and applied to the liquid-phase oxidation reaction so far. The positional control of
the framework Ti species is becoming increasingly important like a framework Al
position in the aluminosilicate. However, we have to overcome several problems to
control the location of Ti species in the titanosilicates; the incorporation of Ti atoms
in the zeolite framework is much more difficult than Al atoms, and the negative
charge on the zeolite framework was not generated by an isomorphous substitution
of Ti** with Si** [89]. In addition, no evaluation method for the distribution of the
framework Ti species has been established. Consequently, we tried establishing the
evaluation method for the distribution of the framework Ti species in the MW W-type
framework [95]. MW W-type topology is constructed by layered structure, and there
are two independent pore systems that can be accessed from 10R pores (Fig. 6.15
[12]): (1) two-dimensional sinusoidal 10R channels and (2) large supercages with
12R openings [12].In general, Ti-MWW zeolites are synthesized by two methods [94,
96]. One is the direct synthesis (thus-synthesized sample is notated as Ti-MWW-D)
and the other is the post-synthesis method (thus-synthesized sample is notated as
Ti-MWW-P). In the former, the crystallization is assisted by the boron species. On
the other hand, Ti-MWW-P is synthesized by the incorporation of Ti species into
the deboronated MWW zeolites. In a previous study, Ti-MWW-P showed a higher
catalytic activity for 1-hexene epoxidation than that for Ti-MWW-P [94, 96]. In the
case of hydrocarbon cracking, the CI value can be applied to estimate the distribution
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of the framework Al atoms. In this study, the distribution of the framework Ti species
was estimated based on the catalytic activity for the epoxidation of 1-hexene (1-HX)
and 2-methyl-2-pentene (2-MP). Practically, the “1-HX/2-MP index” was used for
the evaluation of the distribution of the framework Ti species. This is defined as the
ratio of the yields of all products in 1-HX epoxidation to those in 2-MP epoxidation
similarly to the CI value. Namely, a higher 1-HX/2-MP index means a possibility
for the selective siting of the framework Ti atoms into the narrow space, i.e., 10R
channels (Fig. 6.16). The catalytic performance and the 1-HX/2-MP index over both
Ti-MWW zeolites are shown in Fig. 6.17, where clear differences were observed
depending on the synthesis methods. We found that Ti atoms were selectively located
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Fig. 6.15 Framework and channel system of MWW-type topology with different views. Adapted
with permission from the International Zeolite Association, the Structure Commission, Ref. [12].

in narrow spaces in the Ti-MWW-P [95]. These results will contribute to the devel-
opment of a new class of titanosilicates with the location of the framework Ti atoms
controlled.

6.2.2.2 Sn-BEC Zeolites

Recently, Rodriguez-Ferndndez, Roman-Leshkov, and Moliner et al. reported the
selective placement of the framework Sn species in the double-4-ring (D4R) of
BEC-type framework via a rationalized post-synthetic grafting method [97]. The
BEC-type structure is one of the polymorphs of Beta, which possesses three types of
crystallographic T-sites (Fig. 6.18 [97]). The first synthesized BEC-type zeolite, ITQ-
17,1s a germanosilicate, where it was suggested that Ge atoms would be preferentially
placed at the right angles in the D4Rs than Si atoms. Thus, they challenged the
selective incorporation of Sn atoms in the D4Rs of the BEC-type structure by taking
advantage of such property of Ge-BEC. Firstly, Ge-BEC was synthesized with a
high Si/Ge ratio (>150), resulting in the preferential siting of the Ge atoms in D4Rs.
Then, the framework Ge species were removed, and the defect sites were generated.
Finally, the Sn species were incorporated by the grafting method (Fig. 6.19 [97]). The
evaluations of the location of Sn species and Lewis acidity were carried out by a solid-
state NMR combination with theoretical calculations and in sifu IR measurement with
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CD;CN as a probe molecule, proving the presence of a large number of open Sn sites
in D4Rs. Furthermore, the impact of the location of the framework Sn atoms on the
catalytic activity was investigated using the Meerwein—Ponndorf—Verley—Oppenauer
(MPVO) reaction. The thus-prepared Sn-BEC exhibited a higher catalytic activity
than that of the conventional Sn-BEA zeolites. This methodology presented the
control of the heteroatoms with the T-sites level.

6.3 Location, State, Size, and Reactivity of Metal Species
in Zeolite

6.3.1 Metal Cations in Zeolite

6.3.1.1 Fe and Cu Ion-Exchanged *BEA-Type Zeolites

We have introduced the position and the catalytic activity of the framework metal
species, but the metal species included in the zeolite crystal are not only the frame-
work atoms, but also the metal cations, clusters, and bulk species [37-47]. In this
section, the location, state, size, and reactivity of the metal species will be described.

The metal cation-exchanged zeolites can work as catalysts for oxidative and reduc-
tive reactions [37—-40]. The direct oxidation of benzene with H,O, to phenol is among
the notable oxidations because phenol is an important industrial intermediate for
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Fig. 6.18 a Framework structure and b types of crystallographic T-sites of BEC-type framework.
Adapted with permission from Ref. [97]. Copyright 2020 The Royal Society of Chemistry
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various chemicals, such as phenolic resins, bisphenol A, and adipic acid [98]. In
order to catalyze this reaction, copper- and iron-based catalysts have often been used
as promising candidates. Thus, our group has focused on the Cu and Fe ion-exchanged
zeolite catalysts. In this research, *BEA-type zeolites were applied for the catalyst
supports since reactants can enter to three-dimensional 12R channels of *BEA-
type structure (Fig. 6.20 [12]), and we investigated the effect of the ion-exchange
sequences on the physicochemical and catalytic properties [99]. The bimetallic ion-
exchanged *BEA-type zeolites (Cu, Fe-*BEA) were prepared by ion exchange via
three types of sequences: (1) Fe followed by Cu, (2) Cu followed by Fe, and (3) Fe and
Cu at the same time. These catalysts exhibited different physicochemical and catalytic
properties in the oxidation of benzene with H, O, (Fig. 6.21 [99]). The origins of such
different properties were clarified by several characterization methods, namely, in situ
NO adsorption IR, X-ray photoelectron spectroscopy (XPS), and H,-temperature-
programmed reduction (TPR) measurements. The obtained characterization results
suggested that the ion-exchange sequence influenced the chemical states of both
metal species, resulting in the creation of highly active sites. Among them, the cata-
lysts prepared by ion exchange to Cu and Fe species at the same time showed the
highest phenol yield reaching 10.5%, which demonstrated the potential of bimetallic
ion-exchanged zeolites as a great catalyst for the oxidative reaction.

6.3.1.2 Cuion-Exchanged CHA-Type Zeolites

The position of the framework Al atoms is directly related to the location of the
ion-exchange sites, not only Brgnsted acid sites. Zhang, Liu, Meng, and Xiao et al.
investigated the importance of controllable Al sites in CHA-type zeolites by crys-
tallization pathways for NH3—SCR reaction [100]. In this case, the location of the
framework Al atoms in the CHA-type structure was controlled by using different
OSDAs to improve the catalytic activity for NH3—SCR reaction, where two OSDAs,
TMAda* and N, N-dimethylcyclohexylammonium (DMCHA™), were employed to
synthesize the CHA-type aluminosilicate with the framework Al position controlled
(Fig. 6.22 [100]). The thus-synthesized CHA-type zeolites were donated as CHA-T
and CHA-D, respectively. Remarkably, two crystallization pathways were identi-
fied. Double-6 rings (D6Rs) were preferentially formed during the crystallization for
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Fig. 6.20 Framework and channel system of *BEA-type topology with different views. Adapted
with permission from the International Zeolite Association, the Structure Commission, Ref. [12]
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Fig. 6.21 Direct oxidation of benzene with HO, to phenol over bimetallic *BEA-type zeolites.
Adapted with permission from Ref. [99]. Copyright 2020 The Royal Society of Chemistry
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CHA-D, while 8Rs were favorably generated. The framework Al atoms in CHA-D
were spatially closer than that for CHA-T due to different crystallization pathways.
Moreover, Cu ion-exchanged CHA-D showed higher catalytic activity for NH3;—
SCR reaction at 400—550 °C than that of Cu—CHA-T, which is originated from
the presence of more hydrothermally stable Cu?* species captured by the paired Al
sites in D6Rs of CHA-D (Fig. 6.23 [100]). Their achievement suggested that the
crystallization pathways controlled by rational selection of OSDAs can lead to the
improvement of the catalytic activity for NH;—SCR reaction.

CHA-D

Fig. 6.22 Synthesis of CHA-type aluminosilicates with different distributions for framework Al
atoms. Adapted with permission from Ref. [100]. Copyright 2020 Elsevier
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6.3.2 Metal Clusters and Oxides in/on Zeolite

6.3.2.1 Rh-Containing MFI-type Zeolites with Framework Al
Distribution Controlled

The position of the framework Al atoms can affect the chemical state of the introduced
metal species via the ion-exchange method. Such a phenomenon was observed for
rhodium ion-exchanged MFI-type aluminosilicate zeolites with framework Al distri-
butions controlled [101]. In this reported study, rhodium ion-exchange for MFI[TPA]
(Rh-MFI[TPAY]) led to the formation of rhodium oxide clusters located at the channel
intersections due to its relatively wide space, while the isolated rhodium cations were
formed in MFI[TPA, Na] (Rh-MFI[TPA,Na]) induced by the relatively narrow space
(Fig. 6.24 [101]). These differences were characterized by combining UV-vis and
IR spectroscopies. Recently, Hou and Kobayashi et al. discovered that MOR-type
zeolite-supported rhodium sub-nano clusters have a good potential as highly active
catalysts for low-temperature oxidative reforming of methane [102]. Thus, we applied
Rh-MFIs as catalysts to the oxidative reforming of methane. Figure 6.25 shows the
conversion of methane and CO yield over Rh-MFI[TPA] and Rh-MFI[TPA,Na] with
different space velocity (SV) conditions [101]. By increasing the SV values, the
catalytic activities of both samples decreased, but the behavior for conversion drop
differed among the catalysts. When the SV value increased from 1.2 x 10° to 4.8
x 10% ml g=' h™!, the CO yield over Rh-MFI[TPA, Na] evidently decreased by
about 65% (from 62 to 22%). In contrast, the decreasing degree of the CO yield
over Rh-MFI[TPA] was ca. 38% (from 87 to 54%). This is clear evidence that the
rhodium oxide clusters in the channel intersections of MFI-type topology can work
as highly active sites. These findings would contribute to discovering a new class of
metal-containing zeolites with the location, state, and size of metal species controlled.

10-ring channel

— ‘d{ (straight & sinusoidal)

( ;@ ‘ ® Alatom
Channel T P ;
¢ |

intersection

Fig. 6.24 Selective siting of rhodium species in MFI-type zeolites. Adapted with permission from
Ref. [101]. Copyright 2020 The Royal Society of Chemistry
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6.3.2.2 Supported Ni CHA-Type Zeolites with Different Types
of Heteroatoms

The utilization of zeolite as catalyst support is an efficient way to improve the catalytic
activity of the metal species [103]. The CHA-type zeolites with different types of
heteroatoms, borosilicate, aluminosilicate, and gallorosilicate, were used as supports
for Ni catalysts, and the effect of heteroatoms on the state of Ni species was studied
(Fig. 6.26 [104]). Through the characterization in detail, we found that the types of the
heteroatoms influenced the size and dispersibility of the introduced Ni species. The
use of CHA-type borosilicate led to the formation of a bulk oxide on the external
surface of the zeolite, while Ni cations, as well as nanoclusters, were generated
in aluminosilicate and gallosilicate. Notably, the highest dispersion was achieved
by using the aluminosilicate as support. In addition, the introduced Ni species on
CHA-type aluminosilicate exhibited higher catalytic performance in the oxidative
conversion of methane than the others. The formation of the highly dispersed and
nano-sized Ni species results in a high catalytic activity to produce CO and H,. We
believe that this achievement would give us important insights into controlling the
size and state of metal species introduced and supported in/on zeolites.

6.3.2.3 MOR-Type Zeolite-Supported Ultra-Small Ni Species

Finally, the catalytic property of MOR-type zeolite-supported Ni species as ultra-
small particles was introduced in this section. The MOR-type framework consists of
two-pore systems,12R (6.5 x 7 A) and 8R (2.6 x 5.7 A) (Fig. 6.27 [12]). However,
most of the molecules cannot enter 8R due to the size limitation. Thus, MOR-type
topology is often regarded as a one-dimensional pore system. In this study, we found
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that MOR-type zeolites can be an excellent support for the catalytically active Ni
species [105]. The development of effective catalysts for the selective oxidation of
methane to syngas at low temperatures has been desired for many years [66—68]. In
general, a facile synthesis is recommended from the viewpoint of the industry. The
simple impregnation method, therefore, was employed to prepare the supported Ni
catalysts for the oxidative reforming of methane. The formation of highly dispersed
ultra-small NiO particles with 1.6 nm in size on the MOR-type zeolite resulted in
excellent catalytic performance at 973 K: continuously 97-98% methane conversion,
91-92% of CO yield (Fig. 6.28 [105]). Furthermore, density functional theory (DFT)
calculations demonstrated the relationship between the particle size of the supported
NiO and the C-H dissociation of CHy. In the case of the ultra-small NiO particle, the
lattice oxygen of NiO actively contributed to the methane oxidation, resulting in an
increase in the CO yield (Fig. 6.29 [105]). These achievements would give us a new
concept of catalyst design for the industrial field.

6.4 Conclusions and Outlook

As described in this chapter, recent progress in the “position” control of catalyti-
cally active sites in the zeolites, the intra- and extra-framework metal species, was
described. We have realized that it significantly influences the catalytic performance,
not only selectivity, but also conversion, in various reactions. For the aluminosilicate,
the appropriate selection of OSDAs and/or starting materials is a key component for
the locational control of the framework Al species. In the case of metallosilicates,
different synthesis methods, direct or post-synthesis, give different distributions for
heteroatoms. Furthermore, the control of the location, chemical state, and size of the
metal species is beginning to be achieved in the metal-containing zeolite catalysts,
which are also useful for developing catalytic processes for achieving highly difficult
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Fig. 6.27 Framework and channel system of MOR-type topology with different views. Adapted
with permission from the International Zeolite Association, the Structure Commission, Ref. [12].
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Fig. 6.28 Catalytic activity for methane oxidation over MOR-type zeolite-supported Ni catalyst
in time course. a Conversion of methane (O) and product selectivities for CO (A) and CO; (V). b
H, yield (0O) and molar ratio of Hp to CO (¢). Reaction conditions: 50 mg; partial pressure, Pcya:
Poo: Par = 0.06: 0.03: 0.91; total pressure, 0.1 MPa. Adapted with permission from Ref. [105].
Copyright 2020 Springer Nature Limited

selective reactions and carbon neutrality. When the position, chemical state, and size
of metal species are controlled, the location of the framework Al atoms is crucial
in addition to the framework types. Therefore, the positional control of the catalytic
active sites will become increasingly important in the future.
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Chapter 7 M)
Crystalline Support ek

Masaaki Kitano and Hideo Hosono

7.1 Introduction

Supported metal catalysts have been practically used in various chemical reactions
such as methanol synthesis, Fischer-Tropsch synthesis, hydrodesulfurization, steam
reforming, purification of automobile exhaust gas, fuel cell, and so on [1, 2]. These
reactions take place on the surface of metal sites, and therefore, metal catalysts are
generally immobilized as nano-sized particles on the support materials to increase
the number of the surface active sites [3]. The coordination number (CN) of the
surface metal site is much lower than that of the bulk site (in most cases CN =
12), and the coordinatively unsaturated metal sites can activate various molecules.
Since the CN of metal atom changes depending on the site such as edges, kinks,
corners, and terraces, the structure-sensitive phenomenon is observed in various
catalytic reactions. To date, tremendous efforts have been made to develop highly
active supported metal catalysts with nanometer-sized metal particle such as single
atom, nano-cluster, and nanoparticle [4]. The support material affects the geometric
structure and the electronic structure of the supported metal nanoparticles through
the metal-support interaction. In addition, the support can enhance the stability of
the supported metal catalyst by preventing aggregation of metal sites. Due to their
high thermal stability, metal oxides and carbon are mainly used as catalyst supports.
In this chapter, we concentrate on the crystalline oxide-based support material for
the catalytic reactions.
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7.1.1 Structural Effect of the Support on Supported Metal
Particles

The fraction of surface metal sites increases with decreasing the diameter of metal
nanoparticles, which results in an increase in catalytic activity. For example, the
particle size effect is clearly observed in CO oxidation by Au nanoparticles supported
on TiO, and CeO; [5, 6]. While the turnover frequencies (TOF) of the Au catalysts
are almost constant when the particle size is larger than 5 nm, the TOF drastically
increases especially below 2 nm. Such a small-sized Au nanoparticle catalyst exhibits
surprisingly high catalytic performance for CO oxidation even at —70 °C [7]. In
the oxide-supported Au catalysts, Au clusters are preferentially immobilized at the
oxygen vacancy sites on the oxide surface, which plays an important role in the
stabilization of Au nanoparticles [8—10]. For maximizing the metal utilization effi-
ciency, atomically dispersed metal catalysts, so-called single-atom catalysts (SAC),
have been studied in recent years [11-13]. The SAC becomes a hot research topic in
catalysis with the help of the development of advanced aberration-corrected electron
microscopy. In the ideal SAC, all metal sites are present in the form of isolated atoms,
meaning 100% of metal atom dispersion. Oxide supports have attracted particular
attention because oxides have abundant defect sites and surface OH groups can serve
as the anchoring sites for single metal atoms. FeOy and CeO, are commonly inves-
tigated as SAC supports. For example, Zhang et al. prepared Pt/FeOx SACs via the
substitution of surface Fe atoms by Pt in the crystal lattice of FeOy [11]. The Pt/FeOx
with Pt single atoms exhibits a much higher TOF than Pt clusters or nanoparticles
supported on FeOy for CO oxidation and PROX reactions. In this system, O, is
activated at the oxygen vacancy sites near the Pt atoms in FeOy support, and the
partially vacant 5d orbitals of the positively charged Pt atoms can activate CO with
a lower energy barrier for CO oxidation than Pt clusters. The scope of support mate-
rials has also been extended to non-oxides such as graphene, nitrogen-doped carbon,
C3Ny, metal-organic frameworks, MoS,, MoC, MXene, and so on [14]. The support
material not only stabilizes the metal particles but also participates directly in the
catalytic reactions. Behm et al. reported that CO oxidation on Au/TiO, proceeds via
a Mars-van Krevelen mechanism [15], in which surface oxygen sites at the Au-TiO,
interface react with CO, resulting in the formation of oxygen vacancy. These vacancy
sites are reoxidized by gas-phase O,. The TOF values decrease with increasing Au
particle size because of the decrement in the number of the Au-TiO, perimeter sites.

7.1.2  Electronic Effect of the Support on Supported Metal
Particles

Electron transfer between the support and metal nanoparticles affects the electronic
structure of the metal sites. The local charge density and distribution of the supported
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metal site are perturbed by exposed cations or anions of the support. This elec-
tronic metal-support interaction (EMSI) [16, 17] leads to an enhancement of catalytic
performance [18]. This is in contrast to the strong metal-support interaction (SMSI),
which usually results in a decrement of the catalytic activity since the surface of
the supported metal sites is covered by the oxide layer of the support under reaction
conditions [19, 20]. Pt-loaded CeO, catalysts are demonstrated to show high catalytic
performance for water-gas shift reaction by the result of the EMSI effect [18]. The
catalytic activity steeply increases with increasing Pt amount, reaching a maximum
at a coverage of 0.2 monolayer, which corresponds to Pt particles with a diameter
less than 1.7 nm. The photoemission measurements and DFT calculation reveal that
the charge transfer from Pt nanoparticles to CeO, enhances the ability of the Pt
nanoparticles to dissociate the OH bond in H,O. Libuda and co-workers also clari-
fied the charge transfer between CeO, and Pt with various particle sizes by combining
synchrotron-radiation photoelectron spectroscopy, scanning tunneling microscopy,
and DFT calculations [21]. The charge transfer reaches a maximum for Pt nanoparti-
cles with 3070 atoms, corresponding to 1.1-1.7 nm in particle size, where up to 0.11
electrons are transferred from Pt to CeO, to form positively charged Pt sites. At the
same time, a part of Ce** ions at the surface of CeO, is reduced to Ce?*. In contrast,
the charge transfer is limited for larger or smaller Pt particles. Thus, small-sized metal
nanoparticles prefer to be positively charged in the oxide-supported metal catalyst
systems. On the other hand, negatively charged metal sites are formed when the metal
nanoparticles are fixed on the electron donating support. Hiakkinen et al. demonstrated
that a negatively charged Au cluster is formed on MgO support by partial electron
transfer from the oxygen vacancy F centers (2 electrons trapped at oxygen vacancy)
on MgO to the adsorbed Au cluster [22]. The Au octamers bound to F centers of MgO
can oxidize CO into CO; even at 140 K, while the same cluster on MgO without
oxygen vacancies is catalytically inactive for this reaction. From these examples,
it is found that the electronic and chemical properties of the supported metal site
can be tuned by the interaction with simple oxide support. In the following sections,
examples of metal nanoparticle catalysts fixed on unique crystalline oxide supports
with heteroanions such as electron, hydride ion, and nitride ions are introduced.

7.2 12Ca07Al,03 Electride

7.2.1 Structural Properties of 12Ca0-7A1;03 Electride

12Ca0-7A1,03 (C12A7) is a constituent of commercially available aluminate
cements and is well known as a natural mineral, mayenite. It has a cubic structure
(space group /43d) with a lattice constant of 1.199 nm (Fig. 7.1) [23]. The unit cell
has a positively charged framework structure composed of 12 subnanometre-sized
cages with an inner diameter of 0.4 nm, and its chemical formula is expressed by
[Cans AlgOgs]**(0*),. The free oxygen ions (0% ) are incorporated in the positively
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Fig. 7.1 a Crystal structure of 12Ca0-7A1,03 (C12A7). b Enthalpy changes for anion exchange
between O>~,H~,and e in the cage of CI2A7. ‘g’ and ‘c’ represent the species in the gas phase and
acage, respectively. Adapted with permission from Ref. [38]. Copyright 2015 Macmillan Publishers
Limited, part of Springer Nature

charged cages to compensate for the charge balance and can be replaced by various
anions such as OH™ [24], 0~ [25], F~ [26],C1~ [26], H™ [27,28], Au™ [29], S*~ [30],
NH?~ [31], and NH2~ [32]. Furthermore, when the free O% ions are extracted from
the cages, free electrons can be injected into the cavities through the replacement of
two O% ions with four electrons, leading to the formation of [Cazg AlrgOpa]*(de™)
[33]. The resultant material is the first inorganic electride. The concept of “electride”
was first presented in 1983 by Dye et al. and the first example was a crystalline organic
compound, Cs*(18-crown-6),e™, in which electrons are completely isolated from the
Cs* ions sandwiched by crown ether [34]. Hence, the electride can be regarded as a
class of ionic compounds, where electrons are located at lattice cavities or channels
to form individual orbitals and serve as anions individually rather than combining
with other atoms [35].

The C12A7 electride (C12A7:e7) has a high electron density (N, = 2.3 X
10?! cm~3), which results in high electrical conductivity (1500 S cm~') and a very
low work function (2.4 eV) comparable to metal potassium [33, 36]. The C12A7:0%"
can be synthesized by conventional solid-phase reaction of CaCO3 and Al,O3 with a
molar ratio of 12:7 at 1300 °C. The free O ions in the C12A7:0% can be replaced
with electrons by the chemical reaction of C12A7:0% with Ca or Ti metal under
vacuum heating conditions. During the heat treatment, the O% ions are diffused
from the bulk to the surface by forming CaO via the reaction: 0>~ + Ca — CaO +
2e”. The electron concentration in the C12A7 can be controlled depending on the
reduction conditions. While the C12A7:0? is a typical insulator, it shows semicon-
ducting behavior when the N, is below 1.0 x 102! cm™—3. Moreover, the C12A7:e~
with high N, (>1.0 x 10*' cm™?) exhibits metallic conductivity. Therefore, the
insulator-to-metal transition occurs at N, = 1.0 x 10*' cm™3, in which half of
the O> ions are replaced by electrons. The anion exchange of C12A7 also leads
to the structural change in the cage size (Fig. 7.1). When the encaged O%" ion is
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replaced by electron, the cage size increases from 4.22 to 5.64 A with a forma-
tion enthalpy of 318 kJ mol~'*7). The formation enthalpies of C12A7:H~ from
C12A7:e~ (—434 kJ mol™") are larger by 67 kJ mol~! than that from C12A7:0%~
(=367 kJ mol~!) [37]. The size of the cage with H™ ion is 4.81 A. Such structural
changes caused by anion exchange have a great impact on the hydrogen absorption-
desorption properties and ammonia synthesis activity [38]. Thus, these unique elec-
tronic and structural properties greatly contribute to the catalytic performance of the
metal nanoparticles supported on the surface of C12A7:e™.

7.2.2 Catalytic Applications of 12Ca0-7Al;03 Electride

The low work function and high electron density of C12A7:e™ can be expected to
become an efficient catalyst support in ammonia synthesis reactions [35]. Gener-
ally, N, reduction into ammonia over transition metal (TM) catalyst is promoted by
electron injection to TM sites because the rate-determining N, dissociation step is
accelerated by electron donation from TM to the antibonding orbitals of N,. Accord-
ingly, the electron injection to the TM site is the key factor for high ammonia synthesis
activity [39]. Among the TM catalysts, ruthenium (Ru) is known as the most active
catalyst and Ru nanoparticles are supported by various materials such as carbon,
Al O3, MgO, Ca0, CeO,, La,03, Sm;03, MgAl,Oy4, Si3Ny, and zeolites [40—42].
In particular, basic oxides are much more effective than acidic oxides in terms of
electronic promotion effect [43]. In 2012, C12A7:e~ was demonstrated to function
as a strong electronic promoting support for Ru catalyst in ammonia synthesis [44].
The Ru/C12A7:e™ exhibits high NH3 synthesis activity comparable to Cs-Ru/MgO
while the Ru particle size of the former (~20 nm) is much larger than that of the
latter (<5 nm) (Fig. 7.2) [45]. It is well recognized that NH3 synthesis on Ru cata-
lysts is a structure-sensitive reaction, i.e., N, cleavage preferentially occurs on the
step surface of Ru rather than on the terrace [46—48]. The active step site consists
of the combination of a three-fold hollow site and a bridge site (so-called Bs-type
site), which becomes optimal for particles of 1.8-2.5 nm in size [47]. Therefore,
Ru/C12A7:e~ catalyst has considerably fewer active sites than Cs-Ru/MgO. As a
consequence, Ru/C12A7:e~ has an order of magnitude greater turnover frequency
(TOF) than those of traditional Ru catalysts. Furthermore, the apparent activation
energy of Ru/C12A7:e~ (ca. 50 kJ mol~") is almost half those of other Ru catalysts
(80-120 kJ mol™1). As shown in Fig. 7.3, conventional CaO, Al,03, and CaO-Al,0;
(CA) cannot promote the activity of Ru. Ru/C12A7:0?~ without electron in the
cages shows a much lower ammonia synthesis rate and higher activation energy than
Ru/C12A7:e~ even after loading the Cs-oxide promoter, indicating that the elec-
tronic promoting effect of C12A7:e~ is much stronger than the conventional alkali
promoters. It should be noted that the catalytic performance of Ru/C12A7:e~ strongly
depends on the electron concentration (N,), i.e., the catalytic activity enhances 10
times at N, of 1.0 x 102! cm~3, and the activation energy (E,) for ammonia synthesis
also reduces to about 50 kJ mol~! from about 100 kJ mol~! [45]. Accordingly, the
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catalytic performance is dominated by the metal-insulator transition of C12A7:e™.
Figure 7.4 shows the electronic structure of C12A7 with and without electrons. The
framework conduction band (FCB) and the valence band (FVB) consist of the 4 s
orbitals of Ca?* ions and the 2p orbitals of O>~ ions in the framework, respectively
[49]. In addition, the cage conduction band (CCB) derived from the empty cage in
C12A7, and the energy level of free O>~ ion in the cage is formed at ca. 1 eV below
the bottom of the FCB and at ca. 1 eV above the top of the FVB, respectively. When
the O~ ions in the cages are partially replaced by electrons (N, < 1.0 x 10*! cm™3),
F*-like centers are formed at the energy level of 0.4 eV below the CCB. At high N,
(>1.0 x 10?! cm™3), the electrons become itinerant because the electrons occupy the
CCB [50]. This change in the electronic structure leads to the two effects. One is
the upshift of the Fermi level (E¢) and the other is the drastic contact resistance drop
between C12A7:e~ and loaded metal due to tunneling [S1]. The color of C12A7
powder is changed from white to green, dark brown, and black with increasing N.,.
The C12A7:e~ with low N, (<1.0 x 10*' cm~?) shows semiconducting behavior, in
which the intercage electron hopping takes place through the empty cages with an
energy of ca. 0.4 eV since the encaged electron forms a polaron that strongly interacts
with the positively charged cage framework [52]. The polaron-type electron hopping
is caused by the lattice distortion in the framework (Fig. 7.1), so that C12A7:e™
with low N, (<1.0 x 10?! cm~3) shows a semiconducting character and low elec-
trical conductivity (100 S cm’!). As a result, the electron transfer from C12A7:e~
with low N, (<1.0 x 10?! cm™3) to Ru is not effective, which accounts for low
catalytic performance in ammonia synthesis. On the other hand, the C12A7:e~ with
high N, has metallic conductivity (1500 S cm~')and a very low WF (2.4 eV). The
smooth electron injection occurs from C12A7:e~ to Ru, which in turn facilitates
N; activation with a low activation barrier. Metallic potassium (K) with a low WF
(2.3 eV) cannot be used as an electronic promoter since it is too chemically reac-
tive and thermally unstable under NHj synthesis conditions. Hence, the C12A7:e™
support has unique properties combining chemical durability with low work func-
tion, which is not realized by conventional materials, resulting in high and stable
ammonia synthesis activity.

Moreover, the hydrogen storage properties of C12A7:e™ significantly influence
the ammonia synthesis activity. Generally, the ammonia synthesis rate of Ru-based
catalysts decreases with an increase in the partial pressure of H,, where hydrogen
adsorption prevents the N, adsorption on the Ru surface. Such a hydrogen poisoning
is known as a serious problem in Ru-based ammonia synthesis catalysts [53].
However, the ammonia synthesis rate of Ru/C12A7:e™ increases with H, pressure,
resulting that the reaction order with respect to H, is +0.97, which is in contrast
to the large negative values reported in the conventional Ru catalysts.[**! On the
Ru/C12A7:e~ catalyst, hydrogen adatoms on the Ru surface can be captured as H™
ions in the cages through the reaction of encaged electrons with hydrogen adatom
generated on Ru surface (H” + e~ — H™). The electrons are regenerated in the
cages by releasing H atoms from the cages, H™ (cage) — HO (release from cage)
+ e~ (cage). This reversible e"—H™~ exchange reaction in Ru/C12A7:e~ effectively
prevents the hydrogen poisoning on the Ru surface. Once all electrons in (Ru-free)
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Fig. 7.2 STEM image of Ru(2wt%)/C12A7:e~ after ammonia synthesis reaction at 400 °C
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Fig. 7.3 Ammonia synthesis rates (360 °C, 0.1 MPa) and apparent activation energies of various
supported Ru (2 wt%) catalysts



204 M. Kitano and H. Hosono

0.09 x10?'  0.77 x 10% 2.0 x 10?1

Semiconductor Metal
FCB A Evac
I —— —
N N
v~1eV 2 4 eV

— ___ _%o04ev

T 6~7 eV F*-like center

Oy,
(free oxygen)

?1 eV
e M—

FVB
C12A7:0,- C12A7:e-

Fig. 7.4 Electronic structures and photographs of C12A7:e~ with various electron concentrations.
Adapted with permission from Ref. [45]. Copyright 2015 American Chemical Society

C12A7:e™ are replaced by H™ ions to form C12A7:H™, the reversible hydrogen
storage-release reaction does not proceed.[*®! Therefore, the Ru/C12A7:H™ shows
negligibly low catalytic activity with higher activation energy (154 kJ mol~!) than
Ru/C12A7:e".

Ammonia synthesis over Ru/C12A7:e™ catalyst proceeds through a unique mech-
anism as compared with the conventional Ru-based catalysts. N, cleavage on the Ru
surface is significantly enhanced by electron donation from C12A7:e~ support with
a very low work function, resulting that the rate-determining step (RDS) shifted
from N, dissociation to the formation of N-H,, species (Fig. 7.5) [38]. Furthermore,
hydrogen adatoms on Ru are transferred into the cages of C12A7:e~ to form H™ ions
through reaction with electrons, which prevents hydrogen poisoning on Ru surface.
Then, the H™ ions immediately react with N species on Ru to form NHj3 with simul-
taneous regeneration of electrons in the cage of C12A7:e™. This is contrary to the
case of conventional Ru catalysts, where the activation of N, and H; into ammonia
occurs only on the Ru surface and the RDS is the N, dissociation.

The catalytic properties of Ru/C12A7:e~ in ammonia synthesis have been further
studied by other researchers. Kammert et al. investigated the role of H™ ion in NHj3
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Fig. 7.5 Reaction mechanism and energy diagram for NH3 synthesis on Ru/C12A7:e~ catalyst.
Adapted with permission from Ref. [38]. Copyright 2015 Macmillan Publishers Limited, part of
Springer Nature

synthesis over Ru/C12A7:e~ catalyst by using in situ neutron-scattering techniques,
DFT calculations, and steady-state isotopic transient kinetic analysis (SSITKA).5#
SSITKA experiment revealed that the total coverage of nitrogen species on the
Ru/C12A7:e~ reaches a maximum of 84% of the total amount of surface Ru sites,
which is much higher than those of Ru/C12A7:0?~ (15%) and the alkali-promoted
Ru/MgO (< 14%). The extremely high coverage of nitrogen species on Ru/C12A7:e~
suggests a shift away of the RDS from N, cleavage to the formation of the N-H
bond, which is well consistent with the original work [38]. However, as demon-
strated by in situ inelastic neutron-scattering spectroscopy, the encaged H™ species
does not participate in NH3 synthesis reaction because the H™ is thermally and
chemically stabilized in the cage to keep electroneutrality. Furthermore, Weber et al.
reported that the catalytic activity of Ru/C12A7:e~ disappeared immediately above
1 MPa, which is explained by irreversible hydride formation [55]. From this result,
they conclude that the application of Ru/C12A7e™ catalysts at the industrial scale
is limited prospects. However, in these two studies, the C12A7e™ is prepared by
plasma arc melting method using metal aluminum as a solid reductant and the elec-
tron concentration (N,) of the resultant C12A7e™ is obviously lower than 5.0 x
10%° cm™3. As described above, the catalytic performance of Ru/C12A7:e~ is drasti-
cally changed around the insulator-to-metal transition point (N, = 1.0 x 102! cm™3).
The deactivation caused by H™ ion incorporation occurs only on the Ru/C12A7e~
with low N,.

The C12A7:e~ with high N, can also boost the ammonia synthesis activity of a
cobalt (Co) nanoparticle catalyst [56]. According to the volcano-shaped relation-
ship between ammonia synthesis activity and nitrogen adsorption energy, Co is
inferior to Ru as a catalyst for ammonia synthesis because of its lower nitrogen
binding energy [57, 58]. Therefore, the Co nanoparticle (6wt%) loaded MgO cata-
lyst shows negligibly smaller activity (31 wmol g~' h™') at 400 °C and 0.1 MPa
than Ru(6wt%)/MgO (1610 wmol g~' h=!). While Co/C12A7:0?~ exhibits activity
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comparable to Co/MgQO, the catalytic activity of Co/C12A7:e~ is superior to that
of Ru/MgO. The operation temperature for ammonia production over Co/C12A7:e~
is lower by ~200 °C than that for the Co/C12A7:0? catalyst, resulting in much
lower activation energy (ca. 50 kJ mol™") than those of conventional Co catalysts
(90110 kJ mol~"). The high catalytic performance of Co/C12A7:e" is attributed
to the electron donation from C12A7:e~ with a much lower WF (2.4 eV) compared
with Co metal (5.0 eV). This promotion effect is quite different from the other Co
catalysts combined with nitride or hydride such as CosMosN [59] and Co—LiH [60],
in which N activation over Co is assisted by other compounds with high nitrogen
adsorption energy to form nitride species as intermediates. On CosMo3N catalyst, N,
is activated to form MosN at threefold hollow Mo sites, and then ammonia is formed
by the subsequent hydrogenation via the Mars-van Krevelen-type mechanism [61].
As for the Co-LiH catalysts, N, dissociation is accelerated at the Co-LiH interface
through the intermediate Li;NH imide formation, and subsequently, these species
are hydrogenated to NH; [60]. This LiH-mediated mechanism also promotes the
ammonia synthesis over other TM catalysts such as V, Cr, Mn, and Fe. In contrast,
both N, and H, molecules are directly activated over Co nanoparticles on C12A7:e™
without the aid of other additives. The Co nanoparticles on C12A7:e™ maintain a
metallic state without reaction with other components during NHj synthesis.

The C12A7:e™ also has a high electronic promotion effect on the activity of
supported metal catalysts in various other chemical reactions such as ammonia
decomposition [62], CO oxidation, [63] and selective hydrogenation of unsatu-
rated aldehydes [64]. In addition, C12A7 without electrons can serve as an efficient
support for Pt single atom catalyst (Pt-SAC) [65]. There are a number of opened
empty cavities with a positive charge on the surface of the C12A7 prepared by
the hydrothermal method. These cavities can capture [PtCl4]>~ ions by the Coulomb
interaction when the C12A7 is dispersed in PtCly/methanol solution. After the reduc-
tion of the precursor, atomically dispersed Pt is formed on the surface of the C12A7
support (Fig. 7.6). This single Pt atom on C12A7 does not aggregate even after the
H; reduction at 600 °C. Furthermore, the Pt-SAC/C12A7 exhibits high and stable
catalytic activity for the hydrogenation of 4-chloronitrobenzene to 4-chloroaniline
below 60 °C. The TOF is an order of magnitude higher than that of Pt/Al,O3 or
Pt/CaO under the same reaction conditions.
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Fig. 7.6 Schematic illustration for the formation of single-atom Pt on C12A7. Adapted with
permission from Ref [65]. Copyright 2020 Macmillan Publishers Limited, part of Springer Nature
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7.3 Metal Oxide Bearing Heteroanion

7.3.1 Oxyhydride

Hydride (H™) ion doping into oxides is a new strategy for modifying the chemical and
physical properties of inorganic materials [27, 66—70]. The H™ ion consists of one
proton and two electrons and has unique characteristics such as high standard redox
potential (—2.2 V vs SHE), large electronic polarizability, and moderate electroneg-
ativity (2.20) [71]. In contrast to other anions, H™ ion is highly flexible in size with
ionic radii of 1.3-1.5 A, which is similar to those of O?>~ and F~ ions. The H™ ions
are formed in the solid materials by the reaction with electropositive metal elements,
whereas OH™ ions with protonic hydrogen (H*) are formed on the typical metal oxide
surface. A typical metal hydride such as CaH, is used as a reducing agent in various
chemical reactions, and recently, some oxyhydrides such as LaFeAs(O;_xHy) and
Lay_x_ySry4yLiH|_4yO5_y are reported to show superconductivity and hydride-ion-
conductivity [68, 70]. Thus, the oxyhydrides are unique materials that have been
attracting significant attention in recent years.

The role of H™ ion in ammonia synthesis has been firstly demonstrated by
Ru/C12A7:e~ and Ru/Ca,NH catalysts [44, 72]. The Ru/Ca,NH, in which H™
ions are stabilized at interlayer space between positively charged [Ca,;N] layers,
exhibits much higher ammonia synthesis activity and lower activation energy than
Ru/CaNH containing H*. Anionic electrons are created on hydride vacancy sites
at the Ru-Ca;NH interface during the reaction, which imparts a low work func-
tion (2.3 eV) to the surface. Therefore, this material can be regarded as a quasi-
electride. After this discovery, a number of hydride-based catalysts such as CaH,
[72], LnH; [73], LnH3_5xOx (Ln = La, Ce, Y) [74], TM-hydrides (AHyx, A = Li,
Na, K, Ba, Ca) composite [60], BaTiO,sHgs [75], TiH, [75], GdHO [76], SmHO
[76], VHg 39 [77], CaH,—BaF, [78], Mo-hydride grafted SiO, [79], LisRuHs [80],
and Ba,RuHg [80] have been developed. Kageyama et al. have developed novel
oxyhydrides, BaTiO3_,H,, with a perovskite structure by the replacement of 0>~
sites of BaTiO3z with H™ ions [69]. The BaTiO, sHy 5 can be synthesized by heating
BaTiO; with an excess amount of CaH, at 520-560 °C for 1 week under vacuum
conditions and subsequent washing treatment with an NH4Cl/methanol solution to
remove excess CaH, and CaO byproduct (Fig. 7.7). The lattice H™ ions can be easily
exchanged with N3~ by heating under N, or NH3 atmosphere at low temperatures
(375-550 °C), which is derived from the lability of H™ ion in BaTiO, sHy s [81]. The
ammonia synthesis activity of BaTiO, sHy s without any transition metal catalyst is
almost comparable to Cs—Ru/MgO catalyst at high temperature and high pressure
conditions (400 °C, 5 MPa) [75]. In this system, Ti with a high nitrogen binding
energy enhances dissociative adsorption of N;, and the hydride partially reacts with
the activated N to form nitride-hydride intermediates that are regarded as the active
catalyst composition. Furthermore, the BaTiO, sHg 5 facilitates the activity of Ru,
Fe, and Co nanoparticles, which are much higher than the case of BaTiO3; support
[82]. When the Ba-site is substituted by other alkali-earth cations such as Sr, and
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Ca, the (Ca, Sr, Ba)TiO3_xHy supports exhibit much higher catalytic activity than
the corresponding oxide supports. The catalytic activity increases in the order of
CaTiO3_xHy < StTiO3_4Hy < BaTiO3;_4Hy. On the other hand, the catalytic activity
of Ru/BaTiO, 5Ny, without any H™ ion is negligibly low, indicating that lattice H™
ion is indispensable to enhance the catalytic activity. They also demonstrated that
LnHO (Ln = Gd, Sm) with anion-ordered fluorite structure (P4/nmm)-supported Ru
catalysts exhibits extremely high ammonia synthesis rate (50-168 mmol g~' h~!) at
400 °C and 5 MPa, although the detailed mechanism is not unveiled [76].
Lanthanide oxyhydrides such as LaH3;_», O and CeH3_,,Oy also have outstanding
promotion effects in ammonia synthesis at low reaction temperatures (< 260 °C)
[74]. LaH3_»xOx has a fluorite-type tetragonal structure (space group: P4/nmm) and
is prepared by the partial substitution of O%>~ ion in the H™ site of LaHj3. In LaH3,
H™ ions are located in Lay tetrahedron (T) and Lag octahedron (Oc) sites, and the
nearest neighbor of H™ site is H™ rather than La** (Fig. 7.8). The replacement of H~
site with O2~ leads to the creation of vacancy sites at the either T or Oc sites, and
the resultant LaH3_,,Ox exhibits the highest H™ ion conductivity among the hydride
materials [83, 84]. The LaH;_»,Ox can be prepared by the solid-state reaction of
LaH; with La, 03, and the H™ content can be controlled by changing the mixing
ratio of the LaHj3 to La;O3. As compared with LaH3, diffraction peaks shifted to
a lower angle side with increasing the oxygen content, which indicates the lattice
expansion by the replacement of H™ ion with larger O*>~ ion (Fig. 7.8). Figure 7.9
shows the ammonia synthesis activities of Ru catalysts supported on La-based oxide,
hydride, and oxyhydride. While Ru-loaded rare earth oxides such as CeO, and La,; O3
are known to show high ammonia synthesis activity, the operation temperature of
Ru/LaH;_,,0, is 100 °C lower than that of Ru/La,;03. As a result, Ru/LaH;_,,0,
exhibits a lower activation energy (64 kJ mol~') than Ru/La;O;3 (81 kJ mol™!).
Ru/LaHj; catalyst also works as an efficient catalyst at low reaction temperatures,
but the activity gradually decreases with reaction time (Fig. 7.9). The deactivation
is caused by the nitridation of the LaH3 surface during ammonia synthesis. On the
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Fig. 7.7 Synthesis of BaTiO3_xHx by the reaction of BaTiO3 with CaH;
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other hand, Ru/LaH;_,4Ox has a stable catalytic activity for more than 100 h, and
the total amount of produced ammonia (~9.0 mmol) is much larger than the amount
of lattice H™ ions (1.7 mmol). The surface H™ ions are preserved during the reaction
because the presence of lattice oxygen prevents the transformation of LaH, 50Og 25 to
LaN. However, there is no relationship between the catalytic performance and the
hydrogen content (0.25 < x < 1) in Ru/LaH3_,4Ox, which is contrary to the result of
H™ ion conductivity of LaH3_»,Ox [83]. The hydride-ion conductivity of LaH3_»xOx
increases significantly with an increase in the H™ content, e.g., the conductivity of
LaH, 50q5 is two orders of magnitude higher than that of LaHO. The activation
energies of hydride conduction are in the range of 96.5-125.4 kJ mol~!, which is
much larger than that of ammonia synthesis. Accordingly, the H™ ion conduction
of LaHj3;_,xOx does not directly contribute to the catalytic performance. Neverthe-
less, the LaHj3_»xOy support shows a clear electronic promotion effect on ammonia
synthesis activity since the Ru particle size and shape are the same as the La; 03
and LaHj3-supported Ru catalysts. Furthermore, Ru/CeH;_,,Oy catalysts have much
higher catalytic activity than Ru/CeQ,, indicating the introduction of H™ ion in the
support material is effective for low-temperature ammonia synthesis.

DFT calculation revealed that the work functions (WFs) of LaH3;(110) and
LaH, 50,5(100) decrease from 3.5 to 1.8 eV when the H™ ion is removed from
each surface. When a Ru cluster is loaded on each support, electron transfer occurs
from hydride vacancy (Vy) sites to Ru cluster, leading to that the charges (Qs) of
Ru on LaH;3_4Vyx and LaH; 5 VuxOg 25 are determined to be —0.33 and —0.26,
respectively. The negatively charged Ru is confirmed by XPS and FT-IR spectroscopy
for CO adsorption on the catalysts. Thus, the formation of Vy at Ru-support inter-
face is a key for the electronic promotion effect, and the electron donating ability
of LaH3_,4Oy is comparable to that of LaHs. The Gibbs free energy changes (AG)
for the Vg formation on LaH, 505 is calculated to be larger than that for LaHj3.
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Fig. 7.8 a Crystal structure of LaH3. b XRD patterns for LaH3_,4Ox, LaH3, and La;O3. Adapted
with permission from Ref. [74]. Copyright 2020 Wiley-VCH GmbH
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H,-TPD experiments also indicated that H, desorption from LaHj; takes place at a
lower temperature with a lower activation energy (E.: 58.4 kJ mol~!) than in the
case of LaH,50q25 (Eges: 72.1 kJ mol~!). The low WF surface is readily formed
on LaHjy surface rather than LaH, 50 ,5. However, the AG for LaN formation on
LaH; is much more negative than that on LaH;50q s, indicating that LaHj3 tends
to be converted into LaN during ammonia synthesis. Indeed, the LaN formation is
confirmed by XRD of Ru/LaHj3 after ammonia synthesis, which is the main reason
for the deactivation of Ru/LaH3 (Fig. 7.9). Once LaN is formed, the formation of
nitride vacancy is unlikely to occur because of its larger formation energy. The LaN
formation at the Ru—LaHj; interface reduces the electronic donation from the support
to Ru nanoparticles. In contrast, LaH; 50g 25 has high resistance toward nitridation
during ammonia synthesis, which results in high and stable catalytic activity. Thus,
the H™ ion in the oxyhydride support serves as an electron source to promote ammonia
synthesis on Ru catalyst, that is, electron injection from the oxyhydride with elec-
trons trapped at the H™ vacancy sites to Ru greatly enhances N, cleavage at low
reaction temperatures. Although the TM-LiH composite catalysts are reported to
show high ammonia synthesis activity at low reaction temperatures [60], N disso-
ciation is facilitated by the formation of metal-imide intermediate species at the
TM-LiH interface. Therefore, the nitridation of the hydride, the formation of NHy
species, is a key process to enhance the catalytic activity of TM catalysts. As for the
Ru/LaH;_,4Ox catalyst, the nitride formation is not effective, but electron donation
from the oxyhydride is the dominant factor to promote Ru catalyst.
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7.3.2 Oxynitride-Hydride

A novel oxynitride-hydride, BaCeO3;_NyH,, has been developed as an ammonia
synthesis catalyst.[33! It is the first experimental demonstration of the synthesis and
catalytic application of the oxynitride-hydride. The BaCeO;_xNyH, has a typical
ABOjs-type perovskite structure (space group: Pnma), where a part of O~ sites
are substituted by N3~ and H™ ions (Fig. 7.10). It can be directly synthesized by
the solid-state reaction of Ba(NH;), with CeO, at 300-600 °C under an NHj3 gas
atmosphere. Generally, perovskite oxynitrides are prepared by nitridation of oxide
precursor under NH3 atmosphere at very high temperatures (800—1300 °C) [86]. In the
case of the perovskite oxyhydrides (e.g., BaTiO3_H,), the O>~ sites can be replaced
with H™ at relatively low temperatures (500-600 °C) for a long time (about 1 week) by
using CaH; as a reducing agent [69]. In addition, the resultant oxyhydrides should
be washed to remove unreacted CaH, and byproduct CaO. Therefore, such harsh
conditions and complicated processes are required for the replacement of O~ sites
by N3~ and/or H™ ions because of the high stability of the perovskite-type oxides.
In addition, the perovskite oxide itself is also prepared at high temperatures (>800
°C) because the decomposition of alkaline earth carbonates, which are used as A site
cation sources, requires high temperatures. In contrast, the BaCeO3;_xNyH, can be
obtained at lower temperatures since the decomposition of Ba(NH,); starts from 200
°C. The target product can be formed without any complicated cleaning processes
because only gas components such as N», H,, and NH; are released as byproducts.
In addition, it is difficult to introduce high-density heteroanion into the oxide lattice
since the replacement of O?~ sites by N3~ or H™ with different valences leads to
defect generation. On the other hand, in the BaCeO3;_4NyH, synthesis process, two
O’ sites can be ideally replaced with one N3~ and one H™, and therefore, high
concentration heteroanions can be doped into the oxide framework without defect
formation.

XRD patterns for BaCeO3_xNyH, prepared at various temperatures are summa-
rized in Fig. 7.10. The reaction of CeO, with Ba(NH;), to form perovskite structure
proceeds even at 300 °C, and an almost single-phase perovskite BaCeO3;_xNyH,
with an orthorhombic structure is obtained at 550 °C. The unit cell volume of
BaCeO3_NyH, is determined to be 349.8 A3, which is much larger than that of
BaCeOs (340.5 A?). This lattice expansion is caused by the presence of N3~ (1.46 A)
and Ce* (1.14 A) with larger ionic radius than 0>~ (1.38 A) and Ce** (0.97 A). XAFS
and XPS analyses revealed that 45% of Ce** sites are reduced into Ce** during
the synthesis of BaCeO3;_xNyH,. The chemical composition was determined to be
BaCeO; 39Ny s7Hp 23 by various elemental analyses, indicating that 27% of anion
sites are substituted by heteroanions such as N3~ or H™. Such a heavy heteroanion
doping cannot be achieved by conventional methods. For instance, N3~ or H™ ions
are not introduced into the lattice of BaCeOj3 by simple heating with NH3 even at 900
°C. BaCeOs is well known as a proton conducting material, and many researchers
focus on cation substitution of BaCeOj3 to improve the conductivity [87]. However,
the study on the anion substituted BaCeOs is extremely rare.
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Fig. 7.10 a Synthesis of BaCeO3;_xNyH, by the reaction of CeO; with Ba(NH>);. b XRD patterns
of BaCeO3_xNyH, prepared at various temperatures. Adapted with permission from Ref. [85].
Copyright 2019 American Chemical Society

The BaCeO3_xNyH, works as an efficient support of transition metal nanopar-
ticle catalysts in ammonia synthesis. Although Ru/BaCeOs is reported to show high
ammonia synthesis activity [88], the catalytic activity of Ru/BaCeO3;_xNyH, is an
order of magnitude higher than that of Ru/BaCeQO3 at low reaction temperatures
(<300 °C). The much higher catalytic activity of Ru/BaCeO;_xNyH, is attributed
to the promotion effect by the oxynitride-hydride support because its Ru particle
size (~5 nm) and the surface area (4.35 m?> g~!) are almost the same as those of
Ru/BaCeO;. When the Co and Fe nanoparticles are supported on BaCeO3;_xNyH,,
the ammonia synthesis rates are 40-200 times higher than those of Co and Fe-loaded
BaCeOj (Fig. 7.11). In addition, the BaCeO3;_4Ny H, effectively promotes the activity
of the supported Ni catalyst that is well known as an inefficient catalyst for ammonia
synthesis because of its very low nitrogen adsorption energy. The promotion of Ni
catalyst by nitride-based support has been also demonstrated by the Ni—LaN cata-
lyst [89, 90], in which N, and H, molecules are activated separately at the nitride
vacancy site on LaN and Ni metal surface, respectively. Such a unique reaction mech-
anism is considered to take place on the Ni/BaCeO3_,NyH, catalyst. It should be
noted that BaCeO3;_xNyH, without any transition metal nanoparticles has a stable
catalytic activity for NH3 synthesis, in contrast to no catalytic activity of BaCeOj;
(Fig. 7.11). This result means that lattice N3- and H™ ions work as active sites in the
NH; synthesis reaction, which is clarified by ammonia synthesis from isotopically
labeled nitrogen ('>N,) and hydrogen (D).

The difference in the reaction mechanism for ammonia synthesis between TM/
BaCeO3_4NyH, and conventional oxide-supported TM catalysts is summarized in
Fig. 7.12. In the case of conventional catalyst, both N, and H, molecules are acti-
vated only on the TM surface to form NH; (Langmuir-Hinshelwood type mecha-
nism). Therefore, NH; formation reaction efficiently proceeds on Ru with optimum
nitrogen binding energy, but it hardly occurs on the Fe, Co, and Ni under mild reaction
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Fig. 7.11 a NHj3 synthesis rates for various transition metals supported on BaCeO3_xNyH, and
BaCeOg3at 400 °C and 0.9 MPa. b Stability test for NH3 synthesis over BaCeO3_xNyH,at 400 °C
and 0.9 MPa. Adapted with permission from Ref. [85]. Copyright 2019 American Chemical Society

conditions. As for TM/BaCeOs_xNyH, catalyst, the activation of N, and H, proceeds
not only on the TM surface but also on the heteroanion sites on BaCeO3_xNyH,
(Mars-van Krevelen-type mechanism). Such a unique reaction mechanism signif-
icantly promotes the activity of TM catalysts with much lower activation energy
(46-62 kJ mol~") than conventional TM catalysts. As described in Fig. 7.12, the
lattice nitrogen is hydrogenated by lattice H™ ion or spill-over hydrogen from the
TM surface to form NH3, and subsequently electrons are generated at anion vacancy
sites (V,). The electron at V, facilitates the N, cleavage at the TM-support interface,
resulting in the regeneration of lattice nitrogen in BaCeO3;_xNyH,. An associative
mechanism for ammonia formation is also considered as another possible route,
where N, molecules are activated at V, sites followed by hydrogenation to form
NNH species. Then, the dissociation of N-N bond is enhanced by stepwise hydro-
genation, and finally, the V, site is occupied by nitrogen. After the lattice nitrogen is
hydrogenated into NHj3, electrons are captured at V, sites, which further react with
N, and H; to regenerate N3~ and H™ ions in the lattice. In both cases, H, poisoning
over the TM surface can be prevented by the reversible exchange between electrons
and H™ ions occurring at the metal-support interface as with the case of Ru-loaded
electride catalysts.
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Chapter 8 ®
Crystalline Metal Oxide Catalysts skl
for Organic Synthesis

Keigo Kamata and Takeshi Aihara

8.1 Catalyst Design of Crystalline Metal Oxides
for Organic Synthesis

The chemical industry based on fossil resources such as oil and coal has contributed to
global economic development over the past century through the synthesis of various
useful chemicals; however, it can still cause many serious environmental prob-
lems. Therefore, the establishment of environmentally friendly chemical processes
requires the development of innovative and cost-effective approaches to prevent
environmental pollution. Green and sustainable chemistry is one of the most fasci-
nating concepts for reducing the impact of chemicals on environmental pollution
and human health. To this end, Anastas and Warner developed 12 principles in 1991
[1]. A simple definition of these principles is to reduce and/or eliminate the use or
production of hazardous substances in the design, manufacture, and application of
chemical products. Advances in green chemistry contribute not only to a reduction of
the risks associated with global problems (e.g., climate change, energy production,
availability of safe and adequate water supplies, food production, and the presence
of toxic substances in the environment), but also to new technologies that provide
reliable chemical products for society in an environmentally friendly manner [1-4].

In the production of chemical substances (in particular, high value-added chemi-
cals), C—C bond formation reactions and functional group transformation reactions
that involve reduction/oxidation are indispensable. However, conventional synthetic
methods that use non-recoverable and non-recyclable stoichiometric reagents (e.g.,
acid-base reactions using mineral acids (H,SOy, etc.), Lewis acids (AlCl3, etc.),
and inorganic bases (NaOH, etc.), reduction reactions that use metals (Na, etc.) and
metal hydrides (LiAlHy, etc.), and oxidation reactions using permanganate) are still
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widely used. Therefore, the replacement of these stoichiometric methodologies with
greener catalytic methods could reduce the use and production of toxic and dangerous
substances [1-7]. To date, many soluble homogeneous catalysts with high catalytic
activity and selectivity have been developed for the green synthesis of various chemi-
cals because their structural and electronic properties can be controlled at the atomic
and molecular levels. Despite these advantages, efficient and cost-effective cata-
lyst/product separation and the reuse of expensive catalysts are difficult to achieve
efficiently and cost-effectively; therefore, the share of homogeneous catalysts is
only approximately 20% [8—12]. In contrast, the development of easily recoverable
and recyclable solid catalysts has attracted interest in the environmentally friendly
synthesis of high-value-added chemicals.

The uniform construction of structurally controlled active sites on solid materials
is essential for achieving efficient and selective functional groups for transformation
reactions. However, the fine-tuning of heterogeneous catalyst structures is typically
difficult, which results in a problem where the catalytic performance is restrained,
in sharp contrast to homogeneous catalysts with well-defined active sites. Therefore,
the design and development of new high-performance all-inorganic heterogeneous
catalysts that are applicable to various organic reactions remain a strongly desired
goal and a challenging subject of research. In this context, crystalline metal oxides
are good candidates as multifunctional heterogeneous catalysts because they have
versatile crystal structures depending on the elemental composition, polymorphism,
and oxidation states of the elements, in contrast to metallic compounds, and cover
various types of reactions such as acid-base reactions, selective oxidation, complete
oxidation, exhaust gas purification, biomass conversion, electrocatalysis, and photo-
catalysis [13-39]. In this chapter, recent studies on crystalline metal oxide catalysts
for liquid-phase organic reactions are comprehensively summarized with a focus on
the structure—activity relationship.

Transition metal oxides exist in many different crystallographic forms; however,
there seems to be no simple generalization that associates a structure with stoichiom-
etry or the type of elements [39]. The ionic radii of transition metals are smaller than
that of O%; therefore, oxygen ions are typically close-packed with smaller metal
ions in octahedral and tetrahedral holes. Metal oxides commonly studied as catalysts
are corundum, rocksalt, wurtzite, spinel, perovskite, rutile, and layered structures,
as shown in Fig. 8.1. The rocksalt structure consists of a three-dimensional array of
alternating cations and anions, where each ion is in the center of an octahedron and
the vertices are the opposite type of ions, which results in corner-sharing octahedra.
Waurtzite consists of a three-dimensional net of corner-sharing tetrahedra. Oxygen
ions assume a hexagonal close-packed arrangement in the corundum and rutile struc-
tures, whereas they have a cubic close-packed arrangement in the spinel structure. In
an ideal rutile structure (general formula MO,), half of the octahedral holes are filled
with cations and the tetrahedral holes are empty. In the corundum structure (general
formula M, O3), two-thirds of the octahedral holes are filled and the tetrahedral holes
are empty. In an ideal spinel structure (general formula M3QOy,), half of the tetrahe-
dral holes and half of the octahedral holes are filled. The most common oxidation
states of metals are +2 and +3, and all M?* and M>* ions are in the tetrahedral and
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octahedral holes, respectively, in a normal spinel, whereas all M?* ions are in the
octahedral holes and M?* ions are distributed equally between the octahedral and
tetrahedral holes in an inverse spinel. The ideal perovskite structure (general formula
ABO3) consists of a cubic network with shared octahedra. The small, highly charged
B cation is in the center of the octahedron, and the large A cation is in the center of
the cavity defined by eight octahedra. Therefore, this latter cation coordinates to 12
oxygen ions. The B ion is typically a transition metal ion and the A ion is an alkaline,
alkaline earth, or lanthanide ion.

Among crystalline complex metal oxides with a wide variety of structures, several
examples of perovskite, spinel, metal phosphate, and other materials (hydrotalcite,
montmorillonite, garnet, pyrochlore, murdochite) are highlighted with a focus on
their structures, synthesis, and catalytic applications to liquid-phase environmentally-
friendly functional group transformations. Typical examples for heterogeneously
catalyzed liquid-phase organic reactions over crystalline metal oxides-based mate-
rials are listed in Fig. 8.2. In acid-base reactions, not only the replacement of a
conventional homogeneous stoichiometric acid and/or base catalysts, but also specific
functional group transformation reactions through the cooperative action of adjacent
acid-base sites on solid materials have been reported. In the oxidation reaction,
the development of heterogeneous catalysts that can selectively introduce oxygen-
based functional groups under mild conditions has been achieved by control of their
compositions and structures, the activation of oxidants, and the reactivity of the
active oxygen species. In C—C bond formation reactions (mainly cross-coupling reac-
tions with precious metals) and reduction reactions such as hydrogenation, metal
nanoparticles formed on complex metal oxides under reductive conditions act as
dominant active sites, and the specific effect of metal oxides as supports is observed
in some cases. One-pot reactions typically require sequential multicomponent reac-
tions over one solid catalyst; therefore, multifunctional complex metal oxides with
both appropriate acid-base and redox abilities are effective, depending on the nature
of the one-pot reactions. Figure 8.3 shows the catalyst design of crystalline complex
metal oxides for liquid-phase organic reactions. The selection of chemical composi-
tions and appropriate synthesis methods leads to the control of crystalline structure,
oxygen vacancy formation, metal nanoparticle (NP) stabilization, and multifunction
including acid-base and redox properties. The catalytic application of crystalline
complex metal oxides to electrochemical, photocatalytic, and high-temperature gas-
phase reactions has been examined in several excellent books and review articles
[1-39]. In addition, catalysis by zeolites and polyoxometalates is comprehensively
summarized in other chapters.

8.2 Synthesis Method of Crystalline Metal Oxides

Liquid-phase organic reactions are typically conducted at lower reaction temper-
atures (e.g., from room temperature to ca. 200 °C) than gas-phase heterogeneous
catalytic systems; therefore, it is generally recognized that chemical reaction occurs
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Fig. 8.1 Crystal structures of representative metal oxides. a rocksalt (MgO), b wurtzite (ZnO),
¢ corundum (a-Fe,03), d rutile (TiO7), e normal spinel (MgAl»Oy), f inverse spinel (FezO4), g
perovskite (SrTiO3), and layered compounds (h hydrotalcite and i montmorillonite))

on (or near) the catalyst surface, so that an increase in surface area is an important
factor in the synthesis of complex metal oxide catalysts for liquid-phase organic
reactions. To date, many research groups have reported that nanosized and/or porous
crystalline complex oxide catalysts synthesized by co-precipitation, sol—gel, solution
combustion, and soft/hard templating methods could be used as heterogeneous, recy-
clable, and durable catalysts for liquid-phase organic reactions (Fig. 8.3). Complex
metal oxides are multicomponent and complex systems that consist of multiple
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Fig. 8.2 Representative examples for heterogeneously catalyzed liquid-phase organic reactions
over crystalline complex metal oxides-based materials

metals; therefore, the synthesis methods employed have a significant effect on the
crystallinity, purity, size/shape of particles, surface area, and the size/amounts of
pores. The solid-state synthesis method is typically employed for electronic and
electrical applications because highly pure crystalline complex metal oxides can
be synthesized from metal precursors such as oxides, hydroxides, and carbonates;
however, the extremely low surface area of the product often limits the overall perfor-
mance of the bulk catalyst. The co-precipitation method is one of the most useful
techniques for the facile synthesis of crystalline complex metal oxides. The addition
of suitable precipitants (NaOH, NHj3, amine, etc.) to an aqueous solution containing
two or more metal species (metal nitrates are typically used as starting materials)
gives precursors with high homogeneity. Another simple and useful technique to
synthesize crystalline complex metal oxides with relatively high surface areas is the
sol-gel method. The gradual formation of a solid-phase gel from the solution sol
containing the metal sources and additives (in some cases) is observed by heating,
pH control, and drying. The dried gel precursors are decomposed by calcination,
which leads to the formation of the desired homogeneous complex metal oxides
with accurately controlled chemical composition. Solution combustion synthesis
using self-sustaining exothermic chemical reactions of metal nitrates with suitable
organic fuels (urea, citric acid, glycine, alanine, glycerol, etc.) can also be applied to
the synthesis of complex metal oxide nanoparticles. The reaction itself supplies the
heat required for phase formation, so that the mixture is heated at lower temperatures
than those used for conventional synthesis routes, i.e., there is no requirement for
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Fig. 8.3 Synthesis and catalyst design of various crystalline complex metal oxides for liquid-phase
organic reactions

the decomposition of the intermediates and/or calcination steps. The reaction occurs
only on the surface of non-porous metal oxide nanoparticles, which limits the acces-
sibility of large substrates and thus the catalytic performance. The synthesis of porous
complex oxide materials has been extensively investigated using polymeric materials
and porous silicates as soft and hard templates, respectively. Hydrothermal synthesis
is also an important inorganic synthesis technique. An aqueous mixture of precur-
sors is heated above the boiling point of water in a sealed stainless-steel autoclave,
which results in a significant increase in pressure in the reaction autoclave above
atmospheric pressure. Under these conditions, a one-step process to produce highly
crystalline materials is realized without the need for post calcination processes, and
hydrothermal strategies have been utilized to synthesize a broad range of materials
including single crystal materials, zeolites and related microporous materials, and
inorganic—organic hybrid materials.
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8.3 Catalytic Application to Liquid-Phase Organic
Reactions

8.3.1 Simple Oxide

Simple oxides are widely used not only as catalysts for various types of reactions, but
also as supports for metal-supported catalysts [37—40]. Their acid—base and redox
properties are significantly dependent on the constituent elements and crystal struc-
tures (polymorphs), and in particular, the surface properties are also significantly
affected by the catalyst preparation method. The preparation, properties, and cata-
lyst activity of simple oxides have been reported in many excellent review articles
and books; therefore, only typical examples and our recently reported polymorphic
dependence of MnO, are introduced in this chapter.

Simple oxides are classified into two categories of main group oxides and tran-
sition metal oxides. Among the main group oxides, alkali or alkaline earth oxides
(MgO, CaO, Rb,0, etc.) and rare earth oxides (La, 03, etc.) are representative solid
base catalysts that are used for many base-catalyzed reactions. For example, MgO
could efficiently promote some liquid-phase base-catalyzed reactions such as the
nitroaldol reaction, Michael dimerization of methyl crotonate, addition of methanol
to 3-buten-2-one, and Michael addition of nitromethane [38]. The surface of alumina
(Al,0O3) is generally regarded as acidic rather than basic; however, the participation
of both acidity and basicity in the catalysis is indispensable. Similarly, the existence
of both acidity and basicity has been frequently observed experimentally for other
simple oxides such as TiO,, ZrO,, ZnO, and CeO,. Tomishige and coworkers have
focused on the acid—base bifunctional properties of ZrO, for the selective synthesis of
dimethyl carbonate from methanol and CO; (Eq. 8.1) [41, 42]. ZrO, prepared by the
calcination of Zr(OH), at 400 °C exhibited the highest catalyst activity, and the bulk
and near-surface structures were mainly tetragonal and monoclinic phases, respec-
tively, based on X-ray diffraction (XRD) and Raman measurements. According to the
results of NH3- and CO,-temperature programmed desorption (TPD) measurements,
the number of adjacent acid—base sites has been proposed to be related to the activity
toward dimethyl carbonate formation (Fig. 8.4). Acidic hydroxyl groups are present
on the surface of certain metal oxides such as Nb,O5; and WO3, and the number of
acidic hydroxyl groups is largely dependent on the calcination temperature for these
oxide materials.

Zr02

o
CH3OH + CO2 > )J\
° ~ e 8.1
(250 mmol) (82 mmol)  170°C, 16 h o~ "o
(0.42 mmol)

Redox-active metal oxides could catalyze oxidation reactions through the removal
of lattice oxygen and its reinsertion, as well as one-pot reactions using a combination
of the acid-base and redox properties of metal oxides. Yamaguchi and co-workers



226 K. Kamata and T. Aihara

2Oz O
210, N
CH3OH
Y e
+ H,0
HsC
© OQ’,'CHS 0=C* O/CH3
07, HO ® ; a

Nz \Zr/o\ m
70, 2

CH,OH

Fig. 8.4 Proposed reaction mechanism for the selective synthesis of dimethyl carbonate from
methanol and CO; over ZrO,. The catalytic cycle was created based on the description in reference
[42]

reported that a cryptomelane-type manganese oxide-based octahedral molecular
sieve (OMS-2) could act as a recyclable heterogeneous catalyst for the aerobic oxida-
tive amidation of various primary alcohols or aldehydes, including aromatic, olefinic,
heteroaromatic, and aliphatic species into the corresponding primary amides with
ammonia (Eq. 8.2) [43]. It has been proposed that the redox and acid-base properties
of OMS-2 promote the following four steps: (i) oxidation of alcohols, (ii) condensa-
tion of aldehydes with ammonia, (iii) oxidation of aldimines, and (iv) hydration of
nitriles (Fig. 8.5). Tamura and co-workers developed heterogeneous catalyst systems
based on CeO, for aerobic imine formation from various combinations of benzyl
alcohols and anilines [44]. CeO, exhibited much higher catalytic activity than other
metal oxides and could be reused three times without significant loss of activity for
the reaction of benzyl alcohol and aniline (Eq. 8.3). Mechanistic studies including
kinetic measurements, mass spectrometry, and IR analyses indicated that reactive
oxygen species at the redox sites on CeO, results in the high activity, and that CeO,
promoted both alcohol oxidation and imine formation, probably due to the redox and
acid-base bifunctional properties of CeO, (Fig. 8.6).
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Fig. 8.5 Proposed reaction pathways for the synthesis of primary amides from primary alcohols
over OMS-2 [43]
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The polymorphism of metal oxides is an important factor in determining the
catalytic performance of various reactions (e.g., NoO decomposition [45], photocat-
alytic CO, hydrogenation [46], and electrocatalytic oxygen evolution reaction (OER),
and oxygen reduction reaction (ORR) [47]). We have also investigated the polymorph
dependence of MnO, for the aerobic oxidation of 5-hydroxymethylfurfural (HMF)
to 2,5-furandicarboxylic acid (FDCA) as a bioplastic monomer by a simple system
based on a non-precious-metal catalyst of MnO, and NaHCO; (Eq. 8.4) [48, 49].
We revealed that B-MnO, was the most active oxidation catalyst among the MnO,
polymorphs (a-MnO;, y-MnO,, 3-MnO,, e-MnO,, and A-MnO,) through combined
computational and experimental studies. Density functional theory (DFT) calcula-
tions indicated that B-MnO, consists of only planar oxygen sites with lower vacancy
formation energies compared with a- and y-MnO; (Fig. 8.7). In addition, the reaction
rates per surface area for the slowest step (5-formyl-2-furancarboxylic acid (FFCA)
oxidation to FDCA) decreased in the order of -MnO, > A-MnO; > y-MnO; & a-
MnO; > 8-MnO; > e-MnO,, and the order was in good agreement not only with the
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Fig. 8.6 Proposed reaction mechanism for the synthesis of imine from alcohol and aniline over
CeO, [44]

DFT calculation results, but also with the reduction rates per surface area determined
by H,-temperature-programmed reduction (TPR) measurements for MnO, catalysts.
Furthermore, we have developed a new synthesis method (low-temperature crystal-
lization of precursors) to produce mesoporous $-MnO, nanoparticles with high surface
areas, which results in significant improvement of the catalytic activity for the aerobic
oxidation of HMF to FDCA [50].

O O

B-MnOz, 02 9 8.4
water HO \_/ OH ©H

100 °C, 24 h 86% yield

Oxygen vacancy formation
MnO, — MnO,_, + x/2 O,

planar Mn;(p3-0) bent Mng(p5-O)

a-MnO, B-MnO, y-MnO, A-MnO,
0p(3.95eV, 50%) Op(3.25eV, 100%) Op(3.846eV,50%) Og(3.44 eV, 100%)
Og(3.25 eV, 50%) Og(3.15 eV, 50%)

Fig. 8.7 Oxygen vacancy formation energy of MnO; [48]
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These mesoporous B-MnO, nanoparticles were also active for the one-pot
synthesis of sulfonamides, which are an important class of organic compounds widely
used as medicines, plasticizers for fiber-reinforced composites materials, and inter-
mediates for dyes, from aromatic thiols, O,, and NH3 (Eq. 8.5) [51]. The solvent effect
on the one-pot oxidative sulfonamidation of benzenethiol with 28% aqueous NHj (5
equivalents with respect to the substrate) in various solvents catalyzed by f-MnO,
at 90 °C was essential, and the mixed solvents of dimethyl formamide (DMF)/water
(372, v/v) was the most effective because the presence of DMF and water may increase
the solubility of both benzenethiol and NH3, which likely improves the catalytic
performance. The used B-MnO; catalyst could be recovered from the reaction mixture
by simple filtration with negligible leaching of Mn species into the filtrate, and it
could then be reused without significant loss of activity or selectivity. The present
B-MnO,-based catalytic system was applicable to the one-pot oxidative sulfonami-
dation of various aromatic and heteroaromatic thiols using O, and NH3 and a larger
scale one-pot oxidative sulfonamidation of p-toluenethiol (20 mmol scale) to give
3.05 g of the corresponding sulfonamide as an industrially important plasticizer for
fiber-reinforced composite materials. Infrared (IR) spectroscopy measurements of
B-MnO, with adsorbed pyridine and S-phenyl benzenethiosulfonate (intermediate)
most likely indicate the interaction of this intermediate with Lewis acid sites on
the B-MnO, surface, which would facilitate the nucleophilic attack of NHj on this
intermediate (Fig. 8.8). Therefore, the strong oxidizing ability and Lewis acidity of
B-MnO, are essential for the aerobic oxidation and the nucleophilic substitution with
NH3, respectively, and such dual functionality of -MnO; results in highly efficient
one-pot aerobic sulfonamidation from thiols, O,, and NH3.

0 0

N

SH BN
©/ B-Mn02 ©/ NH2
28% aq. NH3, O 88% yield
o 3 02 o (8.5)
N N

7 0
SH / DMFiwater (3/2) N\

\\ 7/
| 90 °C, 20 h O “NH,
% = 80% yield

S

8.3.2 Perovskite

The combination of numerous A-site and B-site cations, which represents ~90%
of the metal elements in the periodic table, allows for the formation of the ABO;
perovskite oxide structure. It is also possible to fine-tune the oxidation state of
constituent B-site cations and oxygen vacancies of multi-component perovskite by
partial substitution of A- or B-site cations with other metals. Such compositional and
structural flexibility of perovskites makes it possible to control their physicochemical
properties, which leads to unique functionalities. In Sect. 8.1, the ideal crystal struc-
ture of perovskite oxide was described as cubic, with large ionic radius A-site cations
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Fig. 8.8 Proposed reaction
mechanism for the one-pot
synthesis of sulfonamidies
from thiol, NH3, and O; over
B-MnO, [51]
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having 12-fold coordination and small ionic radius B-site cations having sixfold coor-
dination. The tolerance factor () is typically defined by t = (rp + ro)~/2 (rg + ro)
(where ra, rg, and rq are the ionic radii for the A cations, B cations, and O% anions,
respectively) as an indicator of the deviation from this ideal cubic structure [52-56].
The ideal cubic perovskite ¢ value is 1, and the formation of perovskite structures
with lower ¢ values in the range of 0.75 to 1 is also observed. The cubic structure
is distorted to tetragonal, rhombohedral, or other lower symmetry structures with a
decrease in ¢. On the other hand, the use of large alkaline earth cations or small B-site
cations results in a hexagonal perovskite structure that consists of face-sharing BOg
octahedra with ¢ > 1 (Fig. 8.9) [54]. A layered perovskite structure that consists of
cation-interleaved two-dimensional perovskite slabs has also been reported [52].
Due to their unique structural diversity and controllable physicochemical proper-
ties, perovskite oxides and related materials have been extensively studied as piezo-
electric, (multi)ferroelectric, magnetic, superconducting, and catalytic materials. In
the field of catalytic chemistry with perovskite oxides, reports on liquid-phase organic
reactions for application in green chemistry are still few compared to the electro-
chemical [57-59], photocatalytic [60, 61], and high-temperature gas-phase reac-
tions (total oxidation of hydrocarbons, NO decomposition, etc.) because of the low
surface areas of perovskite oxides. Heterogeneous and recyclable catalytic systems
based on porous and nanosized perovskite oxides have been recently developed for
liquid-phase organic reactions such as cross-coupling reactions [62—66], acid/base-
catalyzedreactions [67—75], and selective oxidation reactions [76—92]. In this section,
we comprehensively describe the unique catalytic properties of perovskite oxides for
these three types of reactions, including the proposed reaction mechanism. Although
some perovskite oxides are active in the hydrogenation of aldehydes, alkenes, and
carboxylic acids, they will not be discussed in detail in this chapter because of
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Fig. 8.9 Crystal structure of hexagonal perovskite oxides. a 4H-SrMnOs3, b 6H-BaFeO3, and ¢
9R-BaRuO3

the structural change to a metal-supported catalyst under reductive conditions (e.g.,
Ni/La,03 from LaNiO3) and the difficulty in the reuse of the catalyst [93, 94].

Transition metal-catalyzed cross-coupling reactions are among the most useful
tools in organic synthesis for the production of many important products such as
pharmaceuticals, materials, and optical devices [95-99]. Efficient C—C bond-forming
cross-coupling reactions with homogeneous Pd catalysts that are workable under mild
conditions are largely unaffected by the presence of water, and exhibit a wide range of
substrate applicability. There is a strong demand to develop Pd-based heterogeneous
catalysts that are easily recoverable and recyclable for industrial use; therefore, many
approaches such as encapsulation and impregnation have been used to immobilize
Pd species. However, leaching of Pd species from the support materials can occur, so
the development of truly heterogeneous Pd catalysts remains an important research
topic. On the other hand, Tanaka and co-workers have developed an innovative “intel-
ligent catalyst” based on a Pd-containing perovskite oxide, which has significantly
improved durability due to the self-regeneration of Pd nanoparticles, in a study on a
three-way catalyst for automobiles that can simultaneously convert the emissions of
three pollutants (CO, NOy, and unburned hydrocarbons) in engine exhaust gas [100—
102]. Whereas conventional noble metal-supported catalysts reduce catalytic activity
due to aggregation and growth of the noble metal particles in use, self-regeneration
is achieved through a cycle between the solid solution and the segregation of Pd in
perovskite crystals. Attempts to apply the specific behavior of these Pd-containing
perovskite catalysts to liquid-phase cross-coupling reactions have been reported by
Ley, Smith, and co-workers [62—65]. The formation of active Pd species in the liquid
phase and recapture of Pd° by the bulk inorganic phase are proposed to be key steps
in a similar manner to that of intelligent catalyst.
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Pd-containing multicomponent perovskite oxides (0.05 mol% Pd) such as
LaFe.57Co0.38Pdo.0503, LagoCeq.1Fep57C00.38Pdo0sO03, and LaFeyg5sPdoosO;3 effi-
ciently promote Suzuki reactions of aryl halides with boronic acids at 80 °C in the
presence of 3 equivalents of a base (K,COs, K3POy4, or Cs,CO3) [62]. The corre-
sponding biaryl derivatives are obtained in high yields from various combinations of
aryl halides and boronic acids, and the addition of tetra-n-butylammonium bromide
(TBABr) improves a few difficult cases such as 3,4,5-trimethoxyphenylboronic acid
(Eq. 8.6). Substrates with substituents in the ortho position, heteroatom-containing
compounds, vinyl boronic acids, and inactive aryl chlorides are tolerated in this
catalytic system (Eq. 8.7).

MeO B(OH MeQ
Br e (OH),

Q " Meo MeO Q O OMe
MeO € LaFeg.57C00.33Pdo.0s03 «

93% yield
MeO .
KoCOs, i-PTOH/H,0 X\ (with TBABr)

OMe
Br B(OH), 80 °C, 18 h
0] re{ )

92% yield
(8.6)
¢ B(OH)2 LaFe 57C0q 35Pdo 0503
: o~ )~ )
ON Na,COs, i-PrOH/H,0
2 135°C, 1h 71% vyield
8.7)

Similar multicomponent Cu- and Pd-containing perovskite oxides are appli-
cable to the Ullmann and Sonogashira reactions [63]. In the presence of a Cu-
containing perovskite, Lag9Cep CogCup403, the Ullmann condensation of aryl
halides with phenols and thiols efficiently proceeds to give the corresponding biaryl
ethers and sulfides, respectively, in high yields. In the case of ether synthesis,
the presence of Cs,CO;3 and ethyl acetate as additives results in the successful
coupling of a variety of phenols with aryl halides (Eq. 8.8). The use of 2 equiv-
alents of sodium fert-butoxide (NaOrBu) and 10 mol% neocuproine (2,9-dimethyl-
1,10-phenanthroline) is effective for the synthesis of sulfides from aryl halides and
thiols (Eq. 8.9). The same research group reported that Pd-containing perovskites
such as LaFeq 57Cug33Pdo 0503, LaFeq 57C00.33Pd0.0503, and Na 04Cugo5Pdg 0504
promoted Sonogashira coupling reactions between aryl halides and alkynes in a
mixed solvent of 5% H,O/DMF or H,O/dimethylamine (DMA) at 120 °C. In the
presence of 2.5 mol% catalyst and 4 equivalents of triethylamine (Et;N), the disub-
stituted alkynes from various combinations (7 examples) were obtained in moderate
to good yields (Eq. 8.10). Taking advantage of the remarkable features of a Pd-
containing perovskite oxide as a solid catalyst, the same research group conducted
a flow chemistry procedure for the Sonogashira and Heck cross-coupling reactions
using Pd-containing perovskite LaFe(osPdysO3 deposited on CeO, [64]. Under
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optimized conditions, a 10 mmol-scale Sonogashira cross-coupling reaction of 1-
butyl-4-ethynylbenzene with iodobenzene was achieved and the catalyst could be
used continuously for at least 24 h without significant loss of catalytic efficiency.

Br o)
AL |84
HO Lag.gCen 1C0g6CU0405 86% yield
o o)
| Cs,CO4/EtOAC, toluene N\ o
/©/ N 110 °C, 48 h /©/ \©<
HO

MeO 78% yield

(8.8)
Br S
AT T
HS
S Lag 9Ceq.1C0gCUp 405 » S 99% vyield
S I /© NaOtBu/neocuproine X\ S__S
+ toluene Q/
@/ HS 110 °C, 48 h \_/ \©

64% yield

(8.9)

= [
MeO

MeO LaFeq.57Cu0.38Pd0.0s05 # 47% yield
=
= B ELN, HODMA N\ MeO _ NO
+ 120 °C, 6-24 h - 2
MeO OoN 71% vyield

(8.10)

Ley and co-workers conducted detailed mechanistic studies on the Suzuki coupling
reaction over Pd-containing perovskite oxides based on the reaction kinetics, catalyst
poisoning experiments, electron microscopy, and three-phase tests [65]. The reaction
of 4-bromoanisole with phenylboronic acid in the presence of LaFe( s7Co 33Pdg 0503
proceeded efficiently after an induction period that corresponded to the formation of
the active Pd species in the liquid phase. After removal of the perovskite solid from
the reaction mixture via a 0.45 pm syringe filter, the filtrate was determined to be
catalytically active, which indicated the formation of a soluble Pd species. Strong
catalyst poisoning was observed with soluble CS, and insoluble polymer-supported
thiophenols. However, the addition of triphenylphosphine (Ph;P) extended the induc-
tion period and the reaction proceeded efficiently after this induction period. This
phenomenon is due to the competitive ligation of phosphine and bromoanisole to
Pd° species. A three-phase study using solid-supported aryl iodide revealed that aryl
halides are required to produce active Pd species in the liquid phase. Based on these
results, a possible reaction mechanism was proposed, as shown in Fig. 8.10. First,
Pd species in perovskite are reduced to Pd° bound to the solid surface, probably by
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(Ph3P)p
nPh;P
/—\ reduction
LaFe 57C00.38Pd0.0s03 LaFeg 57C0g.38Pdg 05-503 7 LaFeq 57C0p .38Pd0.05-503
nPh3P
Ar—Br
in the liquid-phase
Ary Br
Ar,—B(0OH),
Hs—(F9)
O Ar—Br
Ary—Ar,

Hs—(PS) O

|

Fig. 8.10 Proposed reaction mechanism for Suzuki reaction catalyzed by LaFe( 57Cop 33Pd 0503
[65]

an aqueous alcohol solvent. Oxidative addition of aryl halides produces a soluble Pd
species (probably halide-stabilized Pd® nanoparticles), which facilitates the Suzuki
coupling reaction according to a standard mechanism. No formation of Pd black was
observed in transmission electron microscopy (TEM) measurements and the leaching
amounts of Pd species in the reaction mixture was negligible (ca. 2 ppm), which
indicated that Pd° was recaptured by the bulk inorganic phase.

In contrast to the Suzuki reactions over Pd-containing perovskite oxides, the
reaction mechanisms, including metal leaching, reusability, catalyst durability, and
kinetics, have yet to be clarified [63]. Recently, Friedrich and co-workers reported that
LaCog 9Nig osPdp.0503 (Pd 1 mol%) could act as an efficient heterogeneous catalyst
for the Sonogashira cross-coupling reaction between various substituted aryl iodides
and phenylacetylenes (12 examples) in a mixed solvent of water and acetonitrile at
100 °C in the presence of 3 equivalents of Et;N (Eq. 8.11); however, this system was
inactive for bromobenzene and chlorobenzene [66]. The catalyst could be reused six
times for the coupling reaction of phenylacetylene and iodobenzene without signif-
icant loss of catalytic activity. On the basis of catalyst poisoning experiments with
Hg, hot-filtration, leaching of Pd species, and TEM measurements of the recovered
catalyst, nanosized Pd° sites anchored by colloidal organic layers (e.g., iodobenzene)
to the perovskite surfaces have been proposed to act as heterogeneous active sites
for the present Sonogashira reaction (Fig. 8.11), whereas the catalytic role of Pd°
species in the liquid phase cannot be completely ruled out.
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LaCoq.goNig.05Pd0.0503
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Fig. 8.11 Proposed reaction mechanism for Sonogashira reaction catalyzed by
LaCo.90Ni0.05Pdo.0503 [66]

= I LaCog gNig 05Pd0.0503
+
/©/ EtN, H,0/CH5CN

100 °C, 30 min 98% yield

8.11)

Solid acid-base catalysts have been used in many important industrial processes
such as petroleum refining and the production of chemicals [37, 38]. In contrast to
well-studied acid-base catalysts (e.g., zeolites, heteropolyacids, clays, resins, and
complex metal oxides), the acid—base catalytic properties of perovskite oxides are
still underexplored. Wu and co-workers recently gave a comprehensive summary of
the acid-base properties of perovskites, including their catalytic performance [103].
The relationship between the acid-base properties (strength, density, and type of
acid-base sites, surface reconstruction, and exposed facets) and the catalytic activity
has been discussed mainly in terms of gas-phase probe reactions such as 2-propanol
conversion. On the other hand, detailed studies on liquid-phase acid—base catalysis
and its reaction mechanism are still limited.

Several iron-based perovskites, such as SmFeOs and BiFeOs3, promote liquid-
phase acid-base reactions, although the acid-base sites on these catalysts are not
well characterized. Yahiro and co-workers reported that SmFeO; exhibited higher
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catalytic activity based on weight for the cyanosilylation of benzaldehyde with
trimethylsilyl cyanide (TMSCN) than typical solid acid catalysts such as SiO,—
Al,O3 and Amberlyst 15 DRY (Eq. 8.12) [67]. On the basis of catalyst poisoning
experiments using pyridine and 2,6-di-tert-butylpyridine, the Brgnsted acid sites
on SmFeO3 have been proposed as the active sites. Singh and co-workers reported
the one-pot synthesis of various dihydro-2-oxypyrroles from dimethyl acetylenedi-
carboxylate, anilines, and aldehydes using a BiFeOj; catalyst (Eq. 8.13) [68]. The
magnetically recoverable catalyst was reusable without significant loss of catalytic
performance or leaching of metal species. The Lewis acid sites on BiFeO3 have
been proposed to activate an imine intermediate, which facilitates a Mannich-type
reaction with a hydroamination intermediate followed by subsequent cyclization
reactions (Fig. 8.12).

o catalyst CN SmFeO; (~99% yield)
— oTMs  SiO2/A1,0; (~40% yield)
+ TMSCN 3gt'CzC;zh Amberlyst (~2 % yield)

(8.12)

COOMe

N2 "
2 +
©/ |‘| BiFeO, | N‘@ (8.13)
—_—

COOMe  \eOH, rt. MeOOC

/@A 1-4 h 88% yield
+ o)
Cl

Cl

It has been well known that dy-transition metals such as Ti** and Zr** act as
acid catalysts; therefore, acid-base catalysis over dy-transition metal-containing
perovskite oxides have also been investigated. Bhaumik, Mukhopadhyay, and
coworkers reported that mesoporous ZnTiO; nanoparticles could act as acid-base
heterogeneous catalysts for Friedel-Crafts alkylation with benzyl chloride, ester-
ification of C;,—C;g carboxylic acids with methanol, and the synthesis of 1,6-
naphthyridine from various ylidines and thiols (Egs. 8.14-8.16) [69, 70]. In each
case, a possible reaction mechanism was through the activation of substrates by
coordination to the acid-base sites (e.g., carboxylic acid with the Lewis acid site,
cooperative action of Ti** (Lewis acid) and O% (base), etc.); however, detailed char-
acterization of the acid—base sites, including their interaction with substances, has
not yet been reported. Palkovits and co-workers reported the aldol condensation of
isobutyraldehyde with formaldehyde to hydroxypivaldehyde catalyzed by Ti, Zr, and
Ce-containing ABOj3 perovskites (A = Ca, Sr, Ba; B =Ti, Zr, and Ce) (Eq. 8.17) [71].
Although mixed phases of simple BO, metal oxides and ABOj3 perovskite oxides
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Fig. 8.12 Proposed reaction mechanism for the one-pot synthesis of various dihydro-2-oxypyrroles
from dimethyl acetylenedicarboxylate, anilines, and formaldehyde over BiFeO3 [68]

—Ar

were formed due to the calcination of a simple mixture prepared from aqueous solu-
tions of the metal sources, Zr-based SrZrO3; and BaZrO; showed the highest catalytic
activity for aldol condensation. The degree of distortion and the presence of other
phases are important, but the structure and properties of base sites have not yet been
clarified in a similar way to those for ZnTiO;.

N Cl| mesoporous ZnT|O3
70°C, 14 h (8.14)

4% yleld
mesoporous ZnTiO3
. cooH - coome o
9 MeOH, 60 °C, 16 h 9
92% yield
Ph  NH,

= N
NC _ Ph SH  znTio,, CcTAB B
=" T N s
NC cl water, reflux, 8h  py 5
CN
83% yield cl

(8.16)

)\/ i o \></
+ 8.17
0 HJ\H 150 °C, 1.5 h (817

53% yield

On the other hand, the presence of strong Brgnsted acid sites on HTiNbOs
nanosheets was directly determined by NH3-TPD and 'H magic angle spinning
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nuclear magnetic resonance spectroscopy (MAS NMR) measurements by Domen
and co-workers [72]. Exfoliated HTiNbOs and HSr,Nb3;O;y, nanosheets, which
were prepared by exfoliation of cation-exchangeable layered metal oxides such
as HTiNbOs and the layered perovskite oxide HSr,Nb3; Oy in aqueous solutions
followed by precipitation under acidic conditions, could act as heterogeneous acid
catalysts for the esterification of acetic acid, cracking of cumene, and dehydration
of isopropanol (Eq. 8.18). However, layered perovskite HSr,Nb3; O nanosheets are
almost inactive for these reactions, although approaches based on the exfoliation of
layered perovskite catalysts may lead to high catalytic performance. Acid—base catal-
ysis of perovskite oxides—organic composites was also reported. HCa;Nb;_, Ta, Oy
(x = 0-3), known as Dion—Jacobson-type layered perovskite oxides, were prepared
by the solid-state method following ion-exchange [73]. The HCa;Nb3; O, layered
perovskite combined with organic compounds such as dodecyltributylphospho-
nium bromide (C;;TBPBr), dodecyltriphenylphosphonium bromide (C;,TPPBr),
and dodecyltrimethylammonium chloride (C;, TMACI), and showed activity for the
Knoevenagel condensation of ethyl cyanoacetate with benzaldehyde. In contrast,
the yield of the product was negligible over only the layered perovskite and only
the organic compounds, which indicated the importance of the combination of the
perovskite—organic compound for basic catalysis. Furthermore, the catalytic activity
toward Knoevenagel condensation over the HCa;Nb;_, Ta, 0¢-C, TMACI compos-
ites decreased with increasing Ta content. Although the expansion of the interlayer
space of the composites with high Ta content was not observed, the low Ta content
composites showed expansion of the layer space. These results indicated that the
hydrophobicity of the perovskites affects the intercalation of organic compounds and
the basicity. The authors also investigated deacetalization—Knoevenagel condensa-
tion over the HCa;Nb3 Ojp-organic compounds and the sequential reaction proceeded
to form the desired product, which suggests that these composite catalysts could be
used as acid-base catalysts (Eq. 8.19).

o~ O HTINbO5 nanosheets O (8.18)
+ > .
on+ I, 70°C, 6 h PN
~
@ HCa,Nb301(-C1,TBPBr COOEt
J__+ neScoot — - PN
Ph 0 H,O/MeCN CN
70°C,3h 54% yield

(8.19)

Qiao and co-workers recently synthesized LaMO3; (M = Fe, Co, Ni, Mn) meso-
porous perovskite oxides via a resol-assisted cationic coordinative co-assembly
approach [74]. Among them, mesoporous LaMnOj; rich in oxygen vacancies intro-
duced by post-treatment with NaBH, exhibited higher catalytic activity than non-
porous bulk LaMnO3; and mesoporous LaMnO; without post-treatment for the
Meerwein—Ponndorf—Verley (MPV) reduction of furfural to furfuryl alcohol in
isopropanol solvent (Eq. 8.20). On the basis of DFT calculations combined with
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experimental results (NH3;-, CO;-, and O,-TPD and X-ray photoelectron spec-
troscopy (XPS)), porous structures based on nanosized LaMnOj3 crystals related
to the oxygen deficiency and oxygen vacant sites have been proposed to facilitate
the adsorption and activation of furfural on oxygen vacancy-rich LaMnOj to result
in a lower activation barrier for the hydrogenation process. The LaFeO;-catalyzed
hydrogenation of various ortho- and para-substituted nitrobenzenes to the corre-
sponding anilines in 2-propanol and in the presence of KOH as a promoter was
similarly reported by Jayaram and co-workers (Eq. 8.21) [75, 76]. From the effect
of the strontium content in La;_Sr,FeO3 on the hydrogenation of nitrobenzene, the
same research group found that Lag gSrg,FeO3; was the most active and recyclable
catalyst without any loss in activity, in contrast to other metal oxides such as a Mg—Fe
hydrotalcite precursor.

oxygen vacancy-rich

\O/ \o rr.1esoporous LaMn03= @/\OH (8.20)
i-PrOH, 180 °C, 3 h 95% vyield
NO, NH;
O/\ @ 89% yield
LaFeO3, KOH A 8.21)

NO, /" i-PrOH, reflux, 4 h "X\ NH,
©i ©i 92% yield
NH, NH,

Useful oxygenated products such as alcohols, carbonyl compounds, epoxides, and
carboxylic acids are widely used as platform commodities and specialty chemicals;
therefore, the selective oxidation of petroleum-based feedstocks into these prod-
ucts is an important reaction in the chemical industry [104—112]. Although efficient
perovskite oxide-catalyzed liquid-phase selective oxidation reactions with hydroper-
oxides (tert-butyl hydroperoxide (TBHP) and hydrogen peroxide (H,O;)) have been
reported (e.g., oxidation of benzyl alcohol with TBHP by Cu/LaFeOs [77], oxidation
of alkylarenes with TBHP by LaCrOj3 [78], oxidation of 2-(methylthio)benzothiazole
with H,O, by titanium-substituted potassium niobates [79], and oxidation of phenol
with HO, by Y,BaCuOs.4 [80, 81]), catalytic oxidation with O, (or air) as an ideal
and environmentally-friendly oxidant is more desirable due to the high content of
active oxygen species with often only water as a byproduct. In this section, we focus
on unique aerobic oxidation catalysis over perovskite oxides and the corresponding
reaction mechanism. The catalytic performance of noble metal-supported catalysts is
mainly derived from the specific properties of noble metals [82, 83]; therefore, reports
on the simple use of perovskite oxides as supports for metal-supported catalysts are
omitted in this section.
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Selective oxidation of alcohols to the corresponding aldehydes, ketones, and
carboxylic acids is one of the most important organic reactions because these products
are useful building blocks for the synthesis of polymers and fine chemicals. In partic-
ular, the replacement of nonrenewable fossil resources with renewable biomass feed-
stocks, including lignocellulose and triglyceride, is a key issue for building a sustain-
able society, and the development of catalysts for the oxidation of biomass-derived
substrates to useful chemicals has been extensively studied [113—117]. Hamid and co-
workers found that a mixture of CuZrO3 and CuO prepared with a Cu/Zr molar ratio of
1/2 could act as a heterogeneous catalyst for the aerobic oxidation of vanillyl alcohol,
which is a model compound for lignin [84]. With 21 bar of air as the oxidant, vanillyl
alcohol was converted to vanillin at 91% conversion with 76% selectivity, whereas
a CuO catalyst was almost inactive under the same reaction conditions (Eq. 8.22).
Despite the slight decrease in the catalytic activity during catalyst recycling exper-
iments, the mixed catalyst was essentially reusable with no change in selectivity
toward vanillin and no leaching of metal species into the reaction mixture. High
concentrations of Cu—O-Zr bonds as the active phase have been proposed to improve
the redox properties of the catalyst. Saffari and co-workers reported that La,CuO4
nanoparticles, which were synthesized via an ultrasonic-assisted co-precipitation
route, efficiently catalyzed the conversion of various benzaldehydes with electron-
donating/-withdrawing substituents to the corresponding carboxylic acids (Eq. 8.23)
[85]. In this case, the catalytic activity also gradually decreased with subsequent
recycling; therefore, the mechanistic aspects, including the purity/stability of these
Cu-based catalysts and the structure—activity relationship, should be studied further.

OH -0
CuO-CuZrOgz, air (8.22)
CH3CN, 120 °C, 2 h
OMe OMe
OH OH
~o

0]

88% vyield

F
\ La,CuQy, air / (3.23)

0]

F
EtOAc, r.t.
@A 14-19 min OH
MeO MeO 88% yield

In the fields of homogeneous and bio-inspired catalysis based on well-defined
metal complexes and enzymes, active oxygen species bound on mono- and polynu-
clear high-valency metal species formed by the reductive activation of O, can oxidize
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various substrates under mild reaction conditions [109, 118]. Against such a back-
ground, we have recently focused on hexagonal and/or thombohedral perovskite
oxides such as StMnOj3, BaRuO3, and BaFeOj;_; because these materials have unique
face-sharing octahedral units that consist of high valency metal species [86—90]. In
contrast to lanthanum-based perovskites with corner-sharing BOg octahedra, these
hexagonal perovskite catalysts efficiently promote the selective oxidation of alco-
hols, alkylarenes, alkanes, alkenes, and sulfides with O, as the sole oxidant under
mild reaction conditions. Herein, we briefly introduce our recent examples of aerobic
oxidation with hexagonal perovskite catalysts.

First, hexagonal StMnOj3 (SrMnO;-PC) perovskite nanoparticles were success-
fully synthesized by the polymerized complex method [86]. StMnO;-PC could act as
an efficient and reusable heterogeneous catalyst for the liquid-phase selective oxida-
tion of various aromatic, allylic, and heteroatom-containing primary and secondary
alcohols to the corresponding carbonyl compounds with O, (Eq. 8.24). For the
aerobic oxidation of 1-phenylethanol to acetophenone, StMnO3-PC exhibited higher
catalytic activity than typical manganese oxide-based catalysts. Mechanistic studies,
including the atmosphere effect (O, vs. Ar), and kinetics studies, indicated that O,
activation is most likely involved in SrMnO;3-PC-catalyzed oxidation. In addition,
the reversible formation of an Mn-superoxo species on the surface Mn species by the
reaction of SrtMnOj3-PC with O, was directly confirmed by IR spectroscopy measure-
ments of a sample with adsorbed O,. This O,-activation SrMnO;-PC system could
also be applied to oxidative homocoupling reactions of amines and phenols, the selec-
tive oxidation of alkylarenes, and isobutyraldehyde-assisted electrophilic oxidation
of thioanisole and cyclooctene. Although computational studies on the reductive
activation of O, reduction over La; 4SryMnO3 have been reported [119, 120], this
experimental study provides evidence for the detection of a superoxide over StMnOj3
and its catalytic application. After our report, Tiirkmen and co-workers reported the
formation of a superoxide species over LaMnQj3 with the reduction pretreatment in
H, at 400-800 °C, and such oxygen species promoted the oxidation of alkylarenes
and oxidative dimerization of 2-napthol with O, as the sole oxidant (Eq. 8.25)
[91]. The activity of the recovered catalyst decreased considerably, even with the
additional reductive treatment, and such catalyst deactivation has been proposed to
be due to the adsorption of reactants/products/intermediates and/or surface chem-
ical alterations on the catalyst. Alonso and co-workers similarly reported that the
oxygen-deficient orthorhombic (La,Sr)y 5(Mn,Co)sO3_5 perovskite oxide obtained
by the heat-treatment of (La,Sr)gs(Mn,Co)o 503 in N,/H;, (95/5) exhibited higher
selectivity than (La,Sr)ys(Mn,Co) 503 toward terephthalic acid for the oxidation
of p-xylene under 20 bar of O, in the presence of N-hydroxyphthalimide (NHPI)
(Eq. 8.26) [92]. The presence of a high number of oxygen vacancies has been
proposed to favor the activation of NHPI to form the phthalimide N-oxyl radical
(PINO), which results in the promotion of hydrogen abstraction from the substrate,
although a detailed mechanistic investigation that includes evaluation of metal species
leaching is required.
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AN
~o0
87% yield
SrMnO3-PC (o]} / (10 h) (8.24)
| N toluene, 80 °C X | AN ~o
_J 80% yield
= (24 h)
LaMnOgj reduced at 600 °C OO
) 02 . OH (8.25)
heptane, 60 °C, 24 h OH
OO 72% vyield

Lasr)o 5(MnCO) 5M nO3,5

Q/ NHPI, O, - @/COOH (8.26)
AcOH,90°C,3h

99% yield

Further high functionalization of various hexagonal perovskite oxides by an
increase in the surface area can improve the catalytic oxidation performance as
well as application to other oxidative functional transformation reactions; however,
the synthesis of versatile hexagonal perovskite oxide nanoparticles is not possible
by typical sol-gel methods such as the polymerized complex method or hydroxyl
acid-assisted method using nitrates as metal sources [121-123]. In particular, amor-
phous precursors are carefully prepared using toxic ethylene glycol, and significant
amounts of organic reagents via complicated procedures including metal complex
and polymer gel formation followed by pyrolysis, which requires high-temperature
calcination to remove alkaline-earth carbonates easily formed from the carbonaceous
precursors and sometimes leads to low surface areas. In contrast, an alternative, facile,
and effective synthetic route to high-surface-area hexagonal perovskite oxides was
achieved by simple calcination of an amorphous precursor with low carbon content
using dicarboxylic acids (aspartic acid and malic acid) and metal acetates without the
need for pH adjustment [87]. These amorphous precursors are easily decomposed at
lower temperatures, which results in the suppression of nanoparticle sintering. The
respective specific surface areas of StMnO3 prepared using aspartic acid (SrMnOs-
AA) and malic acid (SrtMnO3;-MA) were 47 and 42 m? g, which are much larger
than those obtained for previously reported StMnOj3 including StMnO3-PC [86].
The catalytic activity of SrMnO3-AA was the highest among the catalysts tested
for the aerobic oxidation of alkylarenes (Eq. 8.27). The mechanism for O, activa-
tion on SrMnO3 has also been proposed for the oxidation of fluorene on the basis
of the catalyst effect, and kinetic and mechanistic studies including '®O-labeling
experiments.
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0
‘f‘t‘ 82% vyield
o) (8.27)
0
toluene \
80-120 °C, 12 h O

According to this method using aspartic or malic acids [87], various types of
highly pure hexagonal perovskite oxides with relatively high surface areas could
be synthesized and applied to more difficult oxidation reactions such as the aerobic
oxidation of sulfides and alkanes [88]. Reports on the aerobic oxidation of inac-
tive aryl sulfides without the need for additives are still limited, in contrast to the
H,0,-based selective oxidation of sulfides using organic hydroperoxides and H,O,.
Rhombohedral BaRuOj3; nanoparticles could function as an efficient, recyclable, and
heterogeneous catalyst for the aerobic oxidation of various aromatic and aliphatic
sulfides to the corresponding sulfoxides and sulfones, including application to the
large-scale oxidation of 4-methoxy thioanisole (Eq. 8.28). The catalytic activity of
BaRuOj was larger than those of other catalysts such as ARuO3; (A = Ca and Sr),
RuO;, Ru(OAc)yx, Ru(acac)s, StMnOs, activated MnO,, and Mo-doped a-MnO,
under mild reaction conditions. Mechanistic studies, such as examination of Hammett
plots, the atmosphere effect, '80-labeling experiments, and kinetics have suggested
that substrate oxidation likely proceeds with an oxygen species originating from the
solid via the Mars—van Krevelen mechanism. The intrinsic reactivity per surface area
of ruthenium-based oxide was dependent on the crystal structure and decreased in the
order of BaRuO3; > SrRuO3; > CaRuO; > RuO;. To investigate the structure—activity
relationship, the energy for oxygen vacancy formation was determined by DFT calcu-
lations because the values can be a good descriptor of the oxidizing power of an oxide.
Not only the vacancy formation energy of the face-sharing octahedra in BaRuOs,
but also the calculated energy change for the reduction of BaRuOj3 into metallic
Ru with H, (BaRuO3; + 2H, — BaO + Ru + 2H,0) were the lowest compared
to BaRuO3, SrRuO3, CaRuOj3, and RuO with corner-sharing octahedra (Fig. 8.13),
which suggests that oxygen transfer from BaRuOj; to a sulfide and reoxidation of
the partially reduced BaRuOj3_ species with O, proceeds much more smoothly than
with the other Ru-based oxides. In the present oxidation reaction, pL,-face-sharing
oxygen atoms and/or related adsorbed oxygen species would be possible active sites
(Fig. 8.14).

SrMnO3-AA, 02 /

81% yield

g &

0
S & 77%yield (R = H)
~ BaRuO,, O S oy
anubs, 22 > 80% yield (R = OMe)
R t-BUOH, 40 °C, 12-30 h 55% yield (R = CI)
R

(8.28)
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Fig. 8.13 Correlation between intrinsic activity per surface and calculated energy for the formation
of an oxygen vacancy for BaRuOj3, STRuO3/CaRu0O3, and RuO, [88]

High valency iron-oxo species have been reported to be efficient active oxidants
for various hydrocarbon oxidation reactions under mild conditions, especially in
the fields of bioinorganic catalysis; therefore, we focused on perovskite oxides
containing high valency iron species as potentially efficient heterogeneous oxida-
tion catalysts. Hexagonal 6H-BaFeO3;_5 (§ = ca. 0.1) could act as an efficient
and reusable solid catalyst for the oxidation of various hydrocarbon substrates,
including alkanes and alkylarenes, using O, at atmospheric pressure as the sole
oxidant (Eq. 8.29) [89]. For the aerobic oxidation of adamantane as a model reac-
tion, BaFeOs_; exhibited much higher activity than typical Fe**/Fe’*-containing
iron-oxide-based catalysts (CaFeO, 5, LaFeO3, BaFe,04, FeO, Fe;04, and Fe,03),
Ba- and Mn-based perovskites (BaBO3 (B = Mn, Co, and Ru), and AMnO3 (A

Fig. 8.14 Proposed reaction O*
mechanism for aerobic
oxidation of sulfides BaRu03 Ar”
catalyzed by BaRuO3 [85] 1/202
O* “\ |

"R

//,,

1
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= Ca and Sr)). Although some efficient catalytic systems for the aerobic oxidation
of adamantane have been reported, most of these systems are homogeneous and
typically require additives or photo- or microwave irradiation. From the perspective
of recoverable and reusable heterogeneous catalysts with O, as the sole oxidant,
reported examples have been limited to Ru- and V-based catalysts [124, 125]; there-
fore, this BaFeO3_;-based system was the first example of a naturally abundant iron
oxide-based heterogeneous catalyst for the aerobic oxidation of adamantane without
the need for additives. BaFeO3_s-based oxidation has been proposed to proceed
through a radical-mediated oxidation mechanism, and H-abstraction by BaFeO3_; is
the rate-determining step according to the following results (Fig. 8.15); (i) an induc-
tion period was observed, (ii) oxidation was completely suppressed by the addition of
a radical scavenger (2,6-di-tert-butyl-4-methylphenol), (iii) a kinetic isotope effect
(ku/kp = 5.0) between fluorene and fluorene-dy was observed, (iv) the selectivity
ratio (29) of tertiary/secondary (3°/2°) C—H activation of adamantane C—H bonds was
comparable to those of metal-catalyzed radical-mediated oxidation catalysts with O,,
(v) the formation and the substantial inversion of a 9-decalyl radical intermediate
was proposed from a stereoisomeric mixture of 9-decalol from cis-decalin, (vi) high
180 contents (96-97%) in products were observed for the oxidation of adamantane
with '80,. A good correlation between the reaction rate and C—H bond dissociation
energy (BDE) supported this reaction mechanism.

OH OH
OH O
BaFeO3,5, 02
PhCF3, 90 °C, 96 h OH
48% yield 3% yield 5% yield 11% yield
(8.29)

This high valency iron containing perovskite system could also be applied to
the aerobic oxidative cleavage of various aromatic alkenes, such as styrenes with
electron-donating and -withdrawing p-substituents, and o-disubstituted styrenes to
the corresponding carbonyl compounds (Eq. 8.30) [90]. The catalyst effect for the
oxidative C = C bond cleavage of styrene was similar to that for the aerobic oxidation

+H*

Fig. 8.15 Proposed reaction 0, tod

mechanism for aerobic R-H R- —==ROO- _io;{ggzit:

oxidation of alkanes o -0

catalyzed by BaFeO3_s [89] M (R-OH, R=0, etc.)
Fe** Fe3*

mm

Py

,H,0  H*Y+ 1,0,
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of adamantane, and BaFeO3_; was the most active catalyst. The selectivity toward
benzaldehyde increased with the O, pressure, while the selectivity toward styrene
oxide as a byproduct decreased. Mechanistic studies, including the effect of radical
scavenger/initiator, the atmosphere, and hot filtration experiments, indicated that
the oxidative cleavage reaction of alkenes likely involved a radical mechanism in
a similar manner to alkane oxidation (Fig. 8.15), and radical species have been
proposed to react with O, to form peroxy intermediates followed by rearrangement
to benzaldehyde at a high O, pressure. In this system, the gram-scale oxidation of
1,1-diphenylethylene was achieved to isolate 2.71 g (75% yield) of the analytically
pure ketone.

/@ @O
47% yield
cl BaFeO3,5, 02 / cl o Yl

o) (8.30)

PhCF; N

90°C,24 h .
75% yield

8.3.3 Spinel

Spinel has a general formula of AB, Oy, and crystallizes in a cubic (isometric) crystal
system. Almost all main group metals and transition metals have been observed
in spinels, and A (at the center of the tetrahedrally coordinated position) and B
(at the center of the octahedrally coordinated position) are typically divalent and
trivalent metal cations, respectively, including Mn, Zn or Fe, Mg, Al, Cr, Ti, and Si.
Such versatile chemical compositions of spinels can control their structures, electron
configurations, and valence states, which lead to magnetic, optical, electrical, and
catalytic applications [126]. In particular, various catalytic reactions, such as gas-
phase reactions (NOx and CO, reduction, CO oxidation, methane combustion) and
electrocatalytic reactions (hydrogen evolution reaction, oxygen reduction reaction,
and oxygen evolution reaction), have been developed using the advantages of spinels
and related compounds [126-128]. In this chapter, liquid-phase organic reactions
using spinel catalysts are examined.

The most extensively studied spinels are the magnetically recyclable catalysts
because inverse spinel Fe;O4 and spinel ferrites MFe,O4 can be simply and effi-
ciently separated from reaction mixtures with an external magnetic field, in contrast
to catalyst recovery through filtration or centrifugation methods [129]. These
magnetically recoverable catalysts of combined catalyst of copper isophthalate-
based MOF and CoFe,0,4 [130], FeAl,O4 [131], MnFe,O,4 [132], and CoFe,0y4
[133] efficiently catalyze 2-substituted benzimidazole synthesis through oxidative
cross-coupling among substituted anilines, amines, and sodium azide with TBHP,
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benzo[a]pyrano[2,3-c]phenazine and polyhydroquinoline derivative through a multi-
component reaction, nitrorarene reduction with NaBHy, and Knoevenagel conden-
sation reaction between aldehydes and ethyl cyanoacetate, respectively (Eq. 8.31).
For example, a general mechanism involving the activation of carbonyl compounds
by Lewis acid sites on FeAl,0, has been proposed; however, detailed mecha-
nistic studies on the active sites and activation mode of the substrate have not been
conducted, because the main purpose of those studies was to achieve efficient organic
reactions.

93% vyield (R =H)

CoFe,0 COOEt 95% yield (R = Cl)
NC” > COOEt + Jo_ Tt S 90% yield (R = Me)
R HpO/EOH CN 87% yield (R = OH)

50°C,2-20h 96% yield (R = NO,)

(8.31)

Another focus of attention in spinel catalyst research is the role of oxygen-vacancy
(defect) sites. A Cu—Mn oxide is one of the well-studied spinels, and active sites (e.g.,
surface-adsorbed oxygen, oxygen vacancies, and radical species) can be formed over
the Cu—Mn surface because a redox cycle between Cu and Mn ions can easily occur.
Based on this concept, Cu—Mn spinel catalytic systems such as the aerobic oxidation
of HMF [134, 135], amide formation via aminyl radical cations [136], ligand-free
Huisgen [3 4 2] cycloaddition [137], and the regioselective halogenation of phenols
and N-heteroarenes [138], have been strategically developed. Cu; 4Mn; 04 spinel
nanofiber was synthesized by electrospinning and tailored thermal treatment [136].
XPS measurements indicated the presence of Cu* sites and oxygen species on the
surface of the spinel nanofiber, and these species could be tuned by thermal treatment.
Among the synthesized catalysts, the spinel treated at 500 °C with the highest content
of surface oxygen species showed the highest catalytic activity for the oxidation of
HMF to form FDCA (96% yield) at 120 °C for 24 h in alkali-bearing aqueous
solution under 0.3 MPa of O,. Note that, the FDCA yield over the spinel catalyst
was higher than that over monometallic oxides (e.g. CuO and Mn,0O3) and their
physical mixtures. These results indicated that the oxygen vacancies in the spinels
had an important role, and synergistic effects of the Cn—Mn couple may enhance the
oxidation of HMF to produce FDCA (Fig. 8.16).

Shah and co-workers developed a Cu—Mn spinel catalyst (Cu/Mn = 3:0.25) for
the aminolysis of ethyl benzoate by pyrrolidine to form the desired product (93%
yield) at 80 °C for 6 h in tetrahydrofuran (THF) under an air atmosphere (Eq. 8.32)
[136]. The catalyst could be used for a wide range of esters and amines to produce
the corresponding products. To reveal the reaction mechanism, the authors investi-
gated the reaction of ethyl benzoate with pyrrolidine under Ar and with the addition
of 2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO) used as a radical inhibiter. The
reactions did not completely proceed under either condition, which suggested that
the Cu—Mn spinel catalyzes the aminolysis of esters through a radical pathway.
This spinel catalyst also showed activity for the dehydrogenative homo- and cross-
coupling of anilines (Eq. 8.33). The authors concluded that the high activity of the



248 K. Kamata and T. Aihara

P
M’O‘M R SOH

1/2 02 /\
Cuq 4Mn; 604
R/ ™0
A i
o m .
L Mn3* + Cu?* M~_"M
R~ “OH Gur My O

+ H,0 1L
Rg\o Mn4* + cu* R0
Wl A "o
N ,.' M M
Ay Gy My O

} M~ ™M 1.0
/\ 202
/§O

+ H,0

R

Fig. 8.16 Proposed reaction mechanism for the oxidation of alcohols to carboxylic acid over
Cuj 4Mnj 604 spinel oxide [136]

Cu—Mn spinel for these radical reactions was caused by the switchability of the
oxidation states between Cu*?* and Mn>*** (Fig. 8.17). However, the relationship
between the catalyst structure and catalytic activity is unclear.

0
o} , 93% yield (R = Ph)
M | catal
B It it e N T
R™ "OEt air y 91% yield (R = CH,CN)
Q R THF N9 74% yield (R = Et)
M+ BN 80 °C, 1-6 h P : i
Ph OEt R ’ Ph N~ 82% yield (R = i-Pr)
3 77% yield (R = Bn)
(8.32)
cl
9 /©/ Cu-Mn spinel catalyst Nay
cl (Cu:Mr;=ir3:O.25) P 97% yield
cl

N g
EtOAC
/©/N+H2©/NH2 80 °C, 2-6 h /@/N°N
90% yield
MeO MeO oyie

(8.33)
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Fig. 8.17 Proposed reaction mechanism synthesis of amides via aminyl radical cations [136]

Defect sites in NiCo, Oy play an important role in controlling the selectivity for the
hydrogenation of a,B-unsaturated carbonyl compounds. Pd nanoparticles supported
on defect-born NiCo,04 (NiC0,04 ) prepared by the reduction of NiCo,O4 with
NaBH, couldactasarecyclable heterogeneous catalyst for the selective hydrogenation
of cinnamaldehyde to hydrocinnamaldehyde under mild reaction conditions (30 °C,
H, 1 atm). The selectivity toward hydrocinnamaldehyde was maintained even with
an increase in the reaction time and temperature. On the basis of DFT calculations,
the adsorption of the C=C double bond of cinnamaldehyde on electron deficient Pd is
more preferable to that of the C=0 bond. In addition, the strong adsorption of the C=O
bond of hydrocinnamaldehyde on the oxygen defects of NiCo,04_ is considered to
suppress further hydrogenation of hydrocinnamaldehyde.

Acharyya and co-workers reported the catalytic activity of CuCr,O4 spinel
nanoparticles for the oxidation of toluene to form benzaldehyde (Eq. 8.34)
[139]. CuCr, 04 nanoparticles were synthesized by the hydrothermal method using
cetyltrimethylammonium bromide (CTAB) as a surfactant. The specific surface area
of CuCr,04 was estimated to be 92 m? g~! with particle sizes of 20—40 nm. Although
commercially obtained CuO, Cu,0, Cr,03, and CuCr,04 showed almost no activity
for toluene oxidation, the synthesized CuCr,O4 nanoparticles promoted benzalde-
hyde formation with a high yield (49%) at 75 °C for 10 h in acetonitrile with H,O,
used as an oxidant. Cu clusters supported on a Cr,O3 catalyst also showed some
product yield (15%), which indicated the importance of the small size of Cu®* and



250 K. Kamata and T. Aihara

the spinel phase for efficient catalytic oxidation. The same group also reported catal-
ysis over the CuCr,04 spinel for liquid phase oxidation of benzenes with electron
donor groups to the corresponding phenols and ketones [140], anilines to the corre-
sponding azoxybenzenes [141], the oxyamination of benzene to aniline [142], and
ethylbenzene to acetophenone (Eqs. 8.35-8.38) [143].

©/ CUCI'204, H202 (8 34)
CH,CN 49% yield '

75°C,10h

R
49% yield (R = Me)
CuCry04, H,0, / HO 51% yield (R = Et)
CH3CN
75°C,12h 51% yield (n = 1)
" 39% yield (n = 2)

(8.35)
NH O
2 CUCI’204, H202 N 72% yleld R H) (836)
CH3CN ©:+ 85% yield (R = Et)
R 70°C, 10 h R
CUCF204, Hzoz, NH3 NH2 (8 37)
CH3CN-AcOH 17% yield '
80°C,6h
CUCI’204, 202 (838)
CH3CN 53% yield
70°C,6h

A spinel oxide also showed catalytic activity for the hydrogenation of aldehydes.
In this case, metal nanoparticles of the constituent elements of the spinel oxide are
typically formed as catalytically active sites under reductive conditions, in a similar
manner to that of some perovskite catalysts. Kohler and co-workers reported catalytic
activity for the dehydration of butyraldehyde to form butanol over a CuAl, Oy spinel
oxide that was prepared by a co-precipitation method [144]. Detailed characteriza-
tion, including in situ X-ray absorption spectroscopy (XAS) revealed that the Cu
species in the spinel structure was reduced in the presence of H, to migrate and
form Cu metal nanoparticles on the catalyst surface. This reduced spinel lattice was
stabilized by protons. The authors proposed that H, molecules were activated over
Cu nanoparticles to form protons and electrons, followed by the hydrogenation of
aldehydes to produce alcohols (Fig. 8.18).



8 Crystalline Metal Oxide Catalysts for Organic Synthesis 251

K HY A
e
Ha

m¥

Fig. 8.18 Proposed reaction mechanism for the activation of spinel and hydrogenation of aldehydes
over CuAl,O4 [144]

CuyH,,AlLOy

Apesteguia and co-workers also applied the formation of surface metal species
by reduction of the spinel oxide to the hydrogenation of a,B-unsaturated carbonyl
compounds [145]. The rate of cinnamaldehyde hydrogenation over Cu metal particles
that were formed on the Cu—M-Al spinels (M = Co, Ni, or Zn) during the reaction
was faster than that over Cu/SiO,. Moreover, the introduction of metal cations (e.g.,
Co, Ni, or Zn) in a spinel structure promoted the selective hydrogenation of carbonyl
groups. The authors concluded that a,-unsaturated carbonyls prefer to adsorb onto
M?* cations via carbonyl groups than via carbon—carbon double bonds, and are
selectively hydrogenated to yield unsaturated alcohols by activated hydrogen species
on the highly dispersed neighboring Cu nanoparticles (Fig. 8.19).

Some reports have focused on acid-base catalysis over spinel oxides. Fourier
transform infrared (FT-IR) spectroscopy measurements of pyridine and CO, as probe
molecules revealed the surface acidity and basicity of Cu;_,Co,Fe,Oy4 spinel oxides
(x = 0-1), respectively [146]. The amount of acid sites on the Cu;Co,Fe,O4
spinels increased with the Co to Cu ratio. In contrast, the number of base sites
on Cu;_Co,Fe,O4 decreased with an increase in the Co to Cu ratio. The author
concluded that the surface state of Fe’* can be tuned by the ratio of Cu** to
Co?*, whereby the acid-base properties of the spinel are changed. Among the
synthesized Cu;_,Co,Fe, 0y spinels, the Cug sCoq sFe, 04 catalyst exhibited the best
catalytic activity for phenol methylation, which suggests that moderate the acid—base
properties tuned by the Cu—Co synergistic effect enhance the catalytic activity.

Cu—M—Al spinel

Cu—Al spinel (M= Co, Ni, Of Zn)

Fig. 8.19 Proposed adsorption models of a,p-unsaturated carbonyl compound over Cu—Al and
Cu—M-Al spinel catalysts [145]
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Lu and co-workers successfully developed a mesoporous Co—Al spinel oxide
[147] by the thermal decomposition of a Co—Al hydrotalcite-like compound. This
spinel had a pore volume of 0.25 cm?® g~! and its surface area was estimated to
be 256 m?> g~!. The authors suggested that the Co ions in the precursor coordi-
nated with adjacent oxygen atoms and acted as pillars between interlayers during the
thermal decomposition process to produce the mesoporous spinel with a high surface
area. The mesoporous spinel catalyzed the self-aldol condensation of acetone to
form diacetone alcohol with subsequent dehydration to obtain mesityl oxide, which
suggested the ability of the spinel to act as a solid-base catalyst.

8.3.4 Metal Phosphate

Metal phosphates are complex oxide materials that consist of various types of metals
and phosphate units (PO4>~, P,O;*", etc.), and many crystal structures have been
reported by the selection of versatile combinations of metals and metal/P molar
ratios [148-150]. For example, Al- and B-containing phosphates are extensively
studied as solid catalysts for various acid-catalyzed reactions such as the dehydration
of alcohols and alkylation [149], and vanadium-containing phosphates are used as
industrial oxidation catalysts for the oxidation of n-butane to maleic anhydride [150].
In addition, microporous and mesoporous metal phosphates (e.g., aluminophosphate
molecular sieves (AIPO) and silicoaluminoposphate molecular sieves (SAPO)) can
be modified by the introduction of various elements (Li, Co, Fe, Mg, Mn, Ze, Ni,
Ga, Cr, Ti, V, etc.), which leads to their wide application to catalytic reactions such
as acid—base, redox, and electrocatalytic reactions [151—154]. For example, micro-
porous ZrAPO-5 and CoAPO-11 can promote the isomerization of m-xylene oxida-
tion of cyclohexane, and the active sites are typically proposed to be an isolated
monomeric species in the metal phosphate frameworks [151]. In this chapter, we will
discuss and introduce liquid-phase organic synthesis reactions using some crystalline
metal phosphates from the viewpoint of the structure—activity relationship.

Among the crystalline metal phosphate catalysts, apatites (Cajo(PO4)sXo, X =
OH~ (hydroxyapatite (HAP)), F~ (fluoroapatite (FAP)), CI~ (chloroapatite) are the
most extensively studied [155-157]. As long as the charge balance of the apatite
crystal structure is maintained, the calcium ion and the corresponding counter anion
are exchangeable. In particular, HAP, the main component of bones and teeth, has
received much attention in view of its potential use as a biomaterial, adsorbent,
and ion-exchanger. Kaneda and co-workers systematically developed highly func-
tionalized apatite-based heterogeneous catalysts through cation-, anion-, and ligand-
exchange for various types of organic reactions (Fig. 8.20) [15]. A monomeric Ru
phosphate complex (RuHAP) with Ru—O and Ru-Cl bonds was prepared on the
HAP surface by the exchange of Ca®* for Ru**, and was characterized by XRD,
XPS, energy dispersive X-ray spectroscopy (EDX), and Ru K-edge XAS measure-
ments [158]. RuHAP could act as arecyclable solid catalyst for the aerobic oxidation
of alcohols to carbonyl compounds and amines to nitriles (Eq. 8.39) [158, 159]. In
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particular, RuHAP exhibited a wide substrate scope for the oxidation of alcohols, and
various types of benzylic, allylic, and nitrogen- and sulfur-containing heterocyclic
alcohols were converted into the corresponding aldehydes or ketones in excellent
yields. According to the reaction mechanism for the RuHAP-catalyzed oxidation of
alcohols, B-hydride elimination has been proposed to be the rate-limiting step. The
oxidation of silanes to silanols was also promoted by RuHAP using water and atmo-
spheric oxygen [160], and the presence of both water and molecular oxygen was
essential to obtaining high yields of silanols (Eq. 8.40). The origin of oxygen atoms
in silanols was not O, but water based, according to '®O-labeling experiments using
H,'80. The replacement of the Cl ligand on RuHAP with water by treatment with
AgX (X = SbF¢™ and TfO") led to the formation of a cationic ruthenium species on
the HAP surface [161]. This cationic RuHAP could be applied to Diels—Alder and
aqueous aldol-type reactions of carbonyl compounds with nitriles to o,3-unsaturated
nitriles (Eq. 8.41) through the activation of substrates on the Lewis acidic Ru species
(and the basic phosphate ligand, in the case of aldol-type reactions).

\/\/\)Oi \/\/\)OJ\
RUPAR O2 7 96% yield  (8.39)
NN toluene \ CN
NH2  80-110 °C,6-12h NN .
91% yield
| RUHAP, O,, H,0 |
SitH o C 3 Si-OH (8.40)
| © ’ | 99% yield
CN
NG CO0R + NN e L Ao~
water, 50 °C,3h  EtOOC™ ™% i
95% yield

(8.41)

Zn- and La-exchanged HAP (ZnHAP and LaHAP, respectively) were also
prepared by Kaneda and co-workes [162, 163]. ZnHAP and LaHAP could function as
acid-base catalysts without further ligand exchange 3by post-treatment in the case of
RuHAP. The active site structure on ZnHAP was confirmed to be a monomeric Zn>*
phosphate complex with tetrahedral coordination based on XPS, Zn K-edge X-ray
absorption near edge structure (XANES), and Zn K-edge extended X-ray absorption
fine structure (EXAFS) analyses. ZnHAP efficiently catalyzed the cycloaddition of
CO, with various aliphatic and aromatic terminal epoxides in the presence of a Lewis
basic cocatalyst such as 4-(dimethylamino)pyridine (DMAP) (Eq. 8.42). Based on
the results for retention of the epoxide configuration in the corresponding carbonates
obtained from enantiomerically pure epoxides, the cooperative action of a monomeric
Lewis acidic Zn site and a Lewis base has been proposed to facilitate epoxide acti-
vation and epoxide ring-opening by attacking the less sterically hindered carbon
atom. LaHAP with a monomeric La** species surrounded by hydroxyl, phosphate,
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Fig. 8.20 Catalyst design of HAP-based functionalized heterogeneous catalysts [157]

and weakly coordinated aqua ligands could act as a reusable heterogeneous catalyst
for the Michael reaction between 1,3-dicarbonyls and enones (Eq. 8.43). Additional
coordination of chiral ligands to La species with vacant coordination sites led to
the formation of an enantioselective sphere on the solid surface. Tartaric acid (TA)
modified FAP exchanged with La**, TA-LaFAP showed high catalytic activity for
the reaction of methyl 1-oxoindan-2-carboxylate with methyl vinyl ketone in toluene
to give the Michael adduct with an S configuration in 97% yield and 60% ee.

o)
o . ZnHAP, CO, DMAP  \—0 342)
I~ EtOAc, 100 °C,24h © o]
90% vyield
o)
0O O o
N (0] LaHAP (8.43)
\)J\ water, 80 °C, 24 h B}
90% yield ©

High functionalization of HAP was achieved by anion exchange of PO4*~ with
VO,3". Calcium vanadate apatite (VAP; Ca;o(VO,4)s(OH),) exhibited high catalytic
activity for C—C bond formation reactions such as the Michael and Knoevenagel
reactions, and the one-pot syntheses of 1,3-dinitro compounds or pyrazolinones in
water [164]. For example, a200-mmol-scale Michael reaction of 2-oxo-cyclopentane
carboxylic acid ethyl ester with methyl vinyl ketone at 40 °C in water rapidly
proceeded to give the corresponding Michael adduct (41.6 g) in 92% isolated yield
under triphasic conditions (Eq. 8.44). In this case, the turnover number reached up
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to 260,400 with an excellent turnover frequency of 48 s~ based on the surface vana-
dium content. The three-phase reaction mixture allowed for a straightforward workup
procedure, and the product was easily separated by extraction after the removal of
the solid catalyst by filtration.

O 0] 0]

COOEt /\fo VAP .~ (8.44)
water, 40 °C, 1.5 h COOEt

92% isolated yield

We found that a monomeric phosphate [PO4]*~ with a high pK, value could
act as an efficient homogeneous catalyst for the selective N-alkylation of indoles
with o,f-unsaturated compounds (Eq. 8.45) [165, 166]. The catalytic activity of [(n-
C4Ho)4 N]3[PO4] was much higher than those of other polyoxometalates (IMO41*
(M = W and Mo) [167, 168], [y-H,GeW¢036]%~ [169-171], [Hy{Y(H,0),}2{y-
SiW0036}21%) [172], and strong inorganic and organic bases. The formation of the
indolyl anion through the activation of indole by [PO,4]*, which plays an important
role in the N-alkylation, has been proposed based on NMR and IR spectroscopy
results. Against such a background, we reported the synthesis of a new acid—base
bifunctional solid catalyst by the combination of rare earth elements and [PO,]*"
as Lewis acid and base sites, respectively. A monoclinic CePO, catalyst synthe-
sized by the hydrothermal method exhibited high catalytic performance for the
chemoselective acetalization of HMF, a versatile carbonyl compound with sensitive
functional groups derived from biomass resources, with alcohols, in sharp contrast
to other homogeneous and heterogeneous acid and/or base catalysts [173]. In the
presence of CePQy, various combinations of carbonyl compounds and alcohols are
efficiently converted into the corresponding acetal derivatives in good to excellent
yields (Eq. 8.46). IR spectroscopy measurements for a sample with adsorbed probe
molecules (pyridine, chloroform, acetone, and methanol) indicated the presence of
uniform Lewis acid and weak base sites on CePO,. The interaction of the uniform
Lewis acid and weak base sites on CePO, with carbonyl compounds and alcohols,
respectively, has been proposed to promote acetalization (Fig. 8.21). Aberration-
corrected high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images and fast Fourier transform (FFT) patterns clarified the
detailed surface structure of CePO4 [174]. From the HAADF-STEM results, the
dominant facet exposed on the CePO,4 nanorods was (110), and the amount of surface
Ce Lewis acid sites at the (110) facet was estimated to be 1.6 nm2, which is in good
agreement with the experimental value (1.6 nm) calculated from the Brunauer—
Emmett-Teller (BET) surface area of CePOy4 (37 m? g~!) and the surface Ce cations
with Lewis acid sites measured using pyridine-IR (96 jumol g™').

@E\> + 2 COOEt TBA3[PO4] @ 90% yield  (8.45)
N THF, 25 °C, 10 min N\\/COOEt
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Fig. 8.21 Proposed reaction mechanism for the acetalization of carbonyl compounds with methanol
over CePOy4 [173]
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These specific acid—base properties of metal phosphates (i.e., uniform Lewis acid
sites and weak base sites) made them effective not only as catalysts for oxidative
methane conversion [174, 175], but also as supports for gold-supported catalysts
[176]. The CePO4 nanorod catalyst could function as a stable solid catalyst for
the oxidative coupling of methane in an electric field without the need for external
heating, to give the highest C, yield of 18% [174]. In addition, FePO,4 nanoparticles
with redox-active Lewis acidic Fe** sites and weak base sites were also effective for
the direct oxidation of methane into formaldehyde with O, as the sole oxidant [175].
Deposition—precipitation with aqueous ammonia enabled small gold nanoparticles
to be deposited onto a series of metal phosphates with high dispersity and density,
and Au/GaPO, exhibited higher catalytic activity for the hydroamination of alkynes
with amines than other catalysts, including Au/ZrP,07 and Au/TiO, [176].
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8.3.5 Others

In the previous sections, we have comprehensively summarized some examples of the
catalytic reactions and reaction mechanisms for crystalline complex oxides such as
perovskites, spinels, and metal phosphates, with a focus on the correlation between
structure and reactivity. There are many crystal structures and catalytic reactions
of complex oxide materials apart from perovskites, spinels, and metal phosphates;
therefore, it is not possible to cover all their catalytic applications. In this chapter,
we will introduce several examples of organic synthesis reactions using layered
compounds and crystalline complex oxides with garnet, pyrochlore, and murdochite-
type structures.

Single- or multi-layer transition metal oxides have been extensively studied as
functional materials in the fields of electronics, superconductivity, energy storage,
catalysis, and sensors because of the different physical and chemical properties of
two-dimensional transition metal oxides and intercalation ability of molecules and/or
ions between layers [177]. In catalysis for liquid-phase organic synthesis, two repre-
sentative layered oxides of hydrotalcite and montmorillonite are frequently investi-
gated. Hydrotalcite (HT; typical example MggAl,(OH);sCO3-4H,0) is an anionic
layered double hydroxide clay comprised of positively charged brucite-like layers
with various inorganic and organic anions located between layers along with water
to compensate for the positive charges [178, 179]. On the other hand, montmoril-
lonites (mont; (Na,Ca)g33(Al,Mg)>(Si4019)(OH),-nH,0) are layered clay minerals
composed of alumina octahedral sheets sandwiched by two silica tetrahedral layers
[17, 180, 181]. The partial replacement of aluminum by magnesium or iron atoms
results in cation deficiency, so that cations and protons are present within the inter-
layer spaces. In this context, HT and mont are classified as anionic and cationic clays,
respectively.

Based on features such as the cation-exchange of brucite-like layers, anion-
exchange of interlayers, and a memory effect, high-performance HT-based solid
catalysts have been developed for liquid phase organic reactions such as oxidation
(epoxidation, alcohol oxidation, Bayer—Villiger oxidation, etc.), C—C bond formation
(cyanosilylation, alkylation, aldol-type reaction, Michael reaction, etc.), deoxygena-
tion, and hydrogenation [178, 179]. One of the most interesting features of HT is
the memory effect. The thermal decomposition of HT into a mixed oxide proceeds
at around 450-500 °C with subsequent rehydration in an inert atmosphere to regen-
erate the layered HT structure [182]. The reconstructed HT (re-HT) containing OH™
anions can function as an alternative to conventional, homogeneous strong bases.
Kaneda and co-workers reported that the reconstructed HT with an Mg/Al ratio of 3
promoted the cross-aldol reaction with aliphatic aldehydes using excess ketones to
avoid self-aldolization of the aldehyde (Eq. 8.47).

9] reconstructed HT O  OH . (8.47)
+ - 67% yield :
)J\ o water, rt, 1h
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Kaneda and co-workers developed various types of acid-catalyzed organic reac-
tions using cation-exchanged mont [180]. In the case of Ti** introduction within
the interlayer, a two-dimensional titanium oxide species has been proposed as a
Brgnsted acid site [183]. On the other hand, monomeric metal aqua complexes are
formed between the layers in the case of Cu?* and Sc?* [184, 185]. The Brgn-
sted acid properties of Ti**-mont could be applied to the synthesis of 9,9-bis[4-
(2-hydroxyethoxy)phenyl]fluorene, which is a valuable starting material for highly
functionalized polymers used in optical products, by the aromatic alkylation of
phenoxyethanol with fluoren-9-one (Eq. 8.48). In addition, Cu**- and Sc**-monts
could be efficient solid Lewis acid catalysts for a variety of carbon—carbon bond-
forming reactions, such as the Michael reaction, Sakurai-Hosomi allylation, and the
Diels—Alder reaction, even under solvent-free and aqueous conditions (Egs. 8.49 and

8.50).
QT
Ay e
170 °C,2h
O 82% yield

(8.48)
0 COOEt
COOEt .
. & O  sc®-mont Ph (8.49)
water, 50 °C, 2 h 0O (o)
97% yield
OH

; 2% EtOH
\O +/\/SIM63 Cu“"-mont tOo _ N (850)
45°C,1h  80°C
1h 99% yield

Rodriguez-Aguado and co-workers synthesized two series of yttrium iron garnets
(e.g., Y3(Fe;xMx)s012, M = Zn or Ni) by the conventional sol-gel method, and
applied these catalysts to the oxidation of ethylbenzene to form acetophenone at
323 K for 5 h in acetone and in the presence of H,O, as a promoter (Eq. 8.51)
[186]. The Y3Fe4 97Nig 03012, catalyst showed the highest activity for the oxidation
of ethylbenzene among the tested catalysts. Electron paramagnetic resonance (EPR)
and XPS measurements revealed that the electron transfer in the Fe?*/Fe** redox
couple enhanced the catalytic activity by surface reaction and the ease of access of
reactants to the active sites. Yttrium iron garnet (Y3FesO;,) nanoparticles prepared
by the sol-gel method catalyzed the intermolecular dehydration of alcohols to afford
the corresponding ethers under solvent-free conditions [187]. This Y3FesO, catalyst
also showed high catalytic performance for the one-pot synthesis of pyrano[2,3-
clpyrazole derivatives, which are used as anticancer, anti-HIV, anti-inflammatory,
analgesic, and antiviral drugs, and could be reused without significant loss of product
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yield (Eq. 8.52).

P Y3Fe4 97Nig 03012y / H207 )OJ\
Ph acetone ~ Ph

50 °C,5h 13% yield

Y3Fe5012 / 91% yleld

solvent-free N H5;C Ph

8.51)

P Np + No~SoN 80 °C. 15-20 min ) CHs
o 0 NI
+)J\/U\ + HoN—NH; H (0] NH,
OEt
91% yield
(8.52)

Proton exchanged pyrochlore oxides, (H30%)Sb,Te,,O; (x = 1, 1.1, and
1.25) showed catalytic activity for fructose dehydration to form HMF in
H,O/methyl isobutyl ketone [188]. NH3-TPD measurements indicated that
(H30%)125Sby25Teo 7503 had the strongest and largest amount of acid sites of the
prepared pyrochlores. The authors concluded that the strongly covalent subnetwork
constructed by octahedral Sb>* Qg and Te* O units resulted in a strong acid character
for this catalyst and the formation of HMF with a high yield (Eq. 8.53). Felthouse
and co-workers reported the catalytic activity of ruthenium pyrochlore oxides for
the oxidative cleavage of vicinal diols with molecular oxygen at low temperature
(Eq. 8.54) [189, 190]. A cubic-Pb;,sRu 33065 pyrochlore was synthesized by the
precipitation method with sufficient O, bubbling to stabilize Pb*", which partially
occupied the octahedral sites. The surface area of this pyrochlore was estimated to be
60 m? g~!, although there was no investigation of the correlation between catalytic
activity and the structure.

HO o

H;S_Z/\OH (H30+)1.253b1.25T60.7506‘ O/\Q/\OH (8.53)

H,0/MeBuCO
HO OH :
150 °C, 120 min 59% yield

Pb; g2RU1 3806 5

OH N N

Of NaoH. 02 . aomo T s
. H,0
/OH 2 O (@)

25°C,7h 72% vyield

Structural and electronic control of the active sites is an important factor related
to the intrinsic activity of catalysts. In addition, the catalytic performance in both
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homogeneous and heterogeneous oxidation systems is also affected by the acid—
base properties, and the basicity of transition metal oxo complexes and supported
metal catalysts sometimes promotes oxidative C—H activation under mild reaction
conditions. We have recently focused on isolated high-valency Mn species located in
acrystalline basic matrix as a recyclable heterogeneous catalyst for aerobic oxidative
C-H functionalization of various types of alkylarenes with O, as the sole oxidant
(Eq. 8.55) [191]. This approach to catalyst design is distinct from the incorporation of
isolated Mn species into acidic matrices (aluminophosphates, zeolites) and/or crystal
structure control of manganese oxides with Mn—O—Mn structures such as $-MnO,
and SrMnOs;. Nanosized murdochite-type oxide MggMnOg, which can be considered
as the rock-salt structure of MgO with the replacement of one-eighth of the Mg?*
ions with Mn** ions and one-eighth with vacancies, was successfully synthesized
by the sol-gel method using malic acid. The specific surface area (104 m?> g~') was
the highest among MgeMnOg synthesized by previously reported methods (2—-15
m? g~!). In addition, MgeMnOyg nanoparticles exhibited higher catalytic performance
than other Mn- and Mg-based oxides, including manganese oxides with Mn—O—-Mn
active sites such as B-MnO, and SrMnOQOs for the oxidation of fluorene with O,, and
the oxidation reaction proceeded even under mild conditions (40 °C). The order of
oxidation activity (MgeMnOg-MA > -MnO, ~ StMnO3) was not so correlated with
that of the reduction rate determined by TPR (B-MnO, > SrMnO3 > MggMnOg-
MA), but with that of basicity determined by CHCl3-adsorbed IR and CO, TPD
results. Furthermore, the correlation between the reactivity and pK, of the substrates
and kinetic isotope effects suggests a basicity-controlled mechanism of hydrogen
atom transfer (Fig. 8.22). On the basis of '80-labeling experiments, kinetics, and
mechanistic studies, the H abstraction of alkylarenes proceeds via a mechanism
involving O, activation. The structure of MgeMnOg consists of isolated Mn** species
located in a basic MgO matrix, which likely plays an important role in this oxidation
reaction.

(3 !
Q O . 99% yield
MggMnOs O o O : (8.55)
| =N n-octane or PhCl '\ X

= 50-100 °C, 2-5 h | N 7% yield
=
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OM -0-Mn—-0

g,g,l'\.ﬂ'lno3
6) H,O f'zoz ’202
J N
Ar” Ar MgsMnoa Ar AT
r\
Ar Ar H L?*
O—-Mg~O~Mn-O O*Mg~O~Mn~O

gsMnOg MggMnOg

b S

stepwise proton and electron transfer
or
basic asynchronous coupled proton electrontransfer

Fig. 8.22 Proposed reaction mechanism for the aerobic oxidation of alkylarenes over MgeMnOg
[191]

8.4 Concluding Remarks

Taking advantage of metal oxides than can cover various types of reactions, struc-
turally controlled complex metal oxides exhibit unique catalytic properties for liquid
phase organic reactions. Various types of nanosized and porous crystalline metal
oxides can be synthesized by several techniques, such as the co-precipitation, sol—
gel, solution combustion, and soft/hard templating methods, which results in cata-
lysts that achieve the atom-efficient synthesis of value-added chemicals. Durable
and multifunctional simple oxides with both acid-base and redox properties are
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effective for one-pot sequential reactions and selective transformation of biomass-
derived substrates. Multicomponent Pd- and Cu-containing perovskite oxides can
efficiently catalyze C—C bond-forming coupling reactions (e.g., Suzuki, Sonogashira,
and Ullmann-type cross-coupling reactions). Despite detailed mechanistic studies,
the inclusion of metal nanoparticles in solution or metal nanoparticles formed on
perovskite oxides as active species have been proposed, and further discussion will be
continued. Some acid-base perovskite catalysts can efficiently promote aldol conden-
sation, cyanosilylation, alkylation, esterification, and one-pot synthesis; however,
there are still unclear points with regard to the relationship between the catalytic
performance and acid-base sites. Selective oxidation reactions of various substrates
(e.g., alkanes, arenes, alcohols, sulfides, etc.) using O, as an ideal oxidant are
achieved by the development of hexagonal and oxygen-deficient perovskite oxides,
and their application to more difficult reactions and biomass conversion is expected.
Spinels also function as effective solid catalysts for oxidation, reduction, cycloaddi-
tion, and halogenation, and defect sites play an important role in the promotion of
the catalytic activity and selectivity. Apatite- and hydrotalcite-based heterogeneous
catalytic systems (in particular, functionalized with various transition metals) are
powerful tools for the organic synthesis of various chemical products through their
unique acid-base and redox properties. The dual functions of CePO,4 with both acid
and base sites, and MgsMnOyg with both base and redox-active sites are respectively
effective for the selective acetalization of biomass-derived HMF and oxidative C-H
activation under mild conditions.

The present synthesis methods have fundamental disadvantages such as the need
for complicated procedures and inapplicability to versatile chemical compositions.
In this context, more simple and efficient synthesis methods applicable to a variety
of multicomponent complex oxides with high surface areas and without the need
for specific conditions and reagents are required. In the development of efficient
liquid-phase organic synthesis reactions, the main target is to improve the catalytic
performance (i.e., yield, selectivity, stability, etc.); therefore, the purity of the crys-
talline metal oxide catalysts and/or characterization of the active site structures are
still insufficient in some cases. In addition, in the case of multicomponent complex
oxide catalysts, there are only a limited number of reports on systematic and detailed
mechanistic studies to understand the role of the elements in catalysis. Therefore,
further elucidation of the mechanistic aspects (especially, the correlation between
the structure and catalytic performance) in combination with advanced inorganic
synthesis, operando spectroscopy, and computational approaches will be important,
along with the development of organic synthesis reactions. These approaches can
lead to the precise design and development of highly active crystalline complex
oxides that efficiently catalyze various types of liquid-phase organic reactions under
mild reaction conditions.
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in Photocatalytic Materials
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9.1 History of Photocatalytic Water Splitting Using Metal
Oxide-Based Semiconductors

Photocatalytic water splitting using semiconductor particles is regarded as a
promising technology for clean and low-cost hydrogen production from water by
utilizing abundant solar light energy and thus has been studied extensively [1-3].
Such technologies for solar-to-hydrogen production were initially highlighted by a
report on photoelectrochemical water splitting under UV light using a photoanode of
single-crystalline rutile-TiO, (band gap: 3.0 eV) coupled with a Pt cathode, demon-
strated by Fujishima and Honda in 1972 (Fig. 9.1a) [4]. After this pioneering work,
many researchers started to develop photocatalytic water splitting systems (Fig. 9.1b),
in which small particles of metal (e.g., Pt) are loaded directly onto the surface of a
particulate semiconductor (e.g., TiO,) as the cocatalyst for promoting water reduc-
tion. However, the demonstration of simultaneous and stoichiometric evolution of
H; and O, on such simple photocatalysts (e.g., Pt/TiO,) has been hampered for many
years mainly by the occurrence of the backward reaction (2H, + O, — 2H,0) on
a metal cocatalyst such as Pt. In 1980, Sato et al. demonstrated that the coating of
Pt-loaded anatase-TiO, (bandgap: 3.2 eV) by a deliquesced NaOH layer enabled it
to split water vapor into H, and O; in a stoichiometric ratio under UV-light irra-
diation [5]. As for the splitting of liquid water, Domen et al. first succeeded at it
in 1982 by employing SrTiO; (bandgap: 3.2 eV) loaded with a NiO, cocatalyst as
schematically illustrated in Fig. 9.2. [6] (All crystal structures in this chapter were
drawn using the VESTA program [7]. Herein, a part of the Ni metal surface was
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oxidized under a mild condition to effectively suppress the backward reaction while
maintaining substantially high catalytic activity for H, production, thus endowing
the SrTiO3 photocatalyst with the ability to generate H, and O, simultaneously from
liquid water at steady rates. This successful demonstration of liquid water split-
ting further encouraged researchers to develop various photocatalysis materials for
achieving efficient H, production.

Then, as will be described later in this chapter, various metal oxides with specific
crystal structures such as layers or tunnels have been proven to function as efficient
photocatalysts for water splitting under UV light. In 2003, Kudo et al. developed a
NiO-loaded NaTaO3:La (bandgap: 4.0 eV) photocatalyst that exhibited the astonish-
ingly high apparent quantum efficiency (AQE) of 56% under monochromatic light
irradiation at 270 nm [8]. Note that, the AQE described hereafter in this chapter will
represent the values calculated using the following equation:

AQE(%) =100 x A x R/I
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Fig. 9.1 Illustration of a photoelectrochemical and b photocatalytic water splitting
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Fig. 9.2 a Crystal structure of SrTiO3 and b Schematic view of the structures of NiO,-SrTiO3
photocatalyst after various treatments
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where A is the number of photons required to generate one molecule of the product
(i.e., two for H, and four for O,). R is the amount of evolved gas (H, or O,) molecules,
and / is the number of incident photons.

Although various metal oxide photocatalysts have been developed as briefly intro-
duced above, they all can only function under UV light irradiation with a wavelength
shorter than 400 nm due to having bandgaps wider than 3.0 eV. Since almost half
of all incident solar energy at the Earth’s surface falls in the visible region, the
efficient utilization of visible light remains indispensable for realizing practical H,
production based on photocatalytic water splitting. Thus, the search for and devel-
opment of visible-light-responsive photocatalysts for water splitting has become one
of the most active research areas since the late 1990s [9]. However, the demon-
stration of visible-light-induced water spitting using a single photocatalyst material
(i.e., via one-step photoexcitation) has been quite difficult primarily due to the strict
conditions (e.g., appropriate band levels) required for the semiconductors employed.
Then, photocatalytic water splitting under visible light was first demonstrated in
2001 using a Z-scheme photocatalytic system (i.e., via two-step photoexcitation)
that consists of SrTiO; doped with Cr and Ta for H; evolution, WOj3 for O, evolu-
tion, and an iodate/iodide (I03~/I7) redox couple as an electron mediator between
them [10]. Since then, various photocatalyst materials—not only metal oxides but
also various mixed-anion materials such as oxynitrides—have been developed for
both one- and two-step water splitting under visible light. For example, a scalable
and highly efficient photocatalyst sheet was recently demonstrated based on the Z-
scheme mechanism between La- and Rh-co-doped SrTiOs; and Mo-doped BiVO,
photocatalysts; exhibiting a solar-to-hydrogen (STH) energy conversion efficiency
of 1.1% and an AQE of > 30% at 419 nm [11]. To establish higher STH beyond 5%,
which is necessary for achieving cost-competitive H, production [12], the search for
and development of photocatalyst materials continues. This chapter introduces some
representative examples of crystal and band engineering in oxide-based materials to
develop efficient photocatalysts.

9.2 Crystal Engineering of Metal Oxides for Efficient
Water Splitting Under UV Light

9.2.1 Layered Metal Oxides with Cation-Exchangeable
Interlayer Spaces

As described above, the first successful example of the photocatalytic splitting of
liquid water was demonstrated by using a particulate SrTiO3 semiconductor, although
the AQE was probably about 0.01% (not measured), estimated by the gas evolution
rates. Since SrTiOj; consists of Ti** cations with dy electron configuration, metal
oxides containing Ti**, Zr**, Nb>* or Ta>* with d, configuration were extensively
investigated in the early stage of research, along with focusing specifically on crystal
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engineering for promoting charge separation and following the redox reaction with
H,0O molecules.

The first example of such efficient photocatalysts developed based on crystal engi-
neering is Ni-intercalated K4NbsO7 (bandgap: 3.3 eV), also developed by Domen
et al., that can split water efficiently based on its unique nanostructure [13]. As shown
in Fig. 9.3a, a potassium niobate K4NbgO 7 consists of octahedral units of NbOg that
form a two-dimensional layers via bridging oxygen anions. The two-dimensional
layers are negatively charged (i.e., [NbO;7]*7), and K* cations exist between them
to compensate for the negative charges, thus forming an ion-exchangeable layered
structure. One characteristic of K4NbgO7 is the spontaneous hydration of its inter-
layer spaces even under atmospheric conditions, which is further enhanced when
suspended in an aqueous solution. This facile hydration property was expected to
provide extended reaction spaces inside layers not only on the outer surface, in stark
contrast to conventional bulk semiconductors such as SrTiOs. Two types of interlayer
exist (interlayer I and II) and, interestingly, they differ from each other in their prop-
erties of hydration and cation exchange with K*. For instance, divalent Ni** cations
can only replace the K* in interlayer I, while no intercalation of Ni** occurs in inter-
layer II. By taking advantage of this unique cation-exchange property, the ultrafine
particles of Ni metal (smaller than 1 nm in diameter) were selectively loaded inside
interlayer I through the partial exchange of K* by Ni?* and the following reduction
with H; stream at high temperature. It has been suggested that the Ni cocatalyst
in interlayer I can effectively capture the photoexcited electrons from the niobate
sheets through the significantly shortened migration length, while the photogener-
ated holes can efficiently react with the H, O molecules intercalated into interlayer II
(Fig. 9.3b). The utilization of interlayer spaces as reaction sites undoubtedly increases
the usage efficiency of the photogenerated carriers by suppressing the possibility of
their recombination during their migration from bulk to the surface. In addition, the
alternative arrangement of reduction (interlayer I) and oxidation (interlayer II) sites
is advantageous for suppressing the backward reaction (2H; 4+ O, — 2H,0) on the
Ni metal cocatalysts, providing high-efficiency water splitting with an AQE of 3.5%
at 330 nm [14].

The second example of a highly efficient photocatalyst with cation-exchangeable
interlayer spaces is NiO,-loaded A;La,TizO;9 (A = K, Rb, band gap: 3.4-3.5 eV)
with a layered perovskite structure that was also developed by Domen et al. [16]
Fig. 9.4a shows the crystal structure of A;La,TizO;¢; the interlayer spaces of
A;La,;Tiz0p9 and Rb,La;Ti3Oy are spontaneously hydrated similar to K4NbgO7.
However, most of the loaded NiO, was found to exist as large particles (10-20 nm in
diameter) at the external surface of the photocatalyst as illustrated in Fig. 9.4b. Thus,
it was suggested that the photoexcited electrons travel efficiently in the perovskite
layer to the NiOy cocatalyst particles outside and then reduce H,O, whereas photo-
generated holes oxidize the H,O molecules that are intercalated. Importantly, the
authors synthesized various analogous compounds (e.g., RbLa, Ti,NbOg) to control
the hydration property (i.e., hydration number), and thereby testified that the high
hydration ability of the interlayer space is indispensable for achieving efficient water
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Fig. 9.3 a Crystal structure of K4NbgOj7 and b the reaction mechanism of HyO decomposition
into Hy and O,. Reprinted with permission from Ref. [15]. Copyright 1989, Elsevier

Fig. 9.4 a Crystal structure of K»LasTi3O1¢ and b the reaction mechanism of HyO decomposition
into Hy and O;. Reprinted with permission from Ref. [16] Copyright 1997, American Chemical
Society

splitting. The optimized NiO,-loaded Rb,La,;Ti;O;( exhibited an AQE of 5% at
around 330 nm.

9.2.2 Metal Oxides with Tunnel Structures

Inoue et al. developed various metal oxide photocatalysts with tunnel structures
[17]; a representative example is the RuO,-loaded BaTisO9 (bandgap: 3.0 eV) with
pentagonal prism tunnel structure as shown in Fig. 9.5a. One specific feature of
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Fig. 9.5 a Crystal structure of BaTizOg, b the dipole moments present in the distorted TiOg octa-
hedra, and ¢ a “nest” effect of a pentagonal-prism tunnel in the RuO,-loaded BaTisOg9 photocata-
lyst. Reprinted with permission from Refs. [17, 18]. Copyright 1997, Royal Society of Chemistry.
Copyright 1997, Elsevier

BaTisOg for achieving efficient photocatalysis is the dipole moments generated in the
distorted TiOg octahedra. The X-ray diffraction study on a single crystalline BaTi4Og
sample indicated the presence of two types of largely distorted TiOg octahedra as seen
in Fig. 9.5b. This structure produces two kinds of dipole moments in the pentagonal-
prism tunnel, one at 5.7 D and the other at 4.1 D. Based on the experimental results of
EPR measurement, it was strongly suggested that these dipole moments elongated the
charge separation between photoexcited electrons and holes, thus resulting in highly
efficient water splitting [18]. Another important feature of BaTisO¢ material is that
the tunnel structure certainly helped the generation of highly active RuO, cocatalysts
with uniformly small particle sizes (1.4-3.0 nm in diameter) and high dispersion. It
was suggested that the pentagonal-prism space provides the form of a “nest” site, i.e.,
a concave site with a ridge (Fig. 9.5¢). The presence of nest sites probably prevented
the RuO, particles, which were loaded via impregnation of RuCl3aq. and followed
calcination in air, from aggregating and growing into larger particles. The optimized
RuO,-loaded BaTisOg exhibited AQE of 10 £ 3% at 330 nm. Note that the AQE of
BaTisO9 photocatalyst has been improved very recently via the combination of the
optimized synthesis conditions of BaTisOy particles and the appropriate choice of
cocatalysts, achieving 41% at 313 nm [19].

A similar effect of dipole moment for improving photocatalytic activity has been
also suggested in studies on other metal oxides such as Na, TigO;3 with a rectangular
tunnel structure (Fig. 9.6) [20].

9.2.3 Highly Efficient Water Splitting on Perovskite-Type
Metal Oxides

In the 1990s, significant attention was paid to developing metal oxides with specific
structures such as cation-exchangeable layered ones, as described above. This was
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Fig. 9.6 Crystal structure of TiOg Na
NazTi6013 /

probably based on the hypothesis that such nano-porous reaction sites are indis-
pensable for achieving highly efficient water splitting. In 2003, Kudo et al. demon-
strated an astonishingly high AQE (56% at 270 nm) by using the non-porous metal
oxide NaTaOs (bandgap: 4.0 eV) with a conventional perovskite structure shown
in Fig. 9.7b [8]. Note that the authors first found that the ionic radius of A in
ATaO; (A = Li, Na, K) significantly affects TaOg octahedral tilting, and conse-
quently does the photocatalytic activities for water splitting. Among them, NaTaO;
with moderate TaOg octahedral tilting showed the highest activity due to the suit-
able conduction band level consisting of Ta-5d and energy delocalization caused
by the small distortion of TaOg [21]. Then, it was revealed that the doping of an
appropriate amount of lanthanum (1-2 mol%) into NaTaOj3 drastically improved the
water-splitting activity. The addition of La,O3 into other precursors (Na,CO3 and
Ta,Os) during SSR synthesis was found to provide the ordered surface nanostructure
with many characteristic steps (Fig. 9.8) along with the decreased particle size of
NaTaOj; (0.1-0.7 wm) compared to the non-doped one (2—3 wm). The combination
of TEM and EXAFS revealed that the NiO cocatalysts were loaded on the edge of
the nanostep structure as illustrated in Fig. 9.8, thus promoting the separation of
photoexcited electrons and holes. Note that the NiO cocatalyst in this system, which
was loaded via simple impregnation of Ni(NOs),aq. and following calcination in
air, differs from the previously mentioned NiOy cocatalyst with core—shell structure
(Fig. 9.2). Although this NaTaOj:La photocatalyst can harvest only a fraction of UV
light shorter than 310 nm due to the wide band gap, such astonishingly high AQE
has inspired researchers to search and develop non-porous compounds including
perovskites.

Very recently, another surprising result was reported by Domen et al., in which
an aluminum-doped SrTiO3 (SrTiOs:Al) photocatalyst demonstrated overall water
splitting into H, and O, with AQE of up to 96% at 360 nm wavelength, which is equiv-
alent to an internal quantum efficiency of almost 100% [22]. Although the initial AQE
of the NiO,/SrTiO3 photocatalyst in 1980 was quite low (ca. 0.01%) as described
previously, various refinements have drastically improved the AQE up to 69% [23].
Notably, the activity of SrTiO3; was dramatically improved by SrCl, flux treatment at
1100 °C in an alumina crucible mainly due to the doping of Al species derived from
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Fig. 9.7 Crystal structure of LiTaO3, NaTaO3, and KTaO3
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Fig. 9.8 Proposed mechanism of highly efficient photocatalytic water splitting over
NiO/NaTaOs3:La. Reprinted with permission from Refs. [1, 8]. Copyright 2009, Royal Society
of Chemistry. Copyright 2003, American Chemical Society

the Al,Oj3 crucibles, while external doping was also effective [24]. Further improve-
ment was achieved by employing a modified SrTiO3:Al photocatalyst on which two
different cocatalysts, i.e., an Rh/Cr, O3 core—shell one for H, production and CoOOH
for O, evolution, respectively, were loaded selectively on {100} and {110} facets
via photodeposition (Fig. 9.9). Simulation of photocarrier distribution on SrTiO3:Al
particles indicated that the anisotropic charge separation (i.e., e~ to {100} while h*
to {110}) is derived from the difference in work functions of the exposed facets. The
combination of such anisotropic charge transfer in the SrTiO3:Al bulk and the pres-
ence of favorable cocatalysts at each facet enabled multiple consecutive charge trans-
fers without suffering from recombination, thus achieving the upper limit of AQE for
water splitting. Although SrTiOjs:Al still requires UV light irradiation, the present
result paves the way toward scalable and practical photocatalysis systems with STH
> 5% by introducing some newly developed visible-light-responsive photocatalyst
materials based on the guiding principles obtained herein.
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Fig. 9.9 a Transmission electron microscopy image of SrTiO3:Al loaded with Rh (0.1 wt%)/Cr, O3
(0.05 wt%)/CoOOH (0.05 wt%). b Particle morphology and crystal orientation. ¢ Diffuse reflectance
spectrum of bare SrTiO3:Al and wavelength dependence of external quantum efficiency (EQE)
during water splitting. Reprinted with permission from Ref. [22]. Copyright 2020, Springer Nature

9.3 Band Engineering of Metal Oxides for Achieving
Visible-Light-Induced Water Splitting

9.3.1 The Difficulty of Achieving Visible-Light-Induced
Water Splitting Using Pristine Metal Oxides

As described above, various metal oxides are reportedly active photocatalysts for
water splitting; however, most of them only function under UV light due to the large
bandgaps. Since nearly half of the solar energy incident on the Earth’s surface lies
in the visible region (400 < A < 800 nm), it is essential to use visible light efficiently
to realize large-scale practical H, production via photocatalytic water splitting. The
maximum solar-to-hydrogen (STH) energy conversion efficiency assuming 100%
quantum efficiency can be calculated using the standard solar spectrum (Fig. 9.10).
Even if all of the UV light up to 400 nm were utilized, the solar conversion efficiency
would be only 2%, which is insufficient for the commercialization of the produced
H,. However, utilizing the visible light up to 600 nm would drastically improve the
efficiency to 16%; a further extension up to 800 nm would result in 32% conversion
efficiency. Therefore, achieving efficient water splitting under visible light has been a
challenging goal since the discovery of the photoelectrochemical water splitting using
a TiO,-photoanode in 1972. Despite many years of intensive efforts by researchers
around the world, no reproducible demonstration was achieved before 2000.

When a particulate semiconductor is used as a photocatalyst for water splitting, the
conduction band minimum (CBM) must be more negative than the water reduction
potential (0 V vs. SHE) to produce H,, while the valence band maximum (VBM)
must be more positive than the water oxidation potential (1.23 V vs. SHE) to produce
O, (Fig. 9.11a). Furthermore, the photocatalyst material itself must be stable both
chemically and photochemically. Metal oxide semiconductors are generally highly
stable against photocorrosion and were thus extensively studied in the early stages of
research as previously described. However, Scaife noted in 1980 that it is intrinsically
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difficult to develop an oxide semiconductor photocatalyst that has both a sufficiently
negative CBM for H, production and a sufficiently narrow band gap (i.e., <3.0 eV)
for visible light absorption [25]. As seen in Fig. 9.12, one can find an almost straight-
line relationship between the flat band potentials and the bandgaps of various oxides
consisting of different cations. This relationship is derived from the fixed levels of
VBMs that are formed exclusively by the O-2p orbitals at the deeply positive value
of +3.0 V (vs. SHE). Consequently, visible-light-responsive oxides such as WO;
cannot produce H; from water due to their CBMs being more positive than the water
reduction potential (Fig. 9.11b). Although certain non-oxide semiconductors such as
sulfides and nitrides possess appropriate band levels for water splitting under visible
light (Fig. 9.11c), they are generally unstable and readily become deactivated through
either photocorrosion or self-oxidation rather than evolving O;.
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(a) UV-responsive oxide (b) Vis-responsive oxide (c) Vis-responsive non-oxide
(TiO,, SrTiO; etc.) (WO,, Fe,0, etc.)

Fig. 9.11 Band energy levels of various semiconductors
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As described above, the dominant contribution of O-2p orbitals to the density
of states (DOS) around the VBMs of conventional metal oxides has hampered the
demonstration of visible-light-induced water splitting by using pristine metal oxides
for many years. Thus, band engineering has emerged and been extensively studied
since the late 1990s for developing new oxide-based photocatalysis materials for
visible-light-induced water splitting.

9.3.2 Cation-Doping into Perovskite-Type Metal Oxides

Doping of metal cations (e.g., Cr**, Mn**, and Fe**) into the lattice of UV-responsive
metal oxides such as TiO, has been extensively investigated to introduce donor or
acceptor levels within the band gap and thereby endow them with visible light absorp-
tion. Although such doping actually provided color to originally white TiO, samples,
almost all of them showed negligibly low activity under visible light irradiation. Note
that such cation doping reportedly decreases the activity of host material (e.g., TiO,)
drastically, even under bandgap excitation by UV light, which strongly suggests that
the doped species function as recombination site between photoexcited electrons and
holes via the redox cycle in transition metal cations (e.g., Fe3*/Fe?*).

Kudo et al. revealed that the appropriate doping of Cr** or Rh*" into the Ti**
sites of SrTiOj crystal provides intense absorption bands in the visible light region
that are indeed available for photocatalytic reactions under visible light [26, 27]. For
example, the active response of Rh-doped SrTiO; (SrTiO5:Rh) is due to a new donor
level induced by Rh*" (Fig. 9.13a). An as-prepared SrTiO3:Rh sample exhibits two
onsets of the absorption band, namely a shoulder one at 520 nm and a broad band
at 580—1,000 nm derived from Rh** and Rh** species, respectively. However, the
Rh* could be easily reduced to Rh3* by photoexcited electrons in the initial stage of
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Fig. 9.13 aProposed band structure and visible light response of Rh-doped SrTiO3 photocatalyst. b
Diffuse reflectance spectra of (1) before and (2) after photocatalytic reaction, and (3) action spectrum
for H; evolution from an aqueous methanol solution over a StTiO3:Rh(1%) photocatalyst. Reprinted
with permission from Ref. [26]. Copyright 2004, American Chemical Society

the photocatalytic reaction, thus maintaining the steady state at which electrons are
excited from the Rh** donor level to the CB of SrTiO3; while leaving the oxidized
Rh* species. Then, the photoexcited electrons in CB reduce water to H, and the
holes (positive charge) left on Rh** oxidize an electron donor such as methanol or
iodide anion (I"). Action spectra analysis on the SrTiO3:Rh photocatalyst confirmed
that visible light up to 550 nm can be utilized for H, evolution (Fig. 9.13b).

Photocatalytic water splitting under visible light was first demonstrated in 2001 by
Abe et al. using a Z-scheme photocatalytic system (Fig. 9.14) that consisted of SrTiO3
doped with Cr and Ta (SrTiO3:Cr/Ta) for H; evolution, WO3 for O, evolution, and an
iodate/iodide (IO37/1") redox couple as an electron mediator [10, 28]. Although the
rate of H, evolution over only the Pt/SrTiO3:Cr/Ta photocatalyst decreased remark-
ably with irradiation time due to the backward reaction (re-reduction of 103~ to I”
by photoexcited electrons), using both Pt/SrTiO3:Cr/Ta and Pt/WO3 photocatalysts
resulted in the simultaneous and steady evolution of H, and O, from an aqueous
Nal solution (5 mM, pH 6.5 without adjustment) under visible light irradiation (\ >
410 nm). This is because both the reduction of IO3~ to I" and the oxidation of water
to O, occurred efficiently and selectively over the Pt/WOj3 photocatalyst due to the
preferential adsorption of IO3~ to I” on the WOj3 surface. The AQE for overall water
splitting was determined to be ca. 1% at 420 in this system.

The SrTiO3:Rh has been employed in various Z-scheme systems as a highly active
H,-evolving photocatalyst, not only in redox-mediated systems (e.g., with Fe**/Fe?*)
but also in interparticle electron transfer systems (i.e., without an electron mediator
in solution) [29, 30], which will be introduced in the next section.

9.3.3 Valence Band Engineering via s—p Interaction

A bismuth vanadate BiVO, is a known polymorphic compound with three crystal
structures: tetragonal zircon, monoclinic scheelite, and tetragonal scheelite phases.
Kudo et al. first revealed that monoclinic scheelite BiVO, showed much higher
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Fig. 9.14 a Overview of water splitting on Z-scheme photocatalysis system with a redox couple. b
Time course of gas evolution of H, and O, using a mixture of Pt(0.3 wt%)/SrTiO3 (Cr, Ta 4 mol%
doped) and Pt(0.5 wt%)/WO3 photocatalysts suspended in 5 mM of Nal aqueous solution under
visible light irradiation

activity for water oxidation than conventional WO3 under visible light in the pres-
ence of an electron acceptor such as Ag* [31]. They also pointed out a significant
difference in bandgaps and photocatalytic activity depending on the crystal structures
(Fig. 9.15). Monoclinic BiVOy has a smaller bandgap (2.4 eV) than tetragonal zircon
(2.9 eV) and exhibited much higher O, evolution activity. The authors suggested that
the monoclinic one possesses more negative VBM compared to the tetragonal zircon
because the valence band of the monoclinic one is formed by Bi-6s or a hybrid orbital
of Bi-6s and O-2p, whereas the valence band of tetragonal zircon is mainly formed
by O-2p, similar to other conventional metal oxides. The more negative VBM and
the contribution of Bi-6s orbitals were later confirmed by the combination of XPS,
DFT calculation, and Mott—Schottky analysis in 2006 by Sayama et al. [32]. It was
proposed that the monoclinic one possesses CBM located at +0.46 V (vs. SHE at
pH 0) and VBM at +2.86 V (vs. SHE at pH 0).

Although the more negative VBM of monoclinic BiVO,4 compared to conventional
oxides (basically fixed at +3.0 V vs. SHE) should be attributed to the hybridization
between the O-2p and Bi-6s orbitals, the reason for such unusual hybridization (i.e.,
interaction) between the electron-filled O-2p and Bi-6s was elusive. Although the Bi-
6s2 electrons have been regarded as an inert lone pair, Walsh et al. recently proposed
that there is strong s—p interaction between 6s electrons of Bi** and O-2p electrons in
specific oxides such as BiVO, [33]. According to this theory, called the Revised Lone
Pair (RLP) model, bonding and anti-bonding orbitals are formed from Bi-6s and O-2p
orbitals, an unstable situation. However, the resultant anti-bonding orbital of (Bi-6s
+ O-2p)* is concurrently stabilized through the interaction with the unoccupied Bi-
6p orbital, leading to an elevated energy level relative to the original O-2p orbital.
Although even the monoclinic BiVO,4 with elevated VBM cannot generate H, from
water due to the more positive CBM than the water reduction potential, it has been
employed as a highly active O;,-evolving photocatalyst in various Z-scheme water
splitting systems [34].
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Fig. 9.15 Crystal structure of BiVO4 with a tetragonal zircon and b monoclinic scheelite structure.
¢ Diffuse reflectance spectra of BiVO4 synthesized from KV3Og at different ratios of vanadium to
bismuth in the starting materials: (1) monoclinic BiVO4 + KV30g, (2, 3) monoclinic BiVOy, (4,
5) tetragonal BiVOy, and (6) KV30g. Reprinted with permission from Ref. [31]. Copyright 1999,
American Chemical Society

As described above, various oxide-based photocatalysts that can function under
visible light have been developed based on band engineering. Their combination
in Z-scheme reaction mechanisms afforded efficient water splitting by harvesting
a considerable fraction of visible light. For example, both La- and Rh-co-doped
SrTiO3 and Mo-doped BiVO,4 photocatalysts were physically embedded into the
gold layer (Fig. 9.16) to form an effective photocatalyst sheet that exhibited 1.1%
solar-to-hydrogen (STH) energy conversion efficiency and > 30% AQE at 419 nm
[11].

{8) (1) Drop-casting of the mixture of OEP and HEP

Glass plate
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w e
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t Owerall water splitting reaction
% Sl
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Fig. 9.16 a Illustration of the preparation of the SrTiO3:La,Rh/Au/BiVO4:Mo sheet by the
particle transfer method, and b schematic of overall water splitting on the Ru-modified
SrTiO3:La,Rh/Au/BiVO4:Mo sheet. Reproduced with permission from Ref. [11]. Copyright 2016,
Springer Nature
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9.3.4 Mixed-Anion Oxides for Z-scheme Water Splitting
Under Visible Light

Then, various mixed-anion oxides such as oxynitrides and oxysulfides have been
eagerly studied as promising photocatalysts because many of them have suitable band
levels for both H, and O, evolution and narrow band gaps for visible-light response. In
these mixed-anion oxides, the mixed VB formed via the hybridization of non-oxide p-
orbitals and O-2p orbitals endows them with higher durability against oxidation than
non-oxides (e.g., nitrides and sulfides), as well as elevated VBM leads to a narrower
bandgap than corresponding oxides. Domen et al. reported that some oxynitride
powder photocatalysts exhibit activity for H, production from water in the presence
of a sacrificial electron donor such as methanol under visible light irradiation. Since
N-2p orbitals have much more negative energy levels than O-2p orbitals, the VBMs
of oxynitrides and nitrides generally locate a more negative potential than those
of the corresponding metal oxides. For example, the VBM potentials of Ta-based
semiconductors increase in the order Ta;Os5 (3.6 V) < TaON (2.0 V) < TazN5 (1.6 V
vs. SHE at pH 0) [35]. However, their DOS around CBMs consist of predominantly
empty 5-d orbitals of Ta>*, providing a similar CBM potential to Ta,Os (in the range
—0.3 to 0.5 V vs. SHE at pH 0), which are suitable for H, production.

In 2005, Abe and Domen et al. demonstrated water splitting under visible light
using tantalum oxynitride (TaON) as an H, photocatalyst in the presence of an
1057/I" shuttle redox mediator [36]. The combination of Pt/TaON and PtO,/WQO;
photocatalysts allows simultaneous H, and O, evolution with a stoichiometric ratio
from Nal aqueous solution under visible light as seen in Fig. 9.17, while H; evolution
over Pt/TaON alone terminated rapidly due to the significant backward reaction (the
re-reduction of 103~ to I"). Although the (Pt/TaON)—(PtO,/WO3) system showed
relatively low AQE (0.4% at 420 nm) in the initial stage, the surface modification
of TaON with ZrO, significantly increased the apparent quantum yield to 6.3% at
420 nm [37]. In 2008, the same authors employed a series of mixed oxynitrides
ATaO;,N (A = Ca, Sr, Ba) as the H;-evolving photocatalyst in the I0;7/I"-mediated
Z-scheme system to harvest a wider range of visible light [38]. As shown in Fig. 9.18a,
the absorption edges of ATaO,N shift to longer wavelengths as the ionic radius of
A% (Ca*: 1.34 10\; Sr¥t: 1.44 A; Ba?*: 1.61 A) increases, providing smaller band
gaps (Ca®*: 2.4 eV; Sr?*: 2.1 eV; Ba®*: 1.8 eV). The combination of experimental
results and DFT calculations indicated that the CBMs of ATaO,N are significantly
changed by the difference in ionic radius of A%* while VBM:s are sensitive to the anion
ratio (N>~ to O%7) [39]. As the radius of A>* decreases, the tilting of the octahedra
increases (Fig. 9.18b) thereby narrowing the conduction bands. Consequently, the
decreased dispersion of the conduction bands raises CBMs. The (Pt/BaTaO,N)—
(PtO,/WO3) was found to be photoactive at wavelengths up to 660 nm, representing
the first example of a photocatalytic and overall water-splitting that effectively utilizes
visible light at wavelengths longer than 600 nm [40].

Although the VBs hybridized from non-oxide p-orbitals (e.g., N-2p) and O-2p
orbitals endow them with greater durability against oxidation than simple non-oxides,
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Fig. 9.18 a Diffused reflectance spectra and b crystal structures of ATaO,N (A = Ca, Sr, Ba)

it was pointed out that most oxynitrides still undergo self-oxidative decomposition
whereby N3~ are oxidized to N, by photogenerated holes (2N*~ + 6 h* — N»).
Fortunately, no significant N, generation was evolved when such oxynitrides (e.g.,
TaON and BaTaO,;N) were employed as an H,-evolving photocatalyst in the Z-
scheme system with I057/I7, as seen in Fig. 9.17a. It was revealed that I” ions readily
adsorb onto the surface of the TaON photocatalyst powder, thus enabling the efficient
oxidation of I" by holes and the effective suppression of self-oxidative deactivation
of TaON [41]. Meanwhile, appreciable deactivation accompanied by N, generation
was observed when these oxynitrides were used as an O,-evolving photocatalyst in
the presence of sacrificial (e.g., Ag*) or reversible electron acceptors (e.g., 1037,
Fe’*). Abe et al. have demonstrated that this unfavorable deactivation of oxynitride
materials can be solved by loading cocatalyst nanoparticles (e.g., IrO,, CoO,) onto
the surface of oxynitrides that promote water oxidation by holes, as illustrated in
Fig. 9.19 [37, 42, 43]. The loading of effective cocatalysts enables the construction

of Z-scheme systems employing oxynitrides as an O,-evolving photocatalyst [44,
45].
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Fig. 9.19 Proposed mechanism for suppressed self-oxidative deactivation on TaON surface by
cocatalyst loading

9.3.5 Mixed-Anion Oxides for One-Step Water Splitting
Under Visible Light

As mentioned previously, the demonstration of one-step water splitting (i.e., using
a single photocatalyst material) under visible light was difficult because of its strict
requirements that the photocatalyst material must have a narrow bandgap, be stable
under photoirradiation, and have suitable conduction and valence band levels for H,
and O, production. In 2005, Domen et al. demonstrated water splitting into H, and
O, under visible light using a GaN-rich solid solution of GaN and ZnO as a single
photocatalyst material, namely (Ga;_,Zn,)(N;_,O,) [46]. The most interesting and
important aspect of this solid solution material is that it can absorb visible light,
whereas pure GaN (bandgap: 3.4 eV) and ZnO (bandgap: 3.2 eV)—both of which
have wurtzite structures with similar lattice parameters—cannot. As seen in Fig. 9.20,
the product obtained by heating a mixture of Ga;O3 and ZnO (1:2) under NH; flow
(100-500 mL/min) at 1,123 K for 5-20 h exhibited a yellow color.

Although the (Ga;Z,)(N;.,O,) samples with > 75% ZnO concentration can
absorb long-wavelength visible light, only the GaN-rich one with a ZnO concen-
tration < 22% exhibited activity for overall water splitting. For example, the
(Ga;_xZ;)(N1_xO,) (x =0.13) sample with 2.6 eV band gap exhibited an average AQE
0f 0.14% in the range of 300—-480 nm after the loading the RuO; cocatalyst. The appli-
cation of a newly developed co-catalyst, Rh-Cr mixed oxide (Rh.yCryO3) nanopar-
ticles, drastically improved the efficiency of water splitting on the (Ga;.,Z,)(N;.,O,)
photocatalyst up to about 2.5% under irradiation in the range 420—440 nm [48]. The
origin of visible light absorption emerged by solid solution formation was at first
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Fig. 9.20 Photograph, diffused reflectance spectra, and crystal structure of (GajxZy)(N1.xOy)
photocatalyst. Reprinted with permission from Ref. [46]. Copyright 2005, American Chemical
Society

explained by band gap narrowing due to the repulsion between Zn-3d and N-2p
electrons in the upper valence band. Then, the combination of photoluminescence
spectroscopy studies and DFT calculation on GaN-rich (Ga;_,Z,)(N;_,O,) materials
suggest that anomalous visible light absorption is derived from the electron transi-
tions from the Zn acceptor level to the conduction band, as illustrated in Fig. 9.21
[47]. Since the degree of Zn doping has a higher atomic density (10%) than conven-
tional doped photocatalysts (a few percent or less), the doping level likely functions
as an impurity band with a high density of states, enabling the Zn acceptor level to
be filled with electrons derived from O donor levels or thermal excitation. Conse-
quently, unusually visible light absorption emerges via electron transition from the
Zn acceptor level to the CB.

) N — E———————
CB(GaN) CB(GaN) CB(GaN)
——
o
donor level
Ga vacancy
_ === (deep level)

Zn
acceptor level

1

‘.

- ..~ . , AT L i
VB(GaN) VB(GaN) VB(GaN)

Undoped GaN Zn-doped GaN (Ga, ,.Zn,)(N, ,0,) solid solution

Fig. 9.21 Expected energy-level diagram for impurity levels in undoped GaN, Zn-doped GaN,
and GaN-rich (Gaj_,Zn,)(N|_,O,) solid solutions. Arrows denote photoabsorption, photolumines-
cence, and thermal relaxation. Reprinted with permission from Ref. [47]. Copyright 2010, American
Chemical Society
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tion mechanism for water splitting on a surface-coated photocatalyst. Reprinted with permission
from Ref. [49]. Copyright 2015, John Wiley and Sons

Another successful example of a photocatalyst for one-step water splitting is
LaMg,Ta; ,O143,Ny_3,, which is the solid solution between two perovskite materials
with comparable lattice constants (Fig. 9.22a), i.e., a narrow band gap oxynitride
LaTaON, (band gap: 1.9 eV) and a wide band gap oxide LaMg,;3Ta; ;303 (band
gap: 4.6 eV) [49]. Neither of them can split water under visible light; however, fine-
tuning of band levels based on solid solution formation enabled them to be active
photocatalysts. The LaMg,Ta;_,O143,N2 3« solid solution sample with x = 1/3 (i.e.,
LaMg,3Tay;30,N) has a moderate band gap of 2.1 eV (Fig. 9.22b) and exhibited the
highest activity among them for overall water splitting (AQE: 0.03% at 440 nm). On
these particles, amorphous oxyhydroxide layers, not only a cocatalyst for H, evolu-
tion, works to control the surface redox reactions. Coating the water oxidation site
with an amorphous oxyhydroxide layer clearly suppressed N, evolution, implying
that the prompt h* injection into oxygen species in the amorphous layer (i.e., OH
groups or hydrated water) can prevent the excessive accumulation of h* at the N>~
anions around the surface and thereby suppress their oxidation to Ny, as illustrated
in Fig. 9.22c.

Very recently, an oxysulfide Y,Ti,OsS, (Fig. 9.23a) has also been demonstrated
to be an active photocatalyst for overall water splitting under visible light [50].
Similar to oxynitrides, many oxysulfides have smaller bandgaps compared to their
corresponding oxides due to the significant contribution of high-energy S-3p orbitals
to VB formation hybridized with O-2p. For example, Domen et al. reported in 2002
that an oxysulfide Sm,Ti,OsS, possessed appropriate band levels both for H, and
O, evolution along with a narrow bandgap (1.9 eV), and indeed exhibited activity
for H, or O, evolution in the presence of a sacrificial electron donor or acceptor,
respectively [51]. However, the demonstration of overall water splitting has probably
been hampered by the instability of S>~ anions during water oxidation. The same
authors demonstrated that the loading of IrO, and Rh/Cr,O3 core—shell particles as
0O, and H; evolution co-catalysts, respectively, along with fine-tuning the reaction
conditions (e.g., pH), enabled the simultaneous and stoichiometric generation of O,
and H; evolution by harvesting a relatively wide range of visible light up to 600 nm
(Fig. 9.23b).
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for overall water splitting along with diffused reflectance spectra of Y,TizO5S;. Reprinted with
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9.3.6 Layered Oxyhalides as Promising Photocatalysts
Jor Visible-Light-Induced Water Splitting

Recently, the present authors have revealed that a series of layered perovskite
oxyhalides such as BiyMOgX (M = Nb, Ta, X = CI, Br) fulfill the necessary condi-
tions for visible-light-induced water splitting (sufficiently high stability and appro-
priate band levels both for H, and O, evolution) due to their unique VB structures
[52]. For example, BisNbOgCl belongs to the n = 1 members of the Sillén—Auriv-
illius perovskite family [(Biy0,),X]**[A,.1Bn0O3,.,1°, which is composed of fluo-
rite [Bi,0;], perovskite [NbO,4], and halogen [C]] layers as depicted in Fig. 9.24.
DFT calculations (Fig. 9.25a) show that the VBM mainly consists of O-2p orbitals
instead of CI-3p, but its position determined by electrochemical measurement is
much more negative (ca. 2.2 V vs. SHE) than those of conventional metal oxides and
even the abovementioned monoclinic BiVOy. The significantly elevated VBMs of
Bi4NbOgCl can be also understood by the RLP model in which strong hybridization
between electron-filled Bi-6 s and O-2p occurs with the help of empty Bi-6p orbitals
(Fig. 9.25b) [53]. In addition, Madelung site potential analysis for Bi4yNbOgCl indi-
cated that the oxygen sites in the fluorite layer were electrostatically destabilized,
which also certainly contributed to the elevation of the VBM that mainly consists of
0O-2p [54]. Consequently, BisNbOgCl possesses both a narrow bandgap (2.4 eV) for
visible light absorption up to ca. 500 nm and a more negative CBM (ca. -0.2 V vs.
SHE) than the water reduction potential. This appropriate band level was testified
by the substantial generation of H, or O, in the presence of an electron donor or
acceptor, respectively. The substantially high durability against self-oxidative deac-
tivation was also confirmed by the long-term water splitting in a Z-scheme system
in which Bi4yNbOgCl was employed as the O,-evolving photocatalyst. We attributed
the observed high stability to the occupation of the O-2p orbitals around the VBM.
Since O~ anions are known to be relatively stable, photogenerated holes populated
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at the O-2p orbitals will not lead to self-oxidative decomposition but rather to the
oxidation of water.

More oxyhalides with various perovskite layers (n) have been explored. However,
reports on the synthesis of double-layered (n = 2) perovskites were limited compared
to single-layered ones, probably due to the severe conditions required for their
synthesis in the conventional solid-state reaction. To solve this problem, a new two-
step synthesis method including polymerized complex synthesis was developed [55].
Briefly, fine particles of a precursor oxide (e.g., SrBi,Ta;Og) were first prepared
via the polymerized complex method, followed by heating with an oxyhalide (e.g.,
SrBiO,Cl) to form Sr,Bi3Ta, O} Cl. This two-step method enabled us to synthesize
14 compounds of A;A’'M,0,;Cl (A and A’ = Sr**, Ba>*, Pb** and Bi**; M = Ti*,
Nb>* and Ta>*), including 10 unreported ones. The results of band-level analysis and
DFT calculation suggested a great possibility of extending cation substitution for
band engineering in these layered oxyhalides (Fig. 9.26).

Fig. 9.24 Crystal structure Cl—so ° ° fluorite Bi

of a Sillén—Aurivillius & o
perovskite BisNbOgCl o :M
Bi-
NbO, ” Double [Bi,0,]
W perovskite

&% "
" Single [NbO4]
halogen -,

h

L eew

© o oF Single [X]

Fig. 9.25 a Density of states (a) BisNbO4CI (b)
(DOS) of BigsNbOgCl. b 5 — Bi-6s
Interactions among Bi-6 s, EF = Bi-by \
Bi-6p, and O-2p orbitals 0.9, </ '
based on the revised lone 0 —
pair (RLP) model 3

B

5]

551

Density of states




294 R. Abe and H. Suzuki

(@) o0 o (b) Ta based | Nb based
:
;
v . - 5 . ™ . 053] ! |-os4] losy lost 0.54)
g’;&s”iq $-05 LJD":) @l Lozzs| ke47] fosy) o2 kosy ' L‘_J I_J-’r 048 @ %0
L I | | ] 1
‘0s0o0 2l BT L 19 1 ol [ ]
3 o | [AM;0;] % 86 258 25T 280 257 250 260 : 282 259 ae6 288 2% 248 253
;1.5 | | H |
T TITITIT
> 20 | ) | ' ] ]
e 202 189 199
2:3’%2 ][A‘IAzO;I B o5l g BB wey B0 ENE B SN o 220 208 2m8
=
i o—o o] 2 30 B B - _
I o 5 @ g % ©o © o ] : &g & © © ©
T & 3 & % % 1 : 2l = Y :
(=] ] o ) (=]} Q [=] 3 o T o
; 3 & 3 & B B B F & 2 8 3§ 8 3
© A1, A2 (Bi, Pb, Ba, Sr) L o r = = E = £ = ES e = = E
o °o0 8 2 & 2 § § g @ & 2 & 2 F § &
s & & 7 9 - =
© A'(Ba,Sr.Bi,Pb) © CI w5 o 2 L @ @ a5 & s @ 2 F
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Compounds containing iodide (I") anions, which have high polarizability, have
attracted considerable attention not only due to their narrow band gaps but also due to
their elongated carrier lifetime, as typified by halide perovskite solar cells. However,
such compounds (e.g., layered oxyiodides) have thus far been regarded as unsuitable
for harsh photocatalytic water splitting due to the facile occurrence of self-oxidation
of I" by photogenerated holes. Our previous study on Sillén oxyhalides PbBiO,X (X
= Cl, Br, I) indicated that the iodide PbBiO,X was unstable for water oxidation due
to the dominant contribution of I-5p orbitals to DOS around VBM, in stark contrast
to the stable CI~ and Br~ counterparts of which O-2p mainly formed their VBMs
[56]. Then, the present authors found that Ba;Bi3Nb,O;1, one of the n = 2 Sillén —
Aurivillius oxyhalides, not only possessed a smaller band gap (2.3 eV) than CI~ and
Br~ counterparts (2.6 eV) but also functions as a stable photocatalyst without suffering
from self-oxidative deactivation (Fig. 9.27) [57]. DFT calculations reveal that the O-
2p orbitals in the perovskite block—rather than the fluorite Bi, O, block as previously
pointed out—anomalously push up the VBM. This unusually high VBM consisting
of O-2p could be explained by a modified Madelung potential analysis that takes into
account the high polarizability of iodide. In addition, the highly polarizable iodide
contributes to a longer carrier lifetime of Ba;Biz;Nb, Oy 1, allowing for a significantly
higher quantum efficiency than its C1~ and Br~ counterparts.

We also attempted to synthesize Sillén—Aurivillius perovskite compounds with
higher numbers of perovskite layers (n = 3-5) while their synthesis was much
more difficult than n = 2. In general, the synthesis of layered perovskites requires
high-temperature calcination with increasing n. However, oxyhalides suffer from
volatilization of halogen species under such high-temperature treatment. Then, to
solve the trade-off, we employed a “bricklaying” synthesis (Fig. 9.28) [58]. The
first step is a reaction between an Aurivillius phase (Bi;0,)(Ap.1Ti,,03,41) With n
= k and a plain perovskite BaTiO3; to form an Aurivillius phase with n = k +
1. The second step is a reaction between a Sillén phase BaBiO,Cl and the pre-
synthesized Aurivillius phase with n = k + 1 to form a targeted Sillén—Aurivillius
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phase with n = k 4 1. By employing this “bricklaying” method, three new oxychlo-
rides, BaBisTi304Cl, Ba;BisTi40;Cl, and Ba3BisTis O, Cl with triple-, quadruple-
and quintuple-perovskite layers, respectively, were successfully synthesized in pure
phases. Their photocatalytic activity was enhanced by increasing the number of
perovskite layers. DFT calculation for BaBisTiz;O4Cl (n = 3) and Ba3BisTisO,(Cl
(n = 5) indicates that their valence and conduction bands are separated spatially
on the perovskite and fluorite layers, respectively, which probably promotes carrier
separation and thereby enhances the photocatalytic activity.
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These studies on new oxyhalide materials provide new strategies for developing
stable photocatalysts for visible-light-induced water splitting by manipulating the
interaction between the s orbitals of post-transition metals (e.g., Bi-6 s) and O-2p
orbitals in the specific crystal structure.

9.4 Conclusions and Perspective

In this chapter, we briefly looked back at the relatively long history (about 40 years)
of the development of photocatalyst materials and systems toward highly efficient
water splitting, particularly focusing on the pioneering works in crystal and band
engineering for improved efficiency. In the early stage of research in 1980-2000,
various metal oxides, starting from the well-known perovskite SrTiO3, have been
extensively explored primarily due to their high stability against self-oxidative deac-
tivation, which is often observed in non-oxide semiconductors such as simple metal
sulfides. Various metal oxides with specific crystal structures such as layered or
tunnel ones have been developed as efficient photocatalysts for water splitting under
UV light, as well as effective cocatalysts for boosting H, production. These early
studies on oxide photocatalysts have provided some useful guiding principles for
achieving efficient water splitting, not only using oxides but also other oxide-based
ones. Meanwhile, it was recognized from an early time that the effective utiliza-
tion of visible light, which accounts for almost half of the solar light spectrum on
the surface of the Earth, is indispensable for achieving the high solar-to-hydrogen
conversion efficiency required for practical applications. However, the dominant
contribution of O-2p orbitals to the DOS around the VBMs of metal oxides has
hampered the demonstration of visible-light-induced water splitting. Thus, band
engineering has emerged and extensively studied since the late 1990s, including
strategies such as cation-doping, valence band engineering via s—p interactions, or
introducing high-energy p orbitals of non-oxide anions, as well as constructing a
Z-scheme type water-splitting system. Then, water splitting under visible light has
indeed been demonstrated using various heterogeneous photocatalytic systems after
2001, and highly efficient photocatalyst panes with STH > 1% have been developed
based on Z-scheme-type electron transfer. However, the STH values must be further
improved by at least 5% by introducing new photocatalyst materials with narrower
band gaps and/or showing much higher AQE values. At present, the AQE values of
visible-light-responsive photocatalysts are generally low (<10%) due to the signifi-
cant occurrence of the recombination of photoexcited electrons and holes inside the
semiconductor particles, as well as at the surface in part. Therefore, introducing new
and effective strategies for achieving the efficient separation of electrons and holes
in powdered semiconductor particles is highly desirable. The construction of p—n
heterojunctions between two different materials and/or designing a built-in separa-
tion mechanism—as typified by recent results for aluminum-doped SrTiO3 showing
almost 100% internal quantum efficiency—will be future important challenges to
realize the dream of clean H, production.
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Chapter 10 M)
Metal Oxide Catalysts in Relation ek
to Environmental Protection and Energy
Conversion

Saburo Hosokawa and Teruki Motohashi

10.1 General Background for Environmental Protection
and Energy Conversion

Global warming is becoming a serious problem, leading to an urgent need for efficient
processes for the removal of harmful gases, as well as the development of renewable
energy resources. The development of highly functional catalyst materials is therefore
highly needed [1, 2]. Furthermore, from the viewpoint of resources and economy
of platinum group metals (PGMs) such as Rh and Pd, it is also desired to develop
catalyst materials that do not contain PGMs or reduce the use of PGMs minimized
as much as possible [3—6]. Nowadays, base metal catalysts have drawn attention
with researchers focusing on the development of metal oxides that exhibit excellent
redox properties. This chapter introduces metal oxide catalysts that contribute to
environmental protection and the effective utilization of methane. In particular, the
chemical characteristics of CeO,-based oxides with a fluorite-type structure and
perovskite-type oxides are outlined from the perspective of the packing structure
of O?~ ions. In addition, oxygen storage materials, which are applicable to various
fields involving catalytic reactions, are introduced from the viewpoint of the structural
changes associated with the insertion and extraction of O?~ ions. Finally, oxidative
coupling on metal oxides, which contributes to the effective utilization of methane,
is introduced.
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10.2 CO and VOC Oxidations

10.2.1 Overview

Catalytic combustion is effective for removing CO and volatile organic compounds
(VOCs). This process uses a catalyst material that purifies harmful gases to CO,
and H,O at temperatures typically below 300 °C. Such a procedure does not induce
flame combustion and is much safer than simple combustion processes that ignite
with a flame. The process is also advantageous for environmental protection because
of the suppressed evolution of incomplete combustion products and thermal NOy,
which are formed by exposure to N, and O, in air at high temperatures. The use of
PGMs is indispensable for improving catalytic activity in the low-temperature range
[7], whereas many studies have been conducted on metal oxide catalysts without
PGM species for catalytic combustion. Highly active metal oxide catalysts and their
crystal structures have been the subject of many publications [8], including CeO,-
based oxides, perovskite-type oxides, and spinel-type oxides. In general, all catalyst
materials utilize metal oxides containing elements with excellent redox properties.

This section begins by presenting the relationship between the redox ability of
metal oxides and the reaction mechanisms, followed by the structural characteristics
of each metal oxide for typical catalyst materials.

10.2.2 Reaction Mechanism (Mars-Van Krevelen
Mechanism)

In the catalytic combustion on a PGM catalyst, adsorption of reaction substrates
and activation of O, molecules are known to occur on the surface of PGM. That
is, the catalytic reaction proceeds according to a reaction based on the Langmuir—
Hinshelwood mechanism (or Eley—Rideal mechanism) (Fig. 10.1) [9]. Therefore,
when designing supported PGM catalysts, the high dispersion of PGM particles and
the control of the electronic state by forming PGM alloy nanoparticles should be
studied [10, 11]. In contrast, regarding metal oxide catalysts, the combustion mech-
anism involving lattice oxygen based on the Mars-van Krevelen (MvK) mechanism
has become common [12—14]. Here, CO oxidation (Egs. 10.1 and 10.2) is presented
as an example to explain this reaction mechanism. First, CO reacts with lattice oxygen
(Ovr) at the oxide surface to generate CO, followed by an O, molecule filling the
generated oxygen vacancies (Vo).

CO + 0, — CO, + Vo (10.1)

0, + Vo — 20y (10.2)
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Fig. 10.1 CO oxidation based on a Langmuir—Hinshelwood and b Mars-van Krevelen mechanisms

The transfer of lattice oxygen in the metal oxide is a key step in this reaction mech-
anism. It is therefore preferable to optimize the redox properties of the constituent
metal species when designing metal oxide catalysts.

10.2.3 CeO;-Based Materials

Ce** jons contained in CeO, are easily reduced to Ce** and this redox plays a
crucial role in the use of CeO,; as a catalyst [15]. CeO, crystallizes in a fluorite-
type structure in which Ce** ions form a face-centered cubic lattice, with O?>~ ions
occupying the tetrahedral voids (Fig. 10.2). In other words, the O>~ ions compose
a primitive cubic structure, with Ce** ions located at the body-centered sites. In the
case of transition-metal oxides such as NaCl-type MnO and spinel-type Co30Oy, the
ionic radius of transition metals such as Fe* (0.55 A) and Co®* (0.545 ;\) is much
smaller than that of the O~ ion (1.40 A). This difference in radius results in a close-
packed structure composed of the O%>~ ions (Fig. 10.3) where the transition metal ion
occupies the tetrahedral or octahedral voids formed by the O*~ ions. For CeO,, on
the other hand, the size of the Ce** ions (0.97 A) is larger than that of the transition
metal ions, indicating that the O?>~ ions do not form a close-packed structure and
prefer a primitive cubic structure instead. This characteristic packing structure of the
O~ ions facilitates their fast diffusion in the CeO crystal lattice, even though their
diffusion depends on the defect chemistry as well [16]. Thus, the redox property of
cerium and the transfer ability of O>~ ions in CeO, are promising features for the
above-mentioned MvK mechanism.

Many studies on combustion catalysts using CeO, exist, analyzing the correlation
between the oxygen release property and combustion activity and reporting that the
reactivity of lattice oxygen in CeO, was drastically improved by PGM loading [17-
19]. CeO; is often combined with CuO or Co3O4 as a PGM-free catalyst [20-23]; the
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Fig. 10.2 Crystal structure of CeO, with a fluorite structure. a Positions of Ce ions and b 0%~ ions
in the unit cell. ¢ Structure constructed by Ce and O%~ ions. d Crystal structure providing a clear
view of the coordination environment of the Ce ions. Panels (a—¢) are shown based on actual ionic
radii: yellow balls, Ce** ions; red balls, O~ ions. The schematic crystal structures in this chapter
are drawn by VESTA program (K. Momma and F. Izumi. J. Appl. crystallogr., 2011, 44, 1272)

formed composites exhibit high mobility of lattice oxygen, resulting in high catalytic
activity for VOCs combustion. Most of these reaction behaviors are explained by the
MvK mechanism. Meanwhile, the reactivity of lattice oxygen in CeO, is closely
related to the exposed crystal plane. Theoretical studies indicate that the (110) and
(100) planes have high catalytic activity, emphasizing the importance of morphology
control of the CeO, nanoparticles [24, 25]. In fact, rod-shaped CeO, particles, in
which (110) planes are preferentially exposed, exhibit high VOC combustion activity.
Furthermore, it has been demonstrated that the catalytic oxidation of CO with rod-
shaped CeO, proceeds at lower temperatures than with cubic or octahedrally shaped
CeO; grains.
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(a) (b)

Fig. 10.3 Crystal structure of Co3O4 with a spinel structure. a Positions of Co ions and b O~ ions
in the unit cell. ¢ Structure constructed by Co and O%~ ions. d Crystal structure providing a clear
view of the coordination environment of the Co ions. Panels (a—c) are shown based on actual ionic
radii: blue balls, Co?* ions; green balls, Co3* ions; red balls, 0>~ ions

10.2.4 Perovskite Oxides

Since 3d transition metals can adopt a wide range of valence states, transition metal-
based oxide catalysts have been extensively studied for combustion reactions from
the perspective of the redox ability of their metal species. Many reports exist on
perovskite oxides, which are generally represented by the chemical formula ABO3
[6, 26-28]. The A site of the perovskite structure is often composed of alkali metals,
alkaline-earth metals, or rare-earth metals, whereas the B site contains transition
metals. Unlike the close-packed structure of the O*>~ ions in NaCl-type and spinel-
type transition metal oxides described in the previous section, the A-site cation and
O’ ion form a close-packed structure. This is due to the ionic radius of the A-site
cation in the perovskite structure being similar to that of the O?>~ ion (Fig. 10.4).
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(a)

a

Fig. 10.4 Crystal structure of ABO3 with a perovskite structure. a Positions of B ions and b A ions,
and O~ ions in the unit cell. ¢ Crystal structure with a clear view of the coordination environment of
the B ion. d Relationship between the A and B ions. Panels (a, b, and d) are shown based on actual
ionic radii: Purple balls, A ions (alkali or alkali-earth elements); brown balls, B ions (transition
metal elements); red balls, 0% ions

The B-site metal occupies the octahedral interstice consisting of O*>~ ions. The ideal
perovskite structure belongs to the cubic system, whereas many perovskite oxides
are known to exhibit tetragonal or orthorhombic distortion according to the ionic
radii of the metals occupying the A and B sites.

An important advantage of perovskite oxides from the viewpoint of catalyst mate-
rial design is that the constituent elements of the A and B sites can be chemically
substituted. For example, partial substitutions of the A site can adjust the valence
state of the B-site element or promote the formation of oxygen vacancies according
to the charge balance. The substitution of Sr>* for La** in La**Co?* 03 is expected
to induce oxygen defects and control the Co valence state. In addition, partial substi-
tutions of the B site can modulate the redox capacity of the B-site cation and the
mobility of the O%>~ ions. The possibility of adjusting these properties through the
choice of dopants is a critical factor for efficient catalytic reactions based on the MvK
mechanism.

Among the La-based transition metal oxides, LaM?>*03, LaMnO3, and LaCoO;
are known to be active in CO oxidation [27]. Furthermore, the Sr-for-La-substituted
material, La;.,Sr,MnOs3, exhibits excellent catalytic performance. There are many
other reports on the development of combustion catalysts based on perovskite
structures, and the reader is referred to various review articles for further detail
[6, 28, 29].
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10.2.5 Other Metal Oxides

One of the most representative materials as a metal oxide catalyst for CO oxidation
is Co304 with a spinel-type structure [30]. The Co304 catalyst having a rod-like
morphology shows excellent catalytic ability even at room temperature. In general,
the spinel structure presents a composition of AB,Oy4, where the A cation occupies
the tetrahedral interstice formed in the close-packed structure of the 02 ions, and the
B cation occupies the octahedral interstice. The A and B cations are typically divalent
and trivalent, respectively. For example, when clarifying the valence of Co species
of Co30y4, it can be expressed as Co?*[C0*],04. Since the 3d transition metal can be
distributed at the A and B sites in the spinel structure, binary and ternary mixed oxides
can be easily obtained by substituting various elements. Furthermore, it is possible
to adjust the redox ability by selecting the metal species and multicomponent spinel
oxides exhibit excellent catalytic ability. For example, spinel-type CoMn, 4 shows a
higher ability to release lattice oxygen than a mixture of Co304 and MnO,, a feature
that is useful for toluene oxidation [31-33].

Other types of metal oxide catalysts are hexagonal rare-earth-iron mixed oxides
(REFeO3). REFeO; crystallizes in an orthorhombic perovskite structure with Pbnm
being a stable form for all the rare-earth elements, while hexagonal REFeO; (k-
REFeO3) with P63cm exists as a metastable phase [34]. In the unit cell of 2~-REFeO3,
layers of iron ions and RE ions are stacked alternately, with the iron ions having
a unique structure with trigonal bipyramidal 5-coordination (Fig. 10.5). When A-
YbFeOs; is synthesized by a solvothermal reaction, h-YbFeOs3; nanocrystals with
thin hexagonal plate morphology are obtained, in which the crystal growth in the
c-axis direction is suppressed. #-YbFeOs; can act as a high-performance catalyst for
combustion reactions of hydrocarbons [35, 36], and when modified with Mn species,
it exhibits higher CO oxidation activity than PGM catalysts [37, 38].

10.3 NO Oxidation and Reduction

10.3.1 Overview

NOy abatement is becoming increasingly important due to the growing awareness
of environmental issues, such as acid rain caused by NOy emission from thermal
power plants or automobiles [39—41]. Although the direct decomposition of NO
is thermodynamically favorable, it is kinetically very difficult and often requires
temperatures above 600 °C. Therefore, NO reduction to N, using hydrocarbons and
NHj3; as reductants is widely applied. In contrast, since NO reduction is difficult in an
oxygen-rich atmosphere, NO-trap materials are sometimes used. In such materials,
as NO, is more easily adsorbed on the materials’ surface than NO, a material with NO
oxidation ability in addition to NOy adsorption ability would be ideal. A typical NOx-
trap catalyst, Pt/Ba/Al,O3, oxidizes NO to NO, at the Pt site and traps NO, at the
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(b)

ol

Fig. 10.5 Crystal structure of a orthorhombic perovskite REFeO3 with Pbnm and b hexagonal
REFeO3 with P63cm. Crystal structure is shown as a clear view of the coordination environment
of the Fe ion. Purple balls, RE3* ions; green balls, Fe3* ions; red balls; 0%~ ions

BaO site [39, 42-44]. The NOy species adsorbed on the catalyst are instantaneously
reduced to N, by injecting a reductant such as hydrocarbons. Recently, PGM-free
metal oxide catalysts that have both NO oxidation and NOy storage capacity have
been reported [45, 46].

In this section, NOy storage materials involving NO oxidation mechanisms are
firstly described, followed by catalyst materials for effective NO reduction based on
the MvK-type reaction mechanism. Since most metal oxide catalysts following these
reaction mechanisms are related to combustion catalysts [47], the characteristics of
their crystal structures are included in Sect. 10.2.

10.3.2 Catalyst Materials

The reaction mechanism for NO oxidation on metal oxides is similar to the previ-
ously described MvK mechanism [47]. Many perovskite materials have been reported
as catalyst materials for NO oxidation or NOy storage, such as La;4SryCoOj3
which are known to exhibit a NO oxidation activity comparable to Pt/Al,O3 [48,
49]. Ruddlesden-Popper type perovskite Sr3Fe,O7_s, which has a layered structure
consisting of a perovskite layer (SrFeO;_s layer) and a rock salt layer (SrO layer),
shows excellent NOy storage properties [45]. For these materials, the NO oxidation
process involves MvK-type NO oxidation with lattice oxygen, as shown in Eq. (10.3)
[50].

NO + O, — NO;, (10.3)
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The chemical formula of Sr3Fe,O;_s can be rewritten as SrO - 2SrFeO;_s, where
the SrO layer is incorporated in the structure. In fact, monodentate nitrate (NO3™)
and ionic nitrate species were observed on the surface of Sr3Fe,O;_; after NOy
adsorption, suggesting that the SrO layer contributes to the adsorption of NOy as
shown in Eq. (10.4).

SrO 4 2NO; + O* — Sr(NO3), (10.4)

The oxygen source (O*) in Eq. (10.4) is either lattice oxygen species or oxygen
species produced by the disproportionation of NO,. Apart from the NO oxidation
properties derived from the SrFeO;_; layer, Sr3Fe, O7_; also presents NOy adsorption
properties derived from the SrO layer, resulting in a high NOy storage capacity
(Fig. 10.6).

These materials require reaction temperatures above 250 °C since NO oxidation
triggers NOy adsorption. In contrast, passive NOy adsorber (PNA) materials, in which
Pd species are highly dispersed in zeolite materials such as ZSM-5 and SSZ, are
known to effectively trap NOy at lower temperatures [51-53]. The NO molecule is
adsorbed as it is on the Pd species without any NO oxidation process. However,
since the NO-to-Pd ratio is 1, a large amount of Pd loading is essential for high NOy
storage capacity. It has been reported recently that perovskite-type SrTi;_xMn,O3
catalysts can efficiently adsorb NO at temperatures below 200 °C even without PGM
loading [46].

Regarding NO reduction on metal oxides, the reduction mechanism has been
recently proposed according to Eq. (10.5) (Fig. 10.7) [54, 55]:

SrO (rock-saltlayer) = NO, storage

SrFeO,_; (perovskite layer) = NO oxidation

SrO (rock-saltlayer) = NO, storage

Fig. 10.6 Crystal structure of Sr3Fe;O7_s. Crystal structure is shown as a clear view of the coordi-
nation environment of the Fe ions. Purple balls, Sr2* jons; green balls, Fe3* or Fe** ions; red balls,
0% jons
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Fig. 10.7 Reaction mechanism of NO—CO reaction based on the MvK mechanism. a CO oxidation
using lattice oxygen (Or ) and b NO reduction using oxygen vacancy (V)

NO + Vo — 1/2N, + O, (10.5)

In this reaction, oxygen vacancies are regarded as active sites instead of lattice
oxygen that was the case for the MvK mechanism described in Eq. (10.1). During this
reduction mechanism, the continuous generation of oxygen vacancy sites is difficult.
Therefore, a high temperature or a reducing agent is required for reducing the NO to
Nj. For NO reduction processes using CO as a reducing agent, the overall reaction
can be written as follows:

CO+ 0. — CO, + Vo (10.6)
NO+ Vg — N+ 0O (10.7)
N+N—> N, (10.8)

A supported PGM catalyst is often used for NO reduction. The reasons are that
oxygen vacancy sites can be induced by the PGM loading, and that PGM sites
can be used for NO/CO adsorption [38, 55]. For example, in procedures involving
automotive exhaust purification, when a very small amount of Pd is supported on the
Mn-modified hexagonal YbFeO3, the NO reduction and CO oxidation are drastically
enhanced at low temperatures. In this material, the arrangement of Mn cations on the
MnO (111) plane is very close to that of Yb cations on the hexagonal YbFeO3 (001);
that is, the MnO (111) and YbFeOj3 (001) planes are bonded epitaxially. The role of
Pd species was theoretically studied by the density functional theory (DFT) using a
model in which Pd is supported by the MnO (111). It has been proven that the Pd
loading promotes adsorption and dissociation of NO molecules. PGM-free materials
have also been developed with Cu and Cr-modified CeO, catalysts exhibiting high
catalytic activity following the MvK-type NO reduction mechanism [56]. It has
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also been found that spinel-type NiFe,O4 [57, 58] or multicomponent spinel-type
catalysts containing four metallic elements (Cu, Ni, Al, Cr) are also effective for NO
reduction [59].

10.4 Metal Oxides with Oxygen Storage Performance

10.4.1 Overview

Oxygen storage materials (OSMs) are oxides that can reversibly store and release
lattice oxygens in response to variations in temperature and/or oxygen partial pres-
sure. Therefore, this class of materials can be used in various oxygen-related tech-
nologies such as exhaust purification in automobiles, chemical looping reactions,
and oxygen separation membranes/oxygen sensors [60—-64]. OSMs show an inter-
esting crystallographic feature which could be advantageous to rapid and reversible
reactions; upon oxygen storage and release, slight structural changes take place. For
many transition metal oxides such as spinel-type structures, the crystal structure is
composed of close packing O~ ions such that oxygen desorption may significantly
deform the lattice framework. However, as described in Sect. 10.2, the packed struc-
tures of 0%~ ions of fluorite-type CeO, and perovskite-type oxides are different
from those of typical metal oxides. Materials with such characteristic O?~ ion-
filled structures often store and release oxygen reversibly while maintaining the
cationic arrangement. Chemical reactions in which the lattice framework is retained
is called “topotactic” [65, 66]. The term “topotactic” is often used for Li interca-
lation/deintercalation of positive electrode materials in Li-ion secondary batteries.
This section introduces the insertion/extraction processes of lattice oxygens based
on topotactic reactions.

10.4.2 CeO3-Zr0; Solid Solution

Ce0,—-Zr0; solid solution (CZ) with fluorite structure is the most well-known oxygen
storage material for automotive catalysts [67]. This material reversibly stores and
releases lattice oxygens depending on the oxygen concentration in the exhaust gas,
contributing to oxygen-pressure control around PGM species that act as active sites.
It is known that CZ crystallizes in a fluorite-type structure when the material absorbs
oxygen, and the oxygen storage capacity can be adjusted by the mixing ratio of Ce
and Zr. For this material, oxygen storage/release proceeds via redox between Ce*
and Ce?*. It can therefore be expected that the oxygen storage capacity depends on
the Ce content. However, the oxygen storage capacity of CZ with about 30 mol% Zr
is reported to be much higher than that of Zr-free CeO,. During redox processes, the
ionic radii of Ce and Zr are responsible for this phenomenon; when oxygen is released



312 S. Hosokawa and T. Motohashi

from the crystal lattice involving a reduction of Ce*t (0.97 A) to Ce** (1.14 10\), the
lattice volume expands, resulting in local lattice distortions. The presence of smaller
Zr** ions (0.84 A) at the cation site adjacent to Ce>* mitigates the lattice distortions
to form a stable crystal structure containing Ce** and oxygen deficiencies [68].

During the preparation of CZ exhibiting improved oxygen storage performance,
the formation of pyrochlore-type Ce,Zr,O7 consisting of an ordered arrangement
of Ce and Zr should be formed under a reducing atmosphere at temperatures above
1000 °C [67]. Upon oxygen storage, a phase transition from pyrochlore to fluorite-
type structure occurs. Although these two crystal structures are distinct from each
other, structural analyses proved that the cationic arrangement is maintained during
the phase transition [69]. In other words, topotactic reactions proceed upon oxygen
storage and release.

10.4.3 Perovskite and Layered Perovskite Oxides

The topotactic oxygen storage/release also occurs in mixed oxides with perovskite-
related structures [70-73]. For this class of materials, since a close-packed struc-
ture is formed by A-site cations and O®~ ions, the release of oxygen proceeds
with minor structural changes. For example, when perovskite-type SrFeOs_; is
deoxygenated under a hydrogen-containing atmosphere, Sr,Fe,Os with an oxygen-
deficient perovskite structure named “brownmillerite-type” is formed without rear-
rangements at the cation sites. Details of the brownmillerite-type structure are
discussed below. However, severe reductive treatments of SrFeO;_; at high temper-
atures lead to structural collapse and the formation of metallic iron. To suppress this
structural collapse, a partial substitution of Fe with Ti was reported to be effective
by enhancing the structural stability [72].

On the other hand, Sr;Fe,O;_; with a layered perovskite structure cannot decom-
pose into metallic iron even by severe reductive treatments [66]. The improved phase
stability of Sr3Fe,O;_; is suggested to originate from SrO double layers within the
crystal lattice, which would stabilize the oxygen-deficient structure. During oxygen
storage/release, the crystal structure remains essentially unchanged with the I4mmm
tetragonal space group (Fig. 10.8). The Fe species in Sr3Fe,0;_; are Fe**/Fe** mixed
valent, and the redox between Fe** and Fe** is responsible for the oxygen storage and
release. The oxygen storage performances are higher than those of Pt/CZ (Fig. 10.9)
and the partial replacement of Fe with Ni can improve the oxygen storage capacity of
Sr3Fe,O7_;. Structural analysis of deoxygenated Srz(FeggNig2)>07_s showed that
the reduction of Ni** to Ni>* proceeds in addition to the reduction of Fe** to Fe3*
[74]. This phenomenon indicates that the Ni* substitution in Sr3Fe,07_; induces
the redox activity of the Fe3* site. Indeed, the Pd/Sr3(Feg sNig2),07_s catalyst shows
superior catalytic activity to Pd/Sr;Fe,O7_; and Pd/CZ for the purification of auto-
motive exhaust gases under fluctuating oxygen concentration, most likely owing to
the enhanced oxygen storage capacity of Sr3(FepgNig2)207_s.
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Fig. 10.8 Topotactic oxygen release and storage between Sr3Fe;O7_s and Sr3Fe, Og. Crystal struc-

ture is shown as a clear view of the coordination environment of the Fe ions. Purple balls, Sr>*

green balls, Fe3* or Fe** ions; red balls, O2~ ions
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Fig. 10.9 Oxygen storage performances of Pt/CeO,-ZrO; and Sr3Fe;O7_s. These values were
obtained using thermogravimetric analysis under H,—O; cycles at 500 °C
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10.4.4 Brownmillerite Oxides

As described in Sect. 10.4.3, perovskite oxides are potential OSMs owing to their
topotactic oxygen storage/release capability. In the perovskite-type lattice, oxygen
deficiencies often form long-range orders, leading to specific crystal phases that
enhance structural stability. The brownmillerite (BM)-type structure is a member
of the perovskite family with an oxygen deficiency-ordered structure [75]. The BM
structure consists of a layered arrangement of tetrahedral BO, and octahedral BOg
units, as illustrated in Fig. 10.10a, in contrast to the perovskite structure that only
contains BOg units. The general formula for BM oxides is A;B,0s5 or ABO; .
This structural type is noteworthy owing to the high density of oxygen deficiencies
among stable perovskite-derived lattices, that is, 1/6 with respect to the stoichiometric
perovskite composition ABOs3. The high density of oxygen deficiencies in BM oxides
is beneficial for enhancing their oxygen storage capacity.

Several BM-type OSMs have been reported including (Sr,Ca)FeO,s and
Sr(Fe,Co)O,5 [76-80]. These oxides have attracted attention as potential materials
for oxygen absorption that can selectively separate oxygen gas from the atmosphere.
This technology is promising as a novel method of oxygen gas production, being
more efficient than cryogenic O,/N, distillation and conventional pressure-swing-
adsorption using zeolites as N, sorbents. CayAIMnOs is another BM-type OSM
presenting alternating stacking of tetrahedral AlO,4 and octahedral MnOg [81]. This
oxide stores excess oxygen topotactically and is then transformed into an oxygen-rich
form, Ca; AIMnOs 5. The excess oxygen can then be released in a highly reversible
manner [82]. The resultant oxygen storage capacity exceeds 3.0 wt%, which is even
larger than that of CZ. Ca; AIMnOs.5, with excess oxygen amounts d ranging from O to
0.5, is promising in terms of elemental abundance, but its high operating temperatures
(~550 °C) are an obstacle to future practical applications. Efforts have been made to
lower the operating temperatures, such as Ga-for-Al or Sr-for-Ca substitutions and
atomic-defect engineering [83-86].

Fig. 10.10 Crystal structure of a CayAIMnOs with a brownmillerite structure and b YBaCo407.
Crystal structure is shown as a clear view of the coordination environments of the Mn, Al, and Co
ions. Purple balls, Ca?* or Ba®* ions; blue balls, Y3* ions; green balls, Mn** or Co?* ions; orange
balls, AI** ions; red balls, 0>~ ions
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10.4.5 Other Nonstoichiometric Oxides

Besides the aforementioned CeO,-based materials and perovskite-related oxides,
novel OSMs of other structural types have been extensively studied. Such materials
are noteworthy because their unique atomic arrangements could induce characteristic
redox behaviors and hence open up the possibility of new areas of applications. In this
section, two OSMs, YBaCo407,; and YMnOs,;, are briefly introduced. Noticeably,
these oxides have the following common features, which could be crucial factors
for high-performance OSMs. (1) Both the oxides contain cationic sites with smaller
coordination numbers (CN) than six. Such “coordinatively unsaturated (CN < 6)”
sites act as reaction centers for oxygen storage and release. (2) These oxides incor-
porate excess oxygen topotactically to transform into distinct oxygen-rich forms.
Remarkable oxygen storage/release triggered by structural transformations arises
even with slight variations in temperature and/or oxygen partial pressure.

YBaCo407,5 (denoted as “YBCQO”) has a characteristic structure consisting of a
3D network of corner-sharing CoOy tetrahedra, as illustrated in Fig. 10.10b [87]. The
corner-sharing framework favors excess-oxygen incorporation. Upon oxygen intake,
a part of the CoOy tetrahedra transforms into CoOg octahedra, leading to large oxygen
nonstoichiometry ranging 0 < 8 < 1.5 [88, 89]. The oxygen storage/release processes
are highly reversible, being controlled by both temperature and oxygen partial pres-
sure. The maximum oxygen storage capacity reaches 4.2 wt%, corresponding to A
= 1.5 [90]. This value is much larger than that for CZ, making this oxide a promising
candidate for high-performance OSM. YBCO works at relatively low temperatures
of 300—400 °C in air, and such low operating temperatures are crucial for this oxide
to be applied to oxygen-gas production [91]. It should also be pointed out that YBCO
shows compositional flexibility, and its oxygen storage characteristics can be widely
controlled by chemical substitutions [92].

Oxygen-stoichiometric YMnOj crystallizes in a hexagonal structure consisting of
an alternate stacking of corner-shared MnOs trigonal-bipyramids and layers of edge-
shared YO; polyhedra. This structure is essentially identical to that of A-YbFeOs
shown in Fig. 10.5b. This oxide can incorporate excess oxygen into interstitial posi-
tions in the MnOs layer, resulting in the oxygen-rich form [93]. Upon oxygen intake,
various oxygen-rich phases appear in the YMnOs,; system (denoted as “YMO”)
depending on the amount of excess oxygen (3). These phases are labeled as Hex1
(space group: R3c) with 8§ ~ 0.28, Hex2 (Pca2;) with 8 &~ 0.41, and Hex3 (P63mc)
with 8 & 0.45 [94, 95]. YMO exhibits remarkable oxygen storage/release even at 250
°C or lower, with the maximum oxygen storage capacity reaching 2.5 wt%. The large
oxygen storage capacity and low operating temperature ensure that YMO can be a
promising OSM. Although YMO is effective as a material for oxygen-gas production,
its sluggish oxygen storage/release kinetics are an obstacle to practical applications.
To address this issue, various material tailoring protocols were implemented, and
partial substitutions of lanthanoids at the Y site have proven effective. Materials with
larger lanthanoids, such as Smg»5Y075MnOs,5 and Ceg 15Tbg 15Y0.70MnO3,5, were
found to show enhanced oxygen storage kinetics at low temperatures [96, 97].
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10.5 CHy Conversion: Oxidative Coupling of Methane

10.5.1 Overview

Concerns regarding the depletion of natural carbon resources have increased interest
in developing ways to effectively utilize methane. Methane is the primary component
of natural gas and is the most promising alternative to petroleum. However, methane
is a chemically stable molecule with no functional groups, limiting its use to simple
combustion for mobility and energy generation. The oxidative coupling of methane
(OCM) to C, hydrocarbons, such as C;Hg and C,Hy, is a possible route for facile
conversion into commodity chemicals [98, 99]:

CH,4 + 1/40, — 1/2C,Hg + 1/2H,0 AH = —89 kJ mol™ (10.9)

CH, + 1/20, — 1/2CoHy + H,0 AH = —141 kJ mol ™! (10.10)

OCM is a fascinating reaction that is direct, exothermic, and unaffected by ther-
modynamic constraints. However, to date, no economically feasible process has been
established. The reason for this is the absence of suitable catalysts with high C, yields
(>30%) and long-term durability to meet the practical requirements. The deep oxida-
tion of methane to CO and CO; hinders OCM, causing the deterioration of the C,
selectivity.

10.5.2 Existing Potential Catalysts and OCM Reaction
Mechanism

Since the pioneering work [100] of Keller and Bhasin in the 1980s, approximately
2300 reports on OCM have been published. Statistical analysis of the literature
data on OCM catalysts suggests several key factors that positively affect the OCM
catalytic activity [101]. Catalysts containing alkali, alkali-earth, and rare-earth metals
tend to show high catalytic activity. In fact, Li-doped MgO (Li/MgO) [102] and a
composite consisting of manganese oxides and sodium tungstates on silica support
(Mn-Na, WO04/SiO;) [103, 104] are known to be OCM-active. Unfortunately, both
catalysts face technical drawbacks: in long-term operations, they suffer from deacti-
vation due to the vaporization of alkali metals. Regarding the practical application of
OCM technology, alternative concepts for catalyst development may help improve
the catalytic performance, as reported recently.

The catalytic mechanism of OCM has been extensively investigated. Previous
studies have indicated that the formation of C, hydrocarbons predominantly involves
the gas-phase association of methyl radicals (-CHj3) generated at oxygen sites on the
catalyst surface [105, 106]. This finding implies that methane activation, that is,
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the hydrogen abstraction reaction by the catalyst, is one of the dominating factors
affecting OCM activity. Several research groups have reported the importance of
the electronic state of oxygen species on the catalyst surface. However, there is no
concrete view of the role of such oxygen species, and the activation factors of highly
active OCM catalysts are not completely understood.

10.5.3 Recent Progress in the Development of Complex
Metal Oxide Catalysts

The aforementioned Mn-Na, WO,4/SiO, catalyst is promising because of its rela-
tively high catalytic activity; typically, C, yields are larger than 25% [103, 104].
Nevertheless, the primary activation factor for OCM is still debated owing to the
chemical/structural complexity, causing difficulties in further improving its catalytic
performance. To overcome this obstacle, single-phase oxides that contain multiple
elements seem noteworthy. Single-phase catalysts provide well-defined active sites
that are advantageous for mechanistic studies. On the lookout for novel OCM cata-
lysts, few studies have been conducted based on such a strategy, and most of the
previous works have focused on perovskite-type oxides [99]. Wang et al. charac-
terized three model La;B,0O; compounds with Ti**, Zr**, and Ce** at the B site to
prove the phase structure-OCM activity relationship [107]. La, Ti, O, LayZr, 07, and
La,Ce, 07 crystallize in perovskite-related, pyrochlore, and defective fluorite struc-
tures, respectively. The OCM activity followed the order: La,Ce,O7; > LayZr,O7 >
La;Ti»O7. The authors suggested that superoxide O, is the active oxygen species,
and that the structural type influences the concentration of O; anions, emphasizing
the importance of the crystallographic viewpoint.

Matsumoto et al. recently discovered the high OCM activity of crystalline
Li,CaSiO4 (Fig. 10.11) [108]. The C, selectivity and CH4 conversion reached 77.5%
and 28.3%, respectively, at 750 °C with a feed gas ratio of CH4/O, = 4/1. In addition,
Li,CaSiO,4 showed stable OCM performance in a durability test over 50 h without
phase decomposition and compositional changes. The significant OCM activity of
this catalyst is likely to originate from a combination of multiple cations in the
crystal lattice; the local coordination around oxygen would give a dual effect of
strong basicity and lattice stability, leading to simultaneous enhancements of the
CHy4 conversion and C, selectivity. Notably, Li;SiO4 and Li;GeO4 were also found
to be OCM-active, with performances comparable to Li,CaSiO4 [109]. The high
OCM performance of these catalysts is believed to originate from the crystallo-
graphic similarities to Li,CaSiO4, where every oxygen site is surrounded by one
Si/Ge atom and multiple Li atoms, which fulfill the OCM activation factors.
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Fig. 10.11 Crystal structure of Li;CaSiOj. Crystal structure is shown as a clear view of the coor-
dination environments of the Li and Si ions. Purple balls, Ca* jons; brown balls, Li* ions; blue
balls, Si** ions; red balls, 0>~ ions
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Chapter 11 M)
Metal Oxide Catalysts ek
for the Valorization of Biomass-Derived

Sugars

Daniele Padovan, Kiyotaka Nakajima, and Emiel J. M. Hensen

11.1 Introduction

11.1.1 Need of Renewable Resources

Renewable resources consist of solid matter or energy vectors whose lifecycle is
comparable to the one of human life, implying that they can be virtually reutilized
without being depleted. Unfortunately, our current energy consumption and mate-
rials production heavily rely on limited fossil resources. A great concern of utilizing
fossil feedstock is the strongly negative impact on the climate, which is by far the
most substantial challenge faced by humanity. Therefore, a transition from fossil
resources to renewable and environmentally benign alternatives is imperative and
urgent. Amongst all the kinds of renewable resources, organic biomass offers a
wide scope of applications. Products derived from biomass can be utilized directly
as energy vectors (e.g. by combustion) or they can be converted into other chemical
compounds via chemical processing [1, 2]. The latter possibility is particularly attrac-
tive because it can in principle lead to similar building blocks as currently manufac-
tured by the petrochemical industry, besides the possibility to produce completely
new molecules with tailored properties for sustainable applications. Therefore, in
the last decades, there has been a great drive both from the scientific community
and the chemical industry to start shaping the concept of a biorefinery as a central
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processing facility of the chemical industry, in which biomasses are the main alter-
native to fossil feedstock for materials and energy production. This is challenging
because it will require a profound change in the chemical industry. The main reason
for this is the very different chemical constitution of fossil and biobased feedstock,
which almost categorically excludes the retro-compatibility of biomass resources for
feeding existing petroleum-based chemical manufacturing plants.

11.1.2 Biomass

Biomass comes in many forms. The choice of the type of biomass to be used as
feedstock depends on many factors such as composition, availability, and ethical
issues such as competition with food production. Therefore, exclusively non-edible
and waste-derived types of biomass are preferred because of their lower environ-
mental impact and to avoid ethical issues. Such type of biomass can be collected in
large quantities from agricultural waste (mainly rice straw, sugarcane bagasse, and
wheat crops) and the wood and paper industry [3]. The main organic resource derived
from this waste is lignocellulose. There are mainly two ways in which biomass can
be converted through thermo-chemical transformation. Biomass can be gasified to
synthesize gas (syngas, CO and H;), which constitutes a high-temperature treatment
where the biomass is decomposed to its most basic gaseous components [4]. Syngas
obtained in this way can be directly integrated with minimal effort into existing
C1 chemical processing units, for instance through the Fisher-Tropsch reaction to
produce liquid hydrocarbons [5]. While some challenges need to be solved to prac-
tically realize this approach, it has the disadvantage that the potentially beneficial
useful molecular structures contain in biomass are lost. Therefore, the alternative
approach to valorize biomass by chemical transformation into a variety of platform
molecules is drawing widespread attention. Such an approach implies fractionation of
biomass into smaller and simpler units that serve as feedstock of dedicated chemical
processes to obtain useful chemical intermediates and products is potentially more
attractive than the syngas route, as it gives access to brand new molecules which
could not be obtained by conventional petrochemical routes. The atom economy
of such processes is mostly also better because a significant part of the chemical
functionalities in the feedstock can be retained, thus reducing waste. A challenge
for this approach is that the fractionation and chemical conversion steps need to be
carefully designed and developed based on different types of biomass and different
products. Lignocellulose is a complex composite material comprising three main
components: lignin, hemicellulose, and cellulose, whose ratio strongly depends on
the origin of the lignocellulose. Lignin is generally abundant in woody biomass
and can be characterized as a highly complex polymer build up from phenols with
methoxy and propanol substituents [6, 7]. Due to the high complexity of lignin,
recovery of its energy by combustion is preferred over chemical conversion, although
many thermocatalytic routes are under development. On the other hand, cellulose
and hemicellulose are very suitable resources for conversion into chemical platforms,
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with some processes already being employed in practice. Cellulose and hemicellu-
lose are polymers made up of glucose and a mix of Cg and Cs sugars, respectively.
Cellulose is the most abundant biopolymer on Earth, which is a linear chain of D-
glucose units linked by B(1 — 4) glycosidic bonds. The strong hydrogen bonding
between polymer chains confers a very robust structure to this material. Depoly-
merization of cellulose and hemicellulose can be typically achieved by hydrolysis
of the glycosidic bonds, yielding free carbohydrates which can be converted into
chemical platforms for further upgrading to liquid fuels, solvents, monomers, and
other chemical intermediates [8—11]. Glucose is often considered the most repre-
sentative lignocellulose-derivative compound and its conversion route into valuable
platform molecules has been well established, comprising an array of different prod-
ucts with potential applications in diverse fields ranging from liquid fuel to polymers
[12]. Scheme 11.1 summarizes some reaction pathways. The retro-aldol condensa-
tion reaction of glucose and fructose yields shorter C,, C3, and C4 carbohydrates,
which are precursors of lactic acid, the monomer of biodegradable polylactic acid
(PLA) [13-15]. Hydrogenation of glucose leads to sorbitol, which can be dehy-
drated into isosorbide, an important additive for biopolymers [16—18]. Dehydration
of glucose to 5-hydroxymethylfurfural (HMF) is probably the most studied process
of glucose valorization. HMF is an important platform molecule with a wide scope
of application. Hydrodeoxygenation of HMF produces 2,5-dimethylfuran (DMF),
which can be used as a fuel additive [19, 20]. Rehydration of HMF leads to levulinic
acid which can be converted to y-valerolactone (GVL), a green solvent [21]. One
of the more promising processes using HMF as a platform is its oxidation to 2,5-
furandicarboxylic acid (FDCA), which is the monomer for polyethylene furanoate
(PEF), an analog to the fossil fuel-derived polyethylene terephthalate (PET), the most
common material of beverage bottles [22, 23]. Many strategies are employed for high-
yield production of FDCA, in which one of the most attractive ones makes use of
protected HMF to achieve a controlled and selective stepwise oxidation to FDCA,
reducing by-products unavoidably formed from free HMF [24-27]. Therefore, the
future of biorefinery relies on efficient glucose dehydration to HMF. Today, making
profitable processes for industrial HMF production still represents a challenge, which
is mainly due to the high reactivity of HMF, resulting in unsatisfactory yields. The
main component of hemicellulose, Cs sugars like xylose and arabinose, are also of
great importance for the biorefining industry (Scheme 11.2). In a similar fashion to
glucose, their dehydration can lead to another furanic compound, namely furfural,
which is a key intermediate for a variety of useful products [28—30]. Furfural is a more
stable molecule than HMF, giving it some advantages for practical implementation
in the chemical industry. As for HMF, furfural is a pivotal platform molecule from
which an array of different products can be obtained. For example, furan and tetrahy-
drofuran are common organic solvents [31-33]. An important reaction is an oxidation
of furfural to furoic acid, a molecule that is used to manufacture pharmaceuticals,
pesticides, and food [34, 35].
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11.1.3 Metal Oxide Materials

Currently, most of the biomass-derived products are obtained through enzymatic
industrial processes. Examples are the production of ethanol, succinic acid, lactic
acid, and fructose. Despite being very selective catalysts, enzymes require strict
and controlled conditions and typically mild reaction temperature, resulting in low
productivity and large energy demand (e.g. due to the need to work in dilute condi-
tions), affecting the cost of the final product. In order to make more cost-effective
processes, biorefineries can adopt the use of thermocatalytic processes, which are
the standard in petroleum refineries. In the petrochemical industry, heterogeneous
catalysts are typically employed due to their robustness and stability besides facile
separation of the products. In general, such benefits would also be important to
large-scale processes for the conversion of biomass.
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Lignocellulose as a feedstock can in principle be transformed into a large variety
of products. Extensive reviews on biomass conversion and the role of different types
of catalysts are available [36—41]. Here, we focus on the dehydration of monosac-
charides into furanic compounds with glucose to HMF dehydration as the highlight
to exemplify the role of alternative metal oxide catalysts to homogeneous catalysts.
HMEF itself is an important platform molecule with a wide array of downstream
applications, while its efficient conversion from glucose is key to arriving at prac-
tical processes. Dehydration of glucose to HMF is normally conducted in water using
acid catalysts. Brgnsted acid catalysts are less effective and selective than Lewis acid
catalysts. Nevertheless, the efficiency of Lewis acids in water is greatly hampered
due to the formation of the stable Lewis acid—water adduct. One of the first Lewis
acid catalysts developed for efficient operation in water was Sn-Beta catalyst [42].
The acid centers in Sn-Beta are tetrahedrally coordinated Sn atoms embedded in
the zeolite framework. Owing to its high affinity for carbonyl groups, Sn-Beta has
been employed successfully for glucose to fructose isomerization via intramolecular
hydride shift [43] and for the formation of lactic acid via the retro-aldol reaction
[44]. Despite its water tolerance, Sn species in Sn-Beta can leach upon prolonged
reaction under hydrothermal conditions. This problem can be controlled to some
extent by using a mixture of water and methanol as solvent at the cost of reducing
the concentration of sugar in the stream, making this material less attractive for indus-
trial applications [45, 46]. Furthermore, zeolites greatly suffer from deactivation by
fouling, which is particularly challenging given the relatively large size of sugars
and by-products formed during oligomerization such as humins.

In this regard, metal oxides including zeolites represent a broader class than only
zeolites with potential applications in biomass conversion, mainly because of their
tuneable acid and base properties [47-50]. Different from zeolites where the reactions
take place inside narrow micropores, common metal oxides present an open surface
in which the catalytic sites are usually easily accessible. The acid—base properties
of their surfaces depend on many factors, such as the type of metal and its oxidation
state, its coordination, crystalline structure, presence of defects and impurities, and
so forth. Probe molecules such as CO, NHj3, pyridine, CO,, etc. are often employed
to determine the surface reactivity of such catalysts by analyzing the type and the
strength of the interaction using spectroscopic techniques (IR, UV, Raman) [S1-
55]. A combination of such techniques combined with textural analysis and aspects
such as crystal structure, and coordination environment of metals on the surface is
essential to assess the relation between structure and performance. In this chapter,
we will give an overview of biomass processes in which metal oxides are employed,
giving a special focus on amorphous or low-crystalline metal oxides.
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11.2 Lewis Acidic Amorphous Oxide and Determination
of Structure-activity Relationship

11.2.1 Bulk and Surface Properties of Nb;0s

Dehydration of sugars is one of the most important reactions for obtaining chem-
ical platforms. Niobium-containing materials have been known for many years as
suitable acid catalysts and their acid character has been the subject of many studies
[56]. Niobic acid is an amorphous solid material known for its unexpectedly high
Brgnsted acidity comparable to 70% H,SQy; it can be readily obtained by hydrolysis
of NbCls in water [57]. Acidic protons are stabilized as counterions of homopolyan-
ions (Nb,O,) [58]. Niobic acid undergoes structural transitions during heat treatment.
Calcination of niobic acid forms the TT-phase at around 400—550 °C, the T-phase at
550—800 °C, the M-phase at 800—1000 °C, and the H-phase above 1000 °C [59-61].
Along with changes in the crystalline phase, the surface area of Nb,Os decreases
from typical values of 150—200 m? g~! after preparation and drying to less than 5
m? g~ ! after calcination at 700 °C [62]. Such loss of surface area is also accompanied
by a decrease in acid density, impacting the catalytic activity [63, 64].

Studies employing Raman spectroscopy have been carried out to elucidate the
structure of Nb,Os materials. Determination of active surface species on bulk Nb,Os
is proposed from supported Nb,Os species on other oxides such as SiO,, TiO,,
Zr0O,, and Al,O3 (Fig. 11.1) [65-68]. At high Nb-loading, polymeric Nb,Os species
consisting of octahedral NbOg units and tetrahedral NbO, units were detected with
characteristic Nb—O—Nb vibration around between 550 and 750 cm™!, and terminal
Nb = O at around 980 cm™!, respectively. The difference in bond length between
lattice Nb—O and terminal Nb = O showed the presence of highly distorted NbOg
units. However, at low Nb loading on SiO, only tetrahedral NbO, units were found
with a characteristic vibration of terminal Nb = O species at 980—990 cm~'. The
lower coordination number of NbO, implies Lewis acidity which can be effective for
reactions requiring an acid. NbOy tetrahedra are also present in the hydrated form on
Nb,Os and are responsible for Lewis acidity [69]. Identification of surface species is
of critical importance as they are the main contributors to the catalysis, as opposed
to bulk species.

11.2.2 Sugar Dehydration with Niobic Acid

Catalysts containing niobic acid have been largely employed for their Brgnsted
acidity, as Lewis acid sites are thought to be suppressed in the presence of water. The
surface of amorphous niobic acid is composed of distorted NbOg octahedra and NbO4
tetrahedra (Fig. 11.2). Surface octahedral units bear strongly acidic OH groups, while
NbO, tetrahedra have a stronger Lewis acid character. We investigated niobic acid
(Nb,0Os5-nH,0) for the conversion of glucose to HMF in water (Scheme 11.3) and
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Fig. 11.1 Schematic drawing of the molecular structures present on supported niobia catalyst
under dehydration conditions. Reproduced from reference [65]. Copyright 1999 American Chemical
Society

compared its performance with reference catalysts (Table 11.1) [69]. Mineral acids
(HCI and H,S0y) and Brgnsted acidic resins such Amberlyst-15 and NafionNR50
lead mainly to the formation of formic acid and levulinic acid, which are formed upon
rehydration of HMF. Indeed, it is well documented that strong Brgnsted acids are
effective for both dehydration and hydration reactions, making it very challenging to
stop the reactions at the valuable HMF intermediate in the presence of water. Zeolites
(H-Mordenite and H-ZSM-5) showed poor performance, probably due to the slow
diffusion of the sugar inside the zeolite micropores.

Nb,Os-nH,0 also displayed a modest HMF selectivity at 12%, but it could
be substantially increased to 52% when the catalyst underwent H;PO, treatment
(phosphate/Nb,Os5-nH,0O). Despite the anticipated Brgnsted acid character, the
activity of Nb,Os-nH,O could be ascribed to the presence of tetrahedral NbOy units
acting as Lewis acids. The role of Brgnsted and Lewis acid sites could be discrim-
inated by showing that the HMF yield did not change when all Brgnsted protons
of Nb,Os-nH,0 were exchanged with Na* ions, supporting the view that the active
species were the free Lewis Nb centers. These findings were exceptional as Lewis
acid sites detected by IR investigations [70] had typically not been exploited for
catalysis in water. Phosphate groups working as Brgnsted acid were excluded for
modified Nb,Os-nH,O as formic acid and levulinc acid formed by the decomposi-
tion of HMF were negligible. We also employed Nb,Os-nH,O for the dehydration of
xylose to furfural in a biphasic systems [71]. Continuous extraction of furfural from
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Table 11.1 Catalytic performance of several catalyst for the conversion of glucose to HMF in
water. Reproduced from reference [69]. Copyright 2011 American Chemical Society

selectivity %
Catalyst BA® |LA® |Conv® |Fru® |HMF |FA® |LA" |unknown
HCI 99 |- 100 00 | 00 | 57 |27.1 |655
H,S04 24 |- 100 00 | 00 | 84 |564 352
Amberlyst-15 48 |- 89 00 | 00 423 |423 |154
NafionNR50 09 |- 65 00 | 00 | 98 |354 |54.8
H-mordenite 1.1 026 |12 352 | 00 | 00 | 0.0 |64.8
H-ZSM-5 0.15 |0.05 |34 00 | 00 | 38 | 00 |96.2
Nb,05.n1H,0 0.17 |0.15 |100 0.0 |12.1 32 | 0.0 [846
Na*/NbyOs.nH,0 - 0.17 | 100 05 [124 | 25 | 00 |84.6
Phosphate/NbyOs.nH,O | 0.04 |0.11 |92 08 |52.1 26 | 12 [433

Reaction conditions: 2 mL of water, 0.02 g of glucose, 120 °C, 0.2 g of catalyst. 3 h.  Brgnsted
Lewis acid amount (mmol gfl), ¢ Glucose conversion (%), 9 fructose,
¢ formic acid, { levulinic acid.

acid amount (mmol g

71)’ b
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the aqueous phase into the second organic solvent phase suppressed side-reactions
[72, 73], reaching a final selectivity of 72% in a water/toluene mixture. Nb,O5-nH,O
displayed also a lower activation energy (83 kJ mol~!) compared to homogeneous
catalysts such as Sc(OTf); (107 kJ mol~") and HCI (131 kJ mol~") for glucose
dehydration.

Several spectroscopic techniques were employed to elucidate the origin of the
acidity, with a particular focus on the strength and catalytic action of Lewis acid sites
in the presence of water. Raman spectroscopy showed that the surface contained
both NbOg octahedra (800—900 cm™!) and NbOj, tetrahedra (988 cm™!) as shown in
Fig. 11.3a. When water was adsorbed on Nb,Os-nH,O the signal of NbO, tetrahedra
disappeared and recovered after dehydration, showing the reversible formation of
NbO4-H,O adduct due to weak interactions between the Lewis acid and water as a
base. The presence of such areversible NbO,4-H, O adduct was also reported by Omata
et al. during gas-phase cumene cracking in the presence of steam [74]. Lewis acidity
was investigated using basic probe molecules such as CO and pyridine. Surprisingly,
Lewis acid—base adducts between NbO, and the basic probe molecules were detected
also for water-saturated NbO4-H,O, showing that part of NbO, tetrahedra could
survive the presence of water. An estimated 20% of all Lewis acid sites on NbO4-H,O
maintain their Lewis acidity after saturation with water (Fig. 11.3B).
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Fig. 11.3 a Raman spectra of Nb,Os5.nH,O in a quartz cell. a NbyO5.nH,O evacuated at 150 °C
for 2 h to remove water. b Sample a exposed to saturated water vapor at 300 K for 3 h. ¢ Sample b
evacuated at 150 °C for 2 h. Reproduced from reference [69]. Copyright 2011 American Chemical
Society. b Lewis acid amount calculated by Pyridine -IR for a series of dehydrated and hydrated
Nb,Os.nH, O materials
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11.2.3 Sugar Dehydration with Niobium Phosphate

Another extensively studied Nb-based material is niobium phosphate (here abbrevi-
ated NbP). Amorphous NbP can be obtained by precipitation of potassium niobate
in a phosphoric acid solution. NbP remains amorphous even upon calcination at
800 °C and exhibits a high surface acidity up to 500 °C [75, 76]. In contrast,
Nb,Os-nH,0O drastically loses acid properties upon heating at such high temperatures.
NbP was applied as a catalyst for fructose dehydration, showing that HMF formation
proceeded without the formation of rehydration products [77-79]. A reaction with
a concentrated fructose solution (10 wt.%) exhibited 60% of fructose conversion
and 89% of HMF selectivity [80]. Structural characterization of amorphous NbP by
FTIR spectroscopy revealed that the surface is composed of NbOg distorted octahe-
dral and orthophosphate tetrahedral units. Nevertheless, UV analysis indicated that
low-coordinated Nb atoms present on the NbP surface work as catalytically active
sites. XPS analysis confirmed that the electron density of the Nb surface atoms is
lower than that of niobic acid, which suggests that the phosphate group might act as
electro-withdrawing groups, thereby increasing the Lewis acidity of Nb.

Dehydration of glucose to HMF was found to proceed via isomerization and
dehydration involving Lewis acid and Brgnsted acid sites, respectively, in which
isomerization was found to be the rate-determining step [81]. Consequently, several
efforts were employed to tune the ratio of Lewis acid and Brgnsted acid for NbP by
modifying the synthesis conditions. Viera et al. synthesized several NbP catalysts
and obtained a linear relationship between the rate of HMF formation and the Lewis
acid/Brgnsted acid ratio. The rate of HMF formation was proportional to the Lewis
acid/Brgnsted acid ratio, showing that Lewis acid sites played a central role in deter-
mining the overall reaction rate [82]. Similar results were obtained by Zhang et al.
using mesoporous NbP, giving a glucose conversion of 68% with an HMF selectivity
of 49% [83].

11.2.4 Sugar Dehydration with Amorphous
and Low-Crystalline Ti-Based Oxides

Isolated TiOy tetrahedra can be obtained by grafting a Ti precursor on mesoporous
silica SBA-15 (Ti/SBA-15) [84-86]. We assessed the Lewis acid character of Ti/SBA-
15 with various Ti contents by performing the hydride transfer reaction of pyru-
valdehyde to lactic acid and the Mukaiyama aldol reaction of benzaldehyde with
1-(trimethylsilyloxy)cyclohexene in water [87, 88]. These reactions successfully
proceeded with the activation of carbonyl groups by the Ti-derived acid site of
Ti/SAB-15 catalysts. CO adsorption FTIR experiments showed that Ti/SBA-15 forms
a Lewis acid-CO adduct, even in the presence of adsorbed water, directly confirming
the water-tolerant Lewis acidity of TiOy tetrahedra (Fig. 11.4). Notably, the same Ti-
CO bond was observed in low-crystalline anatase TiO,. The coordinated CO band
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on Ti/SBA-15 (2182 cm™!) is higher than that on the anatase TiO, (2178 cm™!),
indicative of the differences in the Lewis acid sites between Ti/SBA-15 and anatase
TiO,. Nevertheless, the catalytic data show that anatase TiO, can also be used as a
Lewis acid catalyst for biomass conversion.

TiO, is widely used in catalysis, both as a thermal catalyst as well as a photocat-
alyst. Besides, it has many applications in our daily life, such as white pigment in
painting. Similar to Nb,Os-nH, O, low-crystalline anatase TiO, possesses TiOg octa-
hedra and TiOy tetrahedra on its surface. However, distinct features of low-crystalline
anatase TiO, compared to Nb,Os-nH,O are the absence of Brgnsted acidity and

hydrogen bonded CO a ¥ hydrogen b
(2152 cm’? OEC e bonded CO
‘o=c-.% 6% (2156 cmY)
5% te <

coordinated CO

physisorbed
(2182 cm't)

co
(2137 cm?)

physisorbed CO

W coordinated CO (2137 cm?)

(2178 cm?)

0.02

Absorbance / arb. unit
Absorbance / arb. unit

- - T—— ! @ a| I R N R N
2230 2200 2180 2160 2140 2120 2100 2230 2200 2180 2160 2140 2120 2100
Wavenumber / cm? Wavenumber / cm®

‘o=cC. 3 hydrogen c hydrogen d
."'/1:|\D bonded CO bonded CO
- Jov (2156 cm'1) & (2156 cm 1)
s el v 5 physisorbed CO
. [fcoordinated CO . \ -1
o . -1 0.02 (2137 cm™)
= (2182 cm?) physisorbed CO S .
~ (2137 cm?) ~
o @
g |[0.02 P4 g .
1] o
£ £
5 e 5 ,_//\M
3 d| 2
< A <| 00 mT—1 c]
c
b b
a a
2220 2200 2180 2160 2140 2120 2100 2220 2200 2180 2160 2140 2120 2100

Wavenumber / cm? Wavenumber / cm™?

Fig. 11.4 FT-IR difference spectra of CO-adsorbed a hydrated TiO», b dehydrated Ti/SBA-15,
¢ hydrated Ti/SBA-15, and d dehydrated SBA-15 at 100 K. CO pressures for spectra a, b, c, d,
and e correspond to 0.1, 0.2, 0.5, 1.0, and 2.0 Torr, respectively. Reproduced from reference [87].
Copyright 2014 American Chemical Society



336 D. Padovan et al.

weaker Lewis acidity. The latter is potentially advantageous in aqueous-phase reac-
tions because H,O coordinated in TiO4-H,O adducts can be easily exchanged with
other molecules including reactants [89].

Anatase TiO, was then employed for the conversion of glucose into HMF in a
biphasic water/THF system (Scheme 11.3, Table 11.2) [90]. HCI converted glucose
into HMF with 29% selectivity at 56% of HMF conversion. H;PO, showed a
very poor activity (glucose conversion 9%; HMF selectivity 1.2%). Two Brgnsted
acid resins (Amberlyst-15 and NafionNR50) also showed low HMF selectivity in
water, suggesting that any Brgnsted acid is ineffective for HMF formation under the
given conditions. Homogeneous water-tolerant Lewis acids (Sc(OTf); and Yb(OTf)3)
showed high glucose conversion, but the selectivity to HMF was also poor (<15%).
As obtained for homogeneous Lewis acid catalysts, Lewis acidic anatase TiO, also
gave high glucose conversion and poor HMF selectivity (9%), while HMF selec-
tivity drastically improved to 81% after phosphorylation treatment, as also observed
for niobic acid. Due to the negligible activity of phosphoric acid alone, phosphate
groups on anatase TiO, are not the active sites for HMF formation. However, phos-
phate moieties immobilized on anatase TiO, surface play a vital role in improving
the HMF selectivity. The difference between bare TiO, and phosphate TiO, was
systematically examined. Pyridine adsorption FTIR experiments revealed that there
is no difference in Lewis acid sites. Kinetic studies showed that the amount of HMF
steadily increases during the reaction (2 h). However, glucose was quickly consumed
at the initial stage of the reaction, with a small amount of fructose (<5%) as a possible
intermediate (Fig. 11.5). This observation strongly suggests that HMF is not formed
via the widely accepted fructose intermediate, but an unidentified intermediate for
phosphate TiO,.

Jadhav et al. proposed that HMF can be formed via 3-deoxy-glucosone (3DG) by
step-size dehydration of glucose using homogeneous inorganic acids [91]. 3DG can

Table 11.2 Catalytic performance of several catalyst for the conversion of glucose to HMF in
water. Reproduced from reference [90]. Copyright 2014 Elsevier

Catalyst BAS* |LAS® |Conv.® |selectivity %
Fru! |HMF |FA® |LAT |unknown

HCI 9.9 - 56.2 0.0 29.4 0.0 0.0 [269
H3POy4 10.2 - 9.2 0.0 1.2 0.0 0.0 8.0
Amberlyst-15 4.8 - 69.9 2.0 12.0 0.0 |249 |31.0
NafionNR50 0.9 - 28.7 0.0 3.1 0.0 0.0 |25.6
Sc(0Tf)3 - 2.0 99.9 1.5 13.9 0.0 0.0 |84.6
Yb(OTH)3 - 1.9 89.4 0.0 10.6 0.0 0.0 |788
TiO, - 0.24 99.9 0.0 8.5 0.0 0.0 |915
phosphate/TiO; - 0.22 98 0.0 81.2 10.5 0.0 8.3

Reaction conditions: 0.2 mL of water, 1.8 mL of THF, 0.02 g of glucose, 120 °C, 0.05 g of catalyst,
2 h. ? Brgnsted acid amount (mmol gfl), b 1 ewis acid amount (mmol gfl), ¢ Glucose conversion
(%), 9 fructose, ¢ formic acid, f levulinic acid.
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be obtained by dehydration of the C(3)OH moiety in glucose followed by tautomer-
ization. However, the high reactivity makes 3DG very difficult to be identified during
the course of the reaction. Tracer experiments using deuterium-labeled glucose were
conducted with bare TiO, and phosphate/TiO; to clarify the reaction pathways for
glucose dehydration to HMF [92]. Two different reaction pathways (isomeriza-
tion/dehydration and stepwise dehydration) were proposed in HMF formation from
glucose with an acid catalyst (Scheme 11.4).

For the isomerization/dehydration mechanism, the hydride step involved in the
isomerization would shift the hydrogen from the C(2) to the C(1) position, resulting in
the fructose intermediate fructose having the untouched deuterium atom in the C(1).
The following dehydration step would have equal chances to retain or eliminate the

A) Glucose-1-d conversion through isomerization and dehydration
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B) Glucose-1-d conversion through stepwise dehydration
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Scheme 11.4 Formation of HMF from deuterated glucose-1-d following (A) isomeriza-
tion/dehydration mechanism or (B) stepwise dehydration. Reproduced from reference [92].
Copyright 2015 American Chemical Society
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deuterium atom, resulting in a theoretical 50:50 mixture of H-HMF and D-HMF. In
the case of the stepwise mechanism, the elimination of water from C(3) would leave
the untouched deuterium atom in C(1) until its final conversion in HMF, leading to
a theoretical 100% D-HMF yield. A reaction using glucose-1-d and phosphate/TiO,
produced D-HMF with the D content of 98%. While direct detection of any inter-
mediate could not be achieved under the reaction conditions, isotopic labeled exper-
iments suggest that the stepwise dehydration mechanism via 3DG intermediate is
the possible reaction pathway for phosphate/TiO,. A control experiment using a
homogeneous and water-tolerant Lewis acid (Sc(OTf)3) gave a mixture of D-HMF
and H-HMF with a D content of approximately 55%. This is in agreement with
the isomerization/dehydration pathway expected for homogeneous Lewis acids. The
active site on anatase TiO, surface, which is responsible for stepwise dehydration of
glucose, was delivered successively using DFT calculations [93]. The dehydration of
glucose into 3DG on abundant and unsaturated TiOs pentahedra on defect-free (101)
anatase TiO, surfaces requires a very high energy barrier (207 kJ mol '), suggesting
that the role of these sites is only marginal. The dehydration barrier was drasti-
cally reduced to 47 kJ mol~! when an appropriate defective surface was constructed
(Fig. 11.6). This surface contains Lewis acidic TiOy4 tetrahedra (Ti4c) with vicinal
Ti—OH groups as conjugated Lewis base sites. Such conjugated Lewis acid—base
pair sites were modeled and provided a good match with experimental observations
made with FTIR spectroscopy of adsorbed CHCls. In contrast, the activation barrier
for isomerization/dehydration of glucose with the same active site was calculated to
be 115 kJ mol ™, supporting that stepwise dehydration is the favored mechanism.

b ;
&r
i =

Ti4c...CI3CH...TiOH

Fig. 11.6 a Defective anatase Ti surface (101) model with tetracoordinated Ti sites (Tisc) and
vicinal Ti—OH group. b Detail of acid—base conjugated pairs formed by Tisc and Ti—OH and its
interaction with a chloroform probe molecule. Reproduced from reference [93]. Copyright 2018
John Wiley and Sons
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11.2.5 Limitations of Amorphous and Low-Crystalline Metal
Oxide Catalysts

Although some amorphous or low crystalline metal oxides are active during sugar
conversion, severe aspects limit their application in practice. Amorphous oxides are
not thermally stable, because their textural and chemical properties drastically change
by calcination at high temperatures. After extended catalytic cycles, accumulation
of carbon deposition on the catalyst surface leading to deactivation will require
such calcination. This is due to the deposition of insoluble matter, i.e., humins,
on the catalyst [94, 95]. Removal of condensed organics is typically achieved by
calcination in air (>400 °C) [96], which substantially changes the nature of metal
oxides. Therefore, thermally stable and crystalline metal oxides are desirable as they
can guarantee in principles higher durability simply by a conventional calcination
treatment.

11.3 Crystalline Metal Oxides for the Conversion
of Biomass Derived Compounds

11.3.1 Biomass Conversion with Crystalline Nb-Based Oxides

Nb,Os5-nH,O dramatically loses its textural and acid properties upon crystalliza-
tion. As crystalline Nb,Os is much less acidic than the amorphous precursor, it
has not been explored for acid-catalysed reactions. Crystalline orthorhombic Nb,Os
synthesized by hydrothermal treatment of a water-soluble Nb precursor possesses a
specific layered structure and heptagonal channels formed by NbOg and NbO+ units
(Fig. 11.7) [97, 98]. The surface of this material contains both Lewis acid sites and
Brgnsted acid sites. The Lewis acidity of crystalline orthorhombic Nb,Os is different
from that of Nb,O5-nH,0. The former retains its Lewis acidity even in the presence
of water, while 80% of Lewis acid sites are deactivated with H,O in Nb,Os5-nH,O0.
This material was applied for obtaining lactic acid from dihydroxyacetone, in which
consecutive dehydration and isomerization steps proceed. Crystalline orthorhombic
Nb,Os was highly active in such reactions compared to typical reference catalysts.

11.3.2 Biomass Conversion with Crystalline Ti-Based Oxides

Anatase TiO, is amphoteric with Lewis acidic TiO4 tetrahedra and basic lattice
oxygens, rendering this material suitable for a variety of acid—base catalyzed reac-
tions including the dehydration of saccharides into HMF [99, 100]. Atanda et al.
reported that phosphate anatase TiO, converts glucose into HMF with a yield of
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Fig. 11.7 a XRD pattern and proposed crystalline structure of orthorhombic NbyOs b in the a-b
plane and ¢ along the c-axis. Reproduced from reference [98]. Copyright 2018 American Chemical
Society

81% at a temperature above 170 °C in a biphasic water/n-butanol system [101]. Bare
TiO, was less efficient, providing an HMF yield of only 28%, highlighting the impor-
tance of surface modification with the phosphate group. Phosphated TiO, was applied
to the direct conversion of cellulose to HMF [102]. However, the high crystallinity
of cellulose greatly hampered its processability and only 6% of cellulose could be
converted to HMF in a 4% yield. Conversion and yield could be gradually improved
when the crystallinity and polymerization degree of cellulose were decreased by prior
ball milling (29% conversion and 21% HMF yield) or acid-assisted ball milling (99%
conversion and 75% HMF yield). This shows that the depolymerization of cellulose is
the rate-determining step. Phosphated TiO, experienced a minor deactivation during
HMEF formation from glucose and cellulose. However, calcination could recover the
initial activity. This regeneration by simple thermal treatment is an advantage of
employing crystalline material compared to thermally unstable amorphous oxides.
Despite these outstanding catalytic properties, anatase TiO, requires rather high reac-
tion temperatures (approximately 170 °C) compared to low crystalline anatase TiO,
(100—120 °C).

11.3.3 Biomass Conversion with W-based Oxides

The approach of using dopants to control the acid/base properties of an oxide host
material was exploited by Hensen and co-workers for glucose dehydration to HMF.
Tungstite (WOs3) is a layered oxide composed of an octahedral W coordinated to five
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Table 11.3 Dehydration of glucose with Nb-doped WO3 series. Reproduced from reference [103]

Catalyst SA? BASP LAS® Conv.giy [%] Selumr [%]
Nb,Os 184 143 88 100 16
Nb;-WO3 160 82 35 97 36
Nbg2-WO3 63 8.7 59 86 40
Nbyg.1-WO3 42 11.8 8.8 83 36
Nbg 03-WO3 26 6.8 8.7 79 32
WO3 14 6.8 10.2 80 31

Reaction conditions:0.1 g of catalyst, 10 mg of glucose, 1 mL H,0, 120 °C, 3 h. Surface area (rn2
g~ 1); PBrgnsted acid sites (umol g~1); “Lewis acid sites (wmol g 1).

lattice oxygen and a terminal water molecule. WO3 is characterized by Lewis acid
W centers and weak Brgnsted acid sites. WO; doped with lower valence transition
metals offers control of the amount of Lewis and Brgnsted acid sites. By increasing
the amount of Nb dopant Brgnsted acid sites are formed at the expense of Lewis
acid sites (Table 11.3) [103, 104]. The formation of Brgnsted acid sites is ascribed
to charge compensation of lower valence metals introduced in the tungsten oxide
framework with acidic protons. Catalytic activity tests using these materials in the
dehydration of glucose to HMF revealed that the optimum ratio of Nb to W was 1 to
5, namely Nbg,-WOj3. A lower amount of Nb dopant did not substantially improve
the performance of the parent WOs3, while a higher amount led to a decrease in the
HMEF selectivity probably due to the higher content of the Brgnsted acid site, leading
to undesired side reactions. In addition, Nb doping has a positive effect on the surface
area.

Kinetic studies with Nby»-WO3; showed that the rate of glucose conversion was
higher compared to HMF formation. The fructose yield during the course of the
reaction was always low, suggesting the rate-determining step is not the isomeriza-
tion of glucose to fructose but the dehydration of a partially dehydrated intermediate
formed from fructose. This is a peculiarity of this material, as other bifunctional
Lewis-Brgnsted acid system always proceeds with glucose isomerization as the
rate-determining step. The slow dehydration steps are caused by the weak Brgnsted
acidity. DFT calculations confirmed that the introduction of pentavalent and tetrava-
lent atoms in the WOj3 surface generates a high degree of surface deformation, which
is beneficial for the isomerization step [105]. These calculations also highlighted that
the introduction of Ti atoms increases surface deformation and lowers the isomeriza-
tion barrier. FTIR measurements for pyridine-adsorbed Ti-WO; confirmed a higher
density of acid sites compared to Nb-WO3. However, the catalytic activities of these
two materials were similar [106].
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11.4 Conclusion and Outlook

This review shows that metal oxides are viable catalysts for biomass valorization.
We introduced findings on the dehydration of sugars to furan compounds using metal
oxides as catalysts. The controlling concepts in the production of furan compounds
from hexose and pentose sugars are “water-compatible Lewis acid”, “concerted catal-
ysis of Lewis acid and Lewis base”, and “the ratio of Brgnsted acid and Lewis acid”.
Metal oxides composed of group IV, V, and VI elements such as Ti, Nb, and W
are attractive for these reactions. Phosphoric acid treatment can modify the surface
properties of these oxides, thereby enhancing their activity. This aspect needs to
be understood better. Despite the importance of the resulting furan compounds, the
overall reaction efficiencies are not yet satisfactory for industrial application. Further
studies on the acid and base properties of crystalline metal oxides will be essential
for the development of industrially relevant catalysts for biomass conversion.
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Chapter 12 )
The Rise of Catalysts Informatics ek

Keisuke Takahashi, Lauren Takahashi, Shun Nishimura, Jun Fujima,
and Junya Ohyama

12.1 Introduction

The rise of catalysts informatics has changed how catalysts are designed and under-
stood [1, 2]. Over the years, researchers in catalysis have conducted a tremendous
degree of trial-and-error research through experiments. During such trial-and-error
processes, researchers gain knowledge and experience that lead to the development
of novel catalysts. Furthermore, the advancement of density functional theory calcu-
lations, commonly known as first principle calculations, has contributed towards
unveiling the atomic scale mechanisms of catalyst activities as shown in Fig. 12.1.
Thus, catalysts have typically been designed and understood through experimental
and density functional theory perspectives.

In such situations, large amounts of catalyst data become available. There are
several catalysts data sources available. One type of data is High-throughput exper-
imental data. High-throughput experiments enable the ability to rapidly synthesize
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catalysts and evaluate catalytic activities [3]. A second data source is the first prin-
ciple calculation data. With the development of high-performance supercomputers,
it has become possible to perform High-throughput calculations of metal surface
reactions. A third data source is a literature and patent data. Large amounts of data
generated by researchers are stored as data and often published in scientific journals,
databases, and patents. Thus, large amounts of catalysts have become available for
use. With this, it has been proposed that the design of catalysts can be achieved in
principle if trends and patterns are identified in catalysts data [4]. In this chapter, an
overview of catalysts informatics is introduced.

12.1.1 Concept of Catalysts Informatics

Catalysts informatics involves three key concepts: catalyst data, data to knowledge,
and catalyst platform as shown in Fig. 12.2 [1]. It is important that those three compo-
nents must be operated simultaneously in order to perform catalysts informatics. As
mentioned previously, sources for catalysts data can range from experimental data,
computational data, and literature data. Data to knowledge plays a major role in
catalysts informatics. In particular, various data science techniques are implemented
to extract knowledge from catalysts data. Lastly, a catalysts platform is the place
where database and data science tools are provided for catalysts informatics. Here,
further-detailed steps for catalysts informatics are introduced.

Catalysts informatics consists of several steps. The detailed steps are shown in
Fig. 12.3. The first step is to set up an informatics environment. This is equivalent



12 The Rise of Catalysts Informatics 351

Catalysts Informatics: 3 Key Concepts
Platform

Visualization

Catalysts Data

* Experimental Data
e Computational Data
* Literature Data

Data Management

e —

Data to Design

Machine Learning
Catalysts l ' Catalysts
Data T Design

Catalysts Genome

Machine Learning

- o

Fig. 12.2 3 key concepts in catalysts informatics. Takahashi et al. The rise of catalyst informatics:
towards catalyst genomics. ChemCatChem [1] Licence number5277780405983

to setting up experimental devices. In general, catalyst informatics is recommended
to be performed using the Python programming language under Linux OS. Python
programming language offers various data science libraries including scikit-learn,
python-pandas, and matplotlib. Those python modules contain basic data science
environments whereas Linux provides such an environment. In particular, Ubuntu
or Linux Mint within Linux comes with all necessary data science tools and python
modules in their repository. Thus, Ubuntu and Linux mint play an important role in
both server and desktop OS, respectively.

Once a data science environment is set, catalyst data must then be collected
as shown in Fig. 12.1. Here it is important that depending on the target, appro-
priate datasets must be prepared or collected. When the catalyst data is ready, data
preprocessing must be performed. Raw data generally contains outliers. Addition-
ally, some data might use different units or may not be consistent. Text data must
also be converted to numerical variables for machine learning visualization. Thus,
data preprocessing, also known as data cleansing, must be performed. Once data
is preprocessed, data visualization and machine learning are performed in order to
design and understand catalysts.

Data visualization is the method used to unveil the patterns and trends present
within catalyst data. In particular, data science provides techniques that can visualize
multidimensional data. For instance, parallel coordinates and RadViz can plot multi-
dimensional data. Such visualization gives a comprehensive understanding of data
which would provide a hint towards what type of machine learning algorithm would
be needed. Thus, data visualization plays an important role in catalyst informatics.

There are two types of machine learning, namely supervised machine learning
and unsupervised machine learning. The fundamental idea of supervised machine
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learning is to solve the y = f(x) function where y and x are objective and descriptor
variables, respectively. Here, objective variables can be yield, selectivity, conver-
sion, or other factors that researchers choose to maximize the performance. X is
the descriptor variable that represents the objective variable. In particular, there are
various types of machine learning. It can be classified into linear and nonlinear
supervised machine learning. One of the main tasks in catalysts informatics is to
find appropriate descriptor variables with appropriate machine learning algorithms
is the key. Once an appropriate train machine is ready, then inverse analysis can be
performed by asking desirable descriptor variables to the trained machine where the
machine returns the objective variables.

Unsupervised machine learning is used to find hidden groups in a data set. This
is often called clustering. Principal component analysis, hierarchical clustering, and
k-means clustering are commonly used unsupervised machine learning techniques.
Unsupervised machine learning can find similarities in catalyst data, which often
becomes an important factor in describing and understanding catalysts.
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In addition, it must also be pointed out that Bayesian optimization plays an impor-
tantrole in catalyst data. In general, machine learning requires a large amount of data.
However, it is not always possible to have the required amounts of catalyst data. In
these situations, Bayesian optimization becomes an effective alternative. The under-
lying idea of Bayesian optimization is that the machine suggests experimental data
points that could maximize or minimize the objective variable. In particular, Gaus-
sian process regression in combination with acquisition function is used to predict
the objective variable with expected improvement.

Gaussian process regression is trained using small data sets, in which the machine
can predict objective variables similar to supervised machine learning. The difference
is that Gaussian process regression provides the standard deviation which shows
how far away the predictions are from the training data set. By using the acquisition
function and Gaussian process regression, high expected improvement data points
can be predicted. Thus, Bayesian optimization can contribute to minimizing the
experimental procedures to maximize or minimize the objective variables.

12.1.2 The Role of Informatics in Catalysis

Catalysts informatics can be used to design and understand the catalysts [5]. Here,
some case studies are explored.

Designing catalysts from High-throughput experiment data and literature data
have been extensively investigated [3, 6, 7]. It has been demonstrated that High-
throughput (HTP) experiment devices. HTP device enables the consistent data set
which has major advantages in catalysts informatics. Such consistent data enable to
design catalysts using machine learning.

Machine learning is also proposed to identify the active site of catalysts [8]. In
particular, X-ray absorption fine structure spectroscopy data of Cu-zeolite is chosen
for descriptor variables and methanol production is set as the objective variable.
By using machine learning, it unveils that the Si/Al ratio, amount of Cu, and the
local structure of Cu are found to be important factors for determining the methane
to methanol reaction. Thus, combining spectroscopy and catalytic performance can
reveal the underlying mechanism as well as identify key structural features. Thus,
measurement data would also be a key component for catalysts informatics.

Those two case studies demonstrate that catalysts informatics can be not only
used to design catalysts but also help to understand the mechanism. Thus, although
catalyst informatics is a relatively new field, it demonstrates high effectiveness in
catalysts design and understanding. In this chapter, further case studies and concepts
are explored focusing on catalysts data, knowledge and design from catalysts data,
and catalysts informatics platform.
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12.2 Catalysts Data

12.2.1 The Growing Importance of Data

Data has grown to play an increasingly central role in modern material and chem-
ical research [1, 9]. It is produced through studies, experiments, and calcula-
tions and consistently published daily across the globe. Data that is available for
research purposes has increased exponentially due to both the increase in number
of researchers that participate in material and chemical research as well as devel-
opments and advancements made regarding data creation, curation, and distribution
[10]. The advent of computational science has also made a drastic impact on the
research community where its introduction brought the possibility for researchers
to approach material and chemical research in a manner that is not solely based on
experiment or theory. Additionally, the continued evolution of modern science and
the emergence of new perspectives and approaches to material and chemical research
has led to the rapid development of data that is quite variable in nature. Data includes
more than what one may typically associate with experiments or theoretical studies.
While incorporating traditional types of data such as lab readings, imagery, observa-
tional notes, theory and equations, data now also includes computational models and
calculation results—all of which are commonly stored in databases and published
through outlets such as academic journals and patents. The increasing degree and
accessibility of data, paired with concurrent advancements in computer science and
artificial intelligence, has led to the emergence of a new perspective for chemical
research: the perspective of data science.

Data science, increasingly referred to as the fourth paradigm of science, is an
approach to research where data is the main focal point [11, 12]. Data science has
quickly become popular for researchers to use because it allows researchers to utilize
data science techniques such as machine learning to process data in levels far beyond
what a researcher would be able to do on their own. By applying data science tech-
niques to large data sets, it becomes possible to extract or otherwise uncover the
knowledge that would otherwise be hidden within the data. With data science, or
instance, it is possible to apply machine learning techniques in order to help under-
stand any underlying trends that may be present within the data. Data science can also
be used to aid in the search for descriptors, which are vital to understanding what
a “material property” consists of and are of great importance for material design
[13]. One particularly attractive aspect of data science is that it becomes possible
to attempt to solve “inverse” problems such as predicting a series of conditions that
may result in a desirable property. Applications of data science are quite diverse, and
the possibilities continue to increase as research, computer science, and technology
continue to develop.



12 The Rise of Catalysts Informatics 355

12.2.2 Difficulties with Existing Data

Unfortunately, simply having access to large amounts of data does not mean that data
science-centered research will immediately flourish. As seen in Fig. 12.4, materials
data comes from many different sources, where each source has different types of
data to report and interests in different types of information. While this provides a
wide variety of data to work with, the variety in data itself becomes problematic when
attempting to use the data for data science purposes. In fact, informatics-centered
research is often presented with a myriad of issues when researchers attempt to use
available data [14]. Such issues often can be reduced to issues with database quality,
lack of industry standards, and the unconscious presence of biases.

Existing datasets vary in terms of quality. As there is no industry standard in place
for researchers to follow, it is up to the researcher to decide what data is included and
the manner in which it should be stored. As a result, databases are generally unique
in their composition, naming formats, and overall design, and are also designed to fit
the needs of the researchers that create them. In fact, researchers are responsible for
constructing the databases for their data and its usefulness to other research groups
will vary depending on factors such as comprehensive labeling, consistency, and
degrees of thoroughness. For instance, one researcher may be extremely thorough
and include many types of data while others may only include the bare minimum.
Databases may also have a lot of missing data points, a factor that can, at times,
render the database useless for reuse. It is also common to see such individual-
ization resulting in databases that use terms and labels that are hard to decipher,
are ambiguous, or else have multiple meanings/context that is dependent on the
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Fig. 12.4 Collecting materials data from multiple sources and the resulting difficulties [16].
Reprinted (adapted) with permission from Ref. [16]. Copyright 2022 American Chemical Society
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researcher discipline that uses it. This can result in difficulties when translating the
data. Given that it is not always possible to contact or otherwise communicate with
the original creator of the database, researchers are often left to decipher the data on
their own. The resulting difficulties in translating such data increase the probability
of introducing human error into new databases and research. Finally, the lack of
field-wide standards or guidelines leads to the presence of unconscious biases within
databases. Researchers are often regarded as experts within their fields, and their
research practices and interests are informed by their fields and years of experience.
This can lead to unconscious biases when constructing databases where researchers
will often make assumptions and decisions based on their experiences and under-
standings. This can result in data reporting where researchers are likely to only report
data that is useful for their particular purpose. This becomes problematic when data
is shared across research disciplines. Relying on the judgements of researchers can
make databases unbalanced where certain types of data may be saturated or unbal-
anced and potentially useful data may not be included in the dataset as it does not
directly address the needs of the original research project. Potentially useful solu-
tions or insights may also be accidentally excluded because they are unconventional
or assumed to be unlikely to occur. Thus, without some type of industry standard or
guideline in place, these factors will continue to affect the quality and reusability of
data and databases.

Imbalances such as these can negatively impact the success of data science tech-
niques since data science techniques reflect the information found within the data.
Preferences for certain types of data or assumptions held about particular topics
may influence the structure of the database to favor certain outcomes. Additionally,
researchers rely on their personal experiences and expertise when creating databases.
Data that a researcher may judge to be “irrelevant” and is therefore excluded from
the database may be vital information for researchers investigating topics that use
the same data. Discarding negative data also hurts data science applications because
many data science techniques learn trends and behaviors within data by analyzing the
conditions of both the positive and negative outcomes. Without a means of addressing
these issues, it will be difficult for informatics research to truly flourish and reach its
potential.

12.2.3 Structuring Data Through Ontology

One possible method of addressing these issues is to implement ontology [15].
Traditionally, ontology is the study of existence. From a more technological aspect,
ontology is a system that allows one to establish and define a domain, its objects,
and the relationships between said objects. On the surface, ontology may not seem
to be much different from existing database structures. However, unlike traditional
databases, ontologies are constructed on the basis of description logic and formal
semantics. By incorporating formal semantics via web ontology languages (OWL),
it becomes possible to define vocabularies and data according to their relationship
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Reprinted (adapted) with permission from Ref. [16]. Copyright 2022 American Chemical Society

with other data and information and define them in a manner that allows machines to
navigate data more intelligently. Ontology also provides the structure to define and
incorporate metadata and other information such as annotations, alternative defini-
tions, and additional observations made by the researcher. This makes it possible to
expand data curation by providing the space to include additional layers of infor-
mation beyond the initial raw data. Additionally, ontology can help add structure
towards the scientific discovery process illustrated in Fig. 12.5 and can therefore
help make the scientific discovery process more intentional.

The ability to include multiple layers of information with the original data, itself,
is quite useful for the research community as it not only provides an expanded
explanation of the data produced through research, but it also provides a clearer
picture of the meaning behind the research being shared with the community. By
defining the appropriate vocabularies and defining how they relate to each other, it
becomes possible to define data in a way that reduces ambiguity. For researchers with
different backgrounds or expertise, it becomes easier to translate what knowledge
the database is attempting to convey. Ontology can not only help clarify what the
original researchers wanted to share, but it also helps reduce time spent decoding and
preprocessing data and, therefore, help reduce possible translation errors that may
be introduced when preprocessing data.

Another benefit of incorporating ontology is its ability to combine multiple
databases in a single space. In essence, multiple databases can be connected and
accessed by machines via ontology if they share the same set of ontological rules.
Provided that the ontologies are logically consistent, it becomes possible for machines
to expand out and navigate multiple databases using the same set of ontological rules
and to access large amounts of data at a fraction of the speed that a normal researcher
would be able to if attempting to do it themselves. This, in itself, makes it attractive,
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especially when considering the costs in terms of time and resources when attempting
to do the same task manually.

With descriptive logic as its foundation, ontology makes it possible to query large
amounts of data using the definitions provided by the ontology. To query, one provides
a series of definitions or restrictions and the ontology returns the data that matches.
This system is particularly beneficial to research as it not only dramatically reduces
the time it may take to find data that fulfill a specific set of conditions but also can
be carried out over very large amounts of data.

In addition, ontologies are also able to consider inferences when navigating
data. Inferences allow the machine to reorganize and reclassify data into different
subclasses according to the provided definitions. Therefore, the machine is able to
expand data classifications and definitions based without explicit instruction from
a researcher. If terms are defined properly, it becomes possible for the machine to
expand existing class membership and potentially uncover new or unique members
of a class that may be otherwise left undiscovered if done manually by a researcher.
It is reasonable, therefore, to believe that the same principle can be applied towards
materials data and other materials or chemical databases, and potentially lead towards
the discovery of new materials based on the rule defined by the ontology.

Ontology can become quite a powerful tool with its ability to combine multiple
databases into a single space and navigate data based on the rules and definitions
provided [16]. It not only provides the space to define datasets but also provides a
space for researchers to also define their knowledge and understanding of data into
a machine-accessible format. As seen in Fig. 12.6, researchers can query databases
semantically, standardize material and chemical data, and restructure how materials
can be classified. In doing so, not only is it possible to uncover new or unconventional
materials, but it is also possible to better understand potential descriptors behind
different material properties. Finally, with the ability to continuously add or refine
definitions, it is possible to maintain and update existing databases with new scientific
knowledge, allowing researchers to expand on existing knowledge with new findings.
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Fig. 12.6 Connecting to and updating existing knowledge through ontology [16]. Reprinted
(adapted) with permission from Ref. [16]. Copyright 2022 American Chemical Society
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In summary, itis essential for data to be organized, consistent, and easily accessible
by both researchers and machines alike, especially as data continues to play an
essential role in materials and chemical research. Issues such as lack of industry
standards regarding data curation practices, terminology ambiguity, and underlying
biases often make it very difficult to use existing databases without varying levels
of data preprocessing, which also opens the possibilities for error when attempting
to translate or restructure the data. By employing ontology, it becomes possible to
address several of these issues within the same framework. Ontology restructures data
and incorporates knowledge using description logic and web ontology languages.
This makes it possible to define relations between different data and incorporate meta-
data in a manner that can be accessible by both researchers and machines, thereby
helping to reduce ambiguity and translation errors. Additionally, with consistent
definitions, it becomes possible to merge several databases into one location, making
it possible for machines to access and query large amounts of data instantly. In
doing so, it becomes possible to reveal new information and possibly unconventional
solutions for queries thanks to the logic definitions the ontology provides, and thus
can potentially revolutionize how material and chemical data is utilized.

12.3 Designing Heterogeneous Catalysts via Machine
Learning

How the machine learning (ML) approach can aid scientists in developing high-
performance catalyst? This query had been attracted many scientists for a long
time. In particular, in homogeneous catalyst investigation, combined use of High-
throughput (HT) screening experimentations and ML approach have successfully
conducted as some answers. For examples, at the typical Pd-catalyzed reactions, the
High-throughput experimentations with ML could be used for predicting the multidi-
mensional potential space of the target reaction and predicting reaction performance
with possible reagent and/or ligand combination [17-19]. This relies on the nature of
homogeneous catalysis: i.e., one is that design of active metal center and coordinating
ligand is fundamentally crucial to its performance, and another is modern organic
chemistry simply can be explained in accordance with the Hammet linear free-energy
relationship [20, 21]. Accordingly, data-driven small molecular field regression in
homogeneous catalysis in organic chemistry is widely demonstrated [22—-24]. While,
in the case of heterogeneous (solid) catalysis area, it’s still a challenging subject to
be popular because heterogeneous catalyst performance depends on many properties
such as composition, size, morphology, crystallinity, support, additive and so on.
Indeed, the identification of appropriate relationships between some physicochem-
ical properties and their reactivity is a very complicated (multidimensional) subject.
Clarifying the specific “active sits” on the surface needs long historical discussions
with multiple characterizations and theoretical simulations.
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For instance, since Prof. Haruta and Prof. Hatchings independently found the
unique reactivity of dispersed gold on reducible metal oxides [25] and carbon-
supported gold [26] respectively in 1980s, many researchers have attracted the gold-
based catalyst. In particular, huge numbers of researchers have been studying gold-
catalyzed CO oxidation at ambient temperature, and identified several hypotheses on
the crucial factors of its catalysis such as cationic gold species, electronic structure
in a cluster scale, bi-layer of gold in a critical thickness, a trace amount of co-water,
effect of crystalline phases of oxide support and so on, for about 20 years. Then, Prof.
Haruta insisted on one of the conclusions in 2011 [27] that the number of perimeter
gold atoms directly related to the rate-determining step at the CO oxidation: i.e., the
adsorbed CO on the surface of gold reacts with the adsorbed oxygen at the periphery
sites around gold nanoparticles via the Langmuir—Hinshelwood mechanism. Then,
requirements to exhibit catalytic activity reported by various researchers are classi-
fied as shown in Fig. 12.7 [28]. However, there have been further discussions from
several viewpoints on the importance of size and contact structure of Au nanopar-
ticle, in which the O, activation step at the perimeter interface has still been debated.
Moreover, in the development of further design of high-performance CO oxidation
catalysts, different active centers such as Pd, Ag, Pt, Rh, Cu and/or these alloys have
been further applicable. Their important parameters would be not exactly the same
as that of monometallic Au cases. Accordingly, it is expected that determining the
sufficient global descriptor and collecting the corresponding training data are really
difficult even though at such a simple target reaction of CO oxidation.

Deep discussions on catalytic mechanism determining the descriptor at the target
reaction need a lot of “costs” such as time and effort for clarification. Also, the
present conclusion will be updated on the progress of analytical technology such as
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Fig. 12.7 Classification of supports for CO oxidation by their requirements for catalytic activity of
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operando spectroscopy. Therefore, fully understanding multiple networks between
heterogeneous catalyst information (ex. components) and target performance (ex.
yield of main product) implemented ML prediction has no realism and rational. In
the simplified approach, a relationship between heterogeneous catalyst composite
elements and its performance has been adapted to ML-derived catalyst investigation
to predict targeting performance with complex none-liner models; such as artifi-
cial neural networks (ANN), random forest (RF), support vector (SV), Kernel ridge
(KR), and Gaussian regression processes, and/or association rule mining. And then,
the researchers attempt to detect meaningful patterns between input and target param-
eters. It has become the main discussion that how to design the appropriate regression
model possessing a high score (>0.6) at the cross-validation of the constructed one,
where the data were randomly split into 20 ~ 30% test and 70 ~ 80% trained data. In
other word, constructing high-score models become one of goals even without exper-
imental validation of predicted catalysts in somehow. However, there is an example
made by the present authors that even if a well-defined RF model consisted with
catalyst elements, reaction condition, and its reactivity based on 1868 catalysts data
from literature, which possesses 73% score at the cross-validation check, it did not
find any novel catalyst at its validations [29, 30]. It was expected that that is because
the extraordinary points in learning data mis-leaded the process at ML prediction to
predict outer area from the collected data. In other word, development of fine ML
regression model and achievement of ML-driven new finding of undiscovered cata-
lyst are not necessarily linear relationship; in particular, when it applied to predicting
the outer area of experiment data field in heterogeneous catalyst at present situations.

Historically, one of the pioneer works in ML-derived investigation at heteroge-
neous catalysts area was examined by Prof. Hattori and co-workers with an ANN
approach in 1990s [31-33]. They applied an ANN to elucidate product distribu-
tion (viz. selectivity) in oxidative dehydrogenation of ethylbenzene on a series of
promoted and unpromoted SnO; catalysts [31]. Consistencies in which of an input
layer including 9 parameters of physicochemical properties and reaction condition,
a single hidden layer including 8 units, and an output layer including selectivities of
5 products made well matching between estimated selectivities and experimentally
observe values. It was also reported that the acid strength of mixed oxides could
be predicted by an ANN within appropriate experimental errors [32, 33]. One of
important features on their examinations is that the ANN investigation can be used
to imply the appropriate controlling factors on the catalytic activity by the trial-
and-error cycles of the number of units in the input data [33]. At the same era, ANN
applications on the analysis of NO decomposition [34] and propane ammoxidation to
acrylonitrile [35] were explored by different groups. Subsequently, catalyst discovery
by means of ML algorithms of not only ANN but also RF, SVR etc. have been applied
in many applications in catalyst investigations and understanding of trends of data
[1, 5, 36, 37]. However, the difficulty on prediction of outer area from the collected
data points covered field is still a common issue at ML-based investigations. When
the training machine tries to display an inexperienced (uncovered) area, the accuracy
of prediction extraordinally decreases as it moves farther away from the covered data
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field as is the human. Moreover, the presence of multiple hidden patterns between
input and target data also gave less adequacy.

The present authors have an idea that how to receive the meanings of the trends
made by ML regression model is one of new ideas for ML-aided catalyst investiga-
tion towards different area from the collected one. For instance, oxidative coupling
of methane (OCM) reaction had been found in 1980s [38, 39], however there has
remained a catalyst performance issues for eco-friendly design of industrial plant
for past 40 years. To overcome this issue, investigation of novel OCM catalyst has
been demonstrated with ML assistance combined with experimental scientist’s point
of view [40]. One-hot encoding treatment was conducted on the open-source big
data (40,330 data points with 350 types of catalysts) obtained at 700-1000 °C with
a same High-throughput reactor, performance elucidation protocol, and same cata-
lyst preparation methodology [3, 41]. SVR regression was implemented to increase
the data impacts more elaborate. Then, the investigation of unique feature as lower
temperature OCM catalyst derived from ternary-element-supported La, O3 catalyst
was challenged. Importantly, by assuming that ML field may find the significant
trend between input (viz. catalyst composite) and target (viz. C, yield), a different
meaning of SVR regression field was tentatively defined for experiment validation:
i.e., predicted high C, yield values in SVR area would suggest the friendly element’s
combinations for OCM at the targeting support with a higher probability. When
the high score elements are focused in the case of La,O3 support as SVR field,
these may become a guide for superior element combinations as La,O3-based lower
temperature OCM performance. Interestingly, among La,O3-based ternary element
combinations predicted as TOP20 score at C; yield in the SVR field, 11 variations
of ternary-element-supported La,O; catalysts exhibited superior performances in
comparison with La,Oj itself (none). The La, O3-derived unique lower onset temper-
ature at OCM was enhanced as from 500 to 450 °C under CH4/O, = 2.0 condition
in the 11 catalysts in validation (Fig. 12.8). Though remained 9 validations were not
matched with the assumption, it was more likely to effectively find undiscovered and
novel catalysts with such in-direct ML toward different area of experimental data.
It is expected that debating the common characters of these found catalysts would
reveal the hidden features to improve the accuracy for direct ML prediction.

ML approach is good at finding important trends in data in big datasets. Instead of
prediction, trend elucidation is another attractive property of ML. Understanding the
fingerprint features in spectra are important matter in catalyst development, however
it involves differences in interpretation among researchers. When the researcher
tries to compare the big experiment data, a lot of efforts has been cared on manual
comparison for discussions. Data science and ML can support such data analysis
process as an identification toolkit. For instance, Timoshenko et al. developed ML-
based determination of 3D structure of platinum nanoparticle stabilized on y-Al, O3
with X-ray absorption near-edge structure (XANES) [42]. The training data was
served with theoretical simulations using FEFF and FDMNES software, and then
the X-ray absorption coefficient and the average coordination number of nanoparti-
cles respectively set as input and output layer index at supervised ANN (Fig. 12.9).
The research constructed a fine model describing complex nonlinear relationships
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Fig. 12.8 Plots of C, yields over ternary-element-supported Lay O3 elected from the viewpoints of
high score of C; yield at SVR field derived from high-thoughput screening datasets, together with
Lay O3 support itself in CH4/O, = 2.0. Ref. [40]. Copyright 2022 Royal Society of Chemistry

between XANES features data and structure of NP, and which predicted coordination
numbers agree with the true values in tolerance error. Notably, this ANN/XANES can
translate XANES spectra in nanostructures into real-space information of coordina-
tion environment such as size and shape of NP. It is expected that when it applied at
in-situ analysis would be a powerful static analysis tool. It should also be mentioned
that there are other reports demonstrated in experimental XANES spectra using ML
assistances such as establishment of the reciprocal correspondence between XANES
and geometry of Ni** site in the presence of gaseous adsorbates [43] and automatic
oxidation threshold recognition of a given XANES feature without references [44].
Moreover, recent reach progresses at transmission electronic microscopy (TEM)
technique using ML also become a hot subject: shape [45], a rich variety of defects
[46], and the shape dependence of the strain distribution [47] are nicely identified
by ML assistances. Those ML-aided analytical techniques of characterization data
would be a beneficial milestone for catalyst development.

When there is a reasonable pattern between texture properties and catalytic perfor-
mance, ML research is a powerful tool for researchers looking at unexpected areas.
Zeolites are widely used heterogeneous catalysts in academic and industrial fields
owing to its versatility of controllable topological and physicochemical properties.
Li et al. developed gene-like stacking sequences of stacking layers for predicting,
evaluating and identifying promising synthetic candidates with desired properties of
ABC-6 zeolites, a family of industrially important catalysts build from the stacking
of modular six-ring layers, among a large number of candidate structures (Fig. 12.10)
[48]. To cover all possible staking sequences derived from every ABC-6 topology,
a ternary numeral codes are implemented. For instance, the stacking sequences for
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Fig. 12.9 Schematic view of artificial NN application for establishing the 3D structure of nanopar-
ticle from experimental XANES [42]. Reprinted (adapted) with permission from Ref. [42].
Copyright 2022 American Chemical Society

cancrinte, sodalite, and chabazite are (AB), (ABC), and (AABBCC), respectively,
when these three types of layers by layers are denoted with A, B, and C. It is
noteworthy that 84,292 stacking sequences corresponding to all chemically feasible
ABC-6 topologies as tectosilicates comprised of N stacking layers (N < 16) were
enumerated on this method. Only 23 ABC-6 topologies have been found in the
natural minerals or synthetic materials because this approach does not involve the
strong host—guest interactions between ABC-6 cages and extra-framework species.
However, it is expected that predicting and grouping on the enumeration of ABC-6
structures would be helpful to pre-screen: ex. for specific gas adsorption or separa-
tion applications. Genome-based identification and profiling have been adapted to
investigation of materials including catalysts [36, 49, 50].

From the view of experimental researchers, it is still interesting demand that how to
achieve the discovery of heterogeneous catalyst more effectively in comparison with
the conventional manner with ML engineering; in particular, towards approaching
“unexpected novel catalyst” which the researchers could not think of. One of the
keys would be the identification of the appropriate numbers of adaptive descriptors
to nicely explain the feature of the target catalysis. Fundamentally, (i) catalyst textural
factors; composition, size, shape, crystallinity, strain, surface area, and dispersibility,
(i) reaction condition parameters; temperature, substrate concentration, stirring or
feeding rate, amount of catalyst, and reactor design, and (iii) dynamic states under
working condition; behaviour of oxidation state (redox), stability of particle (aggre-
gation), and surface reconstruction, can be attributed to representation of catalyst
reactivity. While, describing the element character has possible variety indexes
of physicochemical nature such as atomic number, atomic weight, first ionization
energy, electronegativity, covalent radius, ionic radius, atomic radius, valence elec-
trons, redox potential, work function, melting point, conductivity, surface energy, and
so on. In addition, it is notable that characterizations data such as XRD patterns [51]
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Fig. 12.10 Enumeration and interpretation of ABC-6 stacking sequences (Reproduced with
permission from Springer Nature of [48])

and X-ray absorption fine structure (XAFS) features [8] effectively provided some
trends of reactivity. If these multi-factors need to be revealed for whole understanding
of the target reaction, that is no realism and excess trials on data collections would
decrease advantage of more flexible and easier investigations based on ML. And also,
it concerns misguiding the ML results owing overfitting. Accordingly, determining
the meaningful descriptors to identify the target catalysts is really necessary skill for
ML application in prediction of novel heterogeneous catalyst in high accuracy.

Fortunately, there are a lot of commonly available material databases and ML
library are released one after another; named as NOMAD, Citrination, CatApp,
Catalysis Hub, The Materials Project, TensonrFlow, scikit-learn, XenonPy, and/or
CADS etc. Also, designs for High-throuhput screening experimentations for not
only reactivity tests but also characterizations have gradually become common tools.
These situations will decrease the cost on such featured data collection. Also, trans-
disciplinary collaborations among not only data scientists and ML engineers but
also additional theoretical scientists and experimental researchers gradually have
been accelerated. Combining ML with DFT calculations allows prediction of d-
band center and reactant gas adsorption energy [52], and graphic surface reaction
networks on the basis of predicted kinetic parameters [53] are demonstrated. These
trends are benefit for identification of appropriate descriptor for ML-based catalyst
design [54]. It believes that new successful fusion at catalyst advancement for the
desired catalytic reaction: ML-assisted searching the key factors from the physico-
chemical nature and/or spectra from databases to identify the key components and
structure, and the following experiments to validate exact reactive performance on
the basis of ML-aids, are right there in the near future.
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12.4 Catalysts Informatics Platform

In this section we introduce a Web-based integrated platform as an essential infras-
tructure for catalysts informatics. The platform provides three main functionalities:
a repository for data sharing and publishing, an analytic workspace for exploratory
visual analysis, and sharing pretrained machine learning models for catalyst property
prediction. Such a platform helps decrease barriers to entry faced by researchers in
catalytic chemistry when attempting to apply catalyst informatics towards data by
providing analytical and visualization tools that can be simultaneously applied and
easily accessed within a central space, thereby helping the advancement of catalyst
informatics.

12.4.1 Concept of Platform

While Catalysts informatics shows much promise, it involves factors such as data
construction, data management, visualization, machine learning, and a variety of
other data analysis skills, thereby requiring a wide range of data science techniques
and related knowledge. However, these tasks are not often collected or developed
together, making it difficult to link data construction to catalyst design. Within the
scope of materials informatics, various databases and platforms consisting of data
generated from first principles calculations as well as data and codes related to
computational materials science are available for use with examples ranging from
the Open Quantum Materials Database (OQMD) [55], the Novel Materials Discovery
repository (NoMad) [56], and Automatic Flow for Materials Discovery (AFLOW)
[57].

Along these lines, web-based catalysis data platforms have also been developed
with examples such as CatApp [58] and Catalyst Hub [59]. Unfortunately, these plat-
forms lack data analysis functions and components, and more closely resemble data
search engines with available visualization functions. Additionally, it is very difficult
for experimental catalyst researchers that are unfamiliar with data management or
software programming to use data provided by such data platforms. While some of
the platforms provide data visualization functionalities, they are often very limited to
a specific usage scenario. Hence, it is crucial to develop a platform that is accessible
and is equipped with the tools necessary for catalyst informatics.

In order to help propel the development of catalyst informatics forward, it
becomes necessary to provide an integrated platform where researchers can manage
resources for catalyst informatics applications in a central location. In such a plat-
form, researchers must be able to accumulate catalyst data and to successfully utilize
the offered analysis and visualization techniques, including machine learning tech-
niques, without requiring additional knowledge relating to computer programming
or machine learning. All necessary resources including datasets, analysis methods,
visualizations, and machine learning techniques should also be published and made
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accessible through the platform in a unified manner so that other researchers or other
programs can reuse such resources for further analysis. Considering these factors,
the developed platform aims to provide these functionalities in an integrated envi-
ronment that is easily accessible to any catalyst researcher. Especially, the analysis
application houses the core features of the developed platform. In order to provide
users with a flexible and easy-to-use environment for analysis of heterogeneous data,
coordinated multiple views (CMVs) [60] are employed.

12.4.2 Catalysts Acquisition by Data Science

Based on the discussion in the previous section, an innovative platform for a cata-
lyst informatics platform, Catalyst Acquisition by Data Science (CADS) [61],
is developed in efforts to address the needs of catalyst researchers that wish to
apply informatics towards their research. The proposed platform provides three
sub-applications: Data Management, Analysis, and Prediction. The platform allows
researchers to upload local files containing catalyst data in the Data Management
application. Once a file is uploaded to the platform, researchers can then analyze
the underlying data in the Analysis application where various analysis methods are
made available on the platform. These methods include not only simple visualiza-
tion tools such as scatter plots but also complex analysis tools such as regression
and clustering methods used in machine learning. Using trained models created in
the Analysis application, researchers can then attempt to predict particular physical
properties of catalysts. The platform is available on https://cads.eng.hokudai.ac.jp/.

When a user opens the Analysis application on CADS, a blank workspace is
initially displayed. Here, the user selects data uploaded to the system in advance
and adds components such as scatter plots and histograms to the workspace. With
these components the user can conduct data analysis. Each component is equipped
with a control panel for customizing the display content and analysis operation. For
example, it is possible to set up which attribute values are assigned to the horizontal
and vertical axes of the scatter plots, and which attributes are used as explanatory
variables in regression analysis.

Figure 12.11 shows a snapshot of the actual analysis results. Here, methane oxida-
tion coupling reaction data is used as the analysis target, and basic data such as C,-
yield and C;-selectivity are visualized using “scatter plots” and “tables”. Moreover,
the regression result and the feature importance of explanatory variables used in
the regression are calculated and displayed. In addition to this basic analysis, it is
possible to select and highlight a part of the data by mouse operation on the part,
and the selection operation is immediately propagated to other parts to highlight the
corresponding data. For example, selecting data on the scatter plot will highlight data
on the regression result view as well. Similarly, it is possible to automatically group
data using the clustering component, color-coding the data points belonging to each
group, and regression analysis using the regression component for only some of the
data points segmented by clustering. In this way, exploratory visual analytics can be
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Fig. 12.11 The analysis tool on CADS. The workspace includes four components: Table, Scatter,
Regression, and Feature Importance

performed by repeatedly adding and deleting components and changing the settings
of the components, supporting users in understanding the characteristics of the data
and approaching the various problems presented in the previous section.
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Chapter 13 )
Recent Advances in Density Functional ek
Theory (DFT) and Informatics Studies

on Metal Oxide Surfaces

Takashi Kamachi, Yoyo Hinuma, and Nobutsugu Hamamoto

13.1 Introduction

Computational chemistry is becoming an indispensable tool not only for experts but
also for synthetic experimentalists, thanks to the development of quantum chemistry
methods, the widespread availability of easy-to-use program packages, and dramatic
advances in computing power. Especially for molecular systems of a hundred atoms,
it has become relatively easy to analyze and corroborate experimental results such as
reaction mechanisms and spectroscopic data. In solid surface chemistry, the concept
of quantum chemistry was applied to surfaces in the 1980s, and important theo-
ries such as the d-band center emerged. However, there are still many limitations
in analyzing important phenomena such as molecular adsorption and bond forma-
tion/cleavage on solid surfaces using realistic models, even with the current computer
environment available. In this chapter, we review the advances of computational
chemistry for surface science and outline its application on metal oxides surfaces
and the future that we hope to achieve with comprehensive DFT calculations and
machine-learning methods.
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13.2 DFT-Based Descriptors of Metal Oxides for Catalysis
Informatics

The description of the catalytic activities as a function of a physical parameter has
been a promising method of catalyst design, which can reduce extensive trial-and-
error experimental testing. Important contributions have been made by employing
surface properties related to catalysis such as d-band center [1], work function [2, 3],
coordination numbers [4], strain [5], and surface energies [6] as descriptors of catalyst
properties. In these efforts, the most widely explored examples involve establishing
scaling relationships between the adsorption energies of reactants and intermediates
using the d-band model [7], and between activation and reaction energies referred to
as Brgnsted-Evans-Polanyi relationships [8]. Based on the set of linear relationships,
one can easily derive reactivity trends for a target catalytic reaction from the adsorp-
tion energy of reactants without time-consuming activation barrier calculations and
the overall analysis of reaction steps involved in the course of the reaction. Ngrskov
and co-workers used this scaling relationships strategy and computational thermal
and kinetic analysis to discover selective hydrogenation of acetylene with bimetal
catalyst NiZn [9] and for CO, reduction with NiGa [10]. However, the computational
techniques in determining electronic structures of complicated semiconducting and
insulating surfaces and molecular adsorption on the surfaces are still under devel-
opment, and hence in silico discovery of metal oxide catalyst is quite rare. This
section shows recent examples of relationships between DFT-based descriptors and
adsorption energy on metal oxide surfaces.

13.2.1 d-Band Center for Molecular Adsorption on Metal
Surfaces

Since its development in the early 1950s, frontier molecular orbital (FMO) theory
has provided a basis for explaining many aspects of chemical reactivity [11, 12].
According to Fukui’s FMO theory [13] and the Woodward-Hoffmann rule [14], the
selectivity of organic reactions is determined by both phase properties and the magni-
tudes of the coefficients of the reactant’s highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO). FMO theory has successfully
been applied to elucidate the selectivity of aromatic substitution and pericyclic reac-
tions, among others. As an example, the observed preference for nitration at the
1-position on the naphthalene molecule can be easily understood by considering
the HOMO coefficients. FMO theory has also been extended to solid and surface
systems. Hoffmann and co-workers [15] used the concepts of FMO theory and of
orbital interactions to intuitively explain the electronic properties of solid states
and surface—adsorbate interactions. They have discussed the adsorption of small
molecules and molecular fragments, such as CO [16, 17] and CHj3 [18, 19] on metal
surfaces within a tight binding scheme based on the extended Hiickel method.
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The interactions between the frontier orbitals of these molecules and the d band
of the metal surface make a major contribution to the adsorption process as well as
to the energies of transition states on surfaces. In the Newns-Andersen model [20],
couplings of an adsorbate state to sp and d bands of metal surfaces are considered
to describe molecular adsorptions on the transition metal surfaces. Since the sp
orbitals are spatially extended orbitals, they have large overlap and interaction with
neighboring atoms, forming a band with a wide energy range, but the low density of
states (DOS). On the other hand, d electrons, which are more strongly attracted to
nuclei, have less overlap with the surrounding atoms, and form a band with a narrow
energy width and a higher DOS. A molecular orbital level of the adsorbate decreases
in energy and broadens upon interactions with the broad sp band (Fig. 13.1a), and
the broadened adsorbate state splits into bonding and antibonding states upon further
interaction with the narrow d band in a manner similar to that of orbital interactions
in molecules (Fig. 13.1b). The adsorbate states broadened by the interactions with
the sp band are energetically well below the Fermi level and are all filled with
electrons, and therefore the contribution of the sp band to the molecular adsorption
is comparable in energy across transition metal surfaces. In contrast, the adsorption
energy of the molecule varies greatly from a transition metal to a transition metal due
to the difference in the number of electrons occupying the antibonding state created
by the interaction with the narrow d band. Since the antibonding state is always
above the d-band, a higher d-band causes the antibonding state to rise as well, thus
reducing the number of electrons occupying it and accordingly strengthening the
bond between the metal surface and the molecule. Consequently, the center of the d
band relative to the Fermi level is a good descriptor of molecular adsorption on the
transition metals.

The d band center is linearly related to the adsorption energies of atoms and
molecules and to the energy barriers for various reactions, and therefore the d band
center has been used to identify and interpret trends in surface properties [7]. For
example, Kibler et al. found a linear relationship between the d-band centers of
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various metal and alloy surfaces and experimentally measured hydrogen desorption
potentials, which might help tune reaction rates by the modification of catalysts [21].
However, the d band center is not considered a useful descriptor for more complex
metal oxides, and other properties of metal oxide surfaces have been featured to find
correlations.

13.2.2 Scaling Relationships Between Adsorption Energies

Extensive studies of the adsorption of atoms and molecules on metal oxide surfaces
have revealed that scaling relationships exist for the adsorption energies despite the
structural and electronic complexities of metal oxide surfaces. Based on this rela-
tionship, the adsorption energies of various molecules on metal oxide surfaces can
be predicted by using as descriptors the adsorption energies of atoms and simpler
molecules such as H,O, which can be easily obtained by DFT calculations. Thus,
a database of adsorption energies on metal oxide surfaces is expected to serve as
a basis for catalysis informatics, and many systematic studies on adsorptions of
atoms and molecules have already been performed. Fernandez et al. performed DFT
calculations on the adsorption of AHy intermediates and bare A atoms (A = O, S,
N) on various transition metal oxide, nitride, and sulfide surfaces [22]. The same
linear relationship was found to exist between adsorption energies of AHy and A
on surfaces of both metal oxides and pure metals. The trends in adsorption energies
can be understood by using a modified version of the d-band model [23] and by
“Fermi softness” [24], which is defined as the sum of density of states weighted by
the derivative of the Fermi—Dirac distribution function at a certain non-zero temper-
ature. Calle-Vallejo et al. described that the adsorption energies of O, OH, and OOH
are linearly related to the number of outer electrons at the adsorption sites of metal,
monoxide, and perovskite surfaces [25]. Although this effort found that the number
of outer electrons can be a simple and efficient descriptor, van Santen et al. pointed
out that experimental data on perovskite LaXO3; compounds do not follow this trend
but instead show double peaked volcano type behavior for the third-row reducible
metal oxides, which is most likely to be due to high spin state stabilization of d°
electron systems [26]. Recently, scaling relationships were reported to exist between
the adsorption energies of various molecules bearing lone pair electron-containing
atoms across a wide variety of materials [27]. It should be noted that adsorption
energies on metal oxides surfaces are significantly affected by the presence of vacan-
cies, dopants, co-adsorbed molecules. Therefore, further consideration is required in
order to describe more precisely activites and selectivities of working metal oxides
catalysts.
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13.2.3 Oxygen Vacancy Formation Energy (Eoyac)
as a Descriptor for Catalytic Behavior of Metal Oxides

Defects play a key role in governing properties of catalysts. Various kinds of extended
and point defects introduced into structures of catalysts largely govern their physical
and chemical properties. Particularly, point defects in metal oxide surfaces such as
oxygen vacancies have dominant effects on the properties of heterogeneous catalysts
[28, 29]. Energies required to form the oxygen defects in metal oxide catalysts (Egyac)
are typically used to rationalize and predict performances of these catalysts [30].

Oxygen vacancy formation in ABOj3 perovskites has been extensively investigated
using DFT computations because it controls electrocatalytic activity [31-33]. By
using DFT calculations, Chen and Ciucci systematically investigated the dependence
of stability, and electronic and ionic conductivity on substitutions of A and B sites
of BaFeO3 [34]. They found that the Eq,,. is reduced by the presence of Na, K, Ca,
Sr and Pb in the A site, and of Ni, Cu, Zn, and Ag in the B site. The Eqgy,. were
found to linearly correlate with the occupied O p band center, which is related to the
basicity of the oxygen atoms. Emery et al. used high-throughput DFT to search for
novel perovskites that promote thermochemical water splitting (TWS) [35]. They
screened 5329 calculated perovskites on the basis of the Eqy,. and identified 139
potentially new candidates for TWS.

Kumar et al. studied oxidative coupling reactions of CH, on a range of metal
oxide surfaces [30]. This reaction begins with the abstraction of a hydrogen atom
from the strong C-H bond of CH4 by lattice oxygen atoms, which leads to the
formation of a CHj3 radical. They reported that this process takes place more readily
for highly reducible oxides and that the activation energy for cleaving C—H bond is
linearly correlated with the Eoy,.. The CH3 radical intermediate is converted into
desired C2 hydrocarbons by radical coupling or into undesired methoxy species by
absorption to surface oxygen leading to the eventual formation of CO or CO,. Thus,
the adsorption of CHj; radical regulates the selectivity for C2 hydrocarbon production.
The adsorption energy of the methyl radical is also linearly correlated with the Eqy,c.
Surfaces activating the C—H bond more easily bind the methyl radical more strongly,
indicating that reactivity and C2 selectivity are essentially a trade-off. They proposed
that metal oxides like TbOy that can exist in multiple oxidation states could overcome
the intrinsic competitive processes by changing the oxygen atmosphere.

Although theoretical studies on the formation of oxygen vacancies on metal oxides
have been intensively conducted recently, research on surface defects is still rare and
the numbers of investigated surfaces remain limited despite the obvious importance of
oxygen vacancies on catalytic activities. Therefore, studies that provide Eqy, Values
and reveal the physical factors determining E oy, are highly desirable. In this context,
the author’s group recently determined Eq,,. values of various semiconducting and
insulating oxide surfaces using DFT calculations at comparable structure models
and the same computational level [36]. A further investigation aimed at providing
a deep understanding of the formation of oxygen vacancies found that the band
gap, formation energy of bulk, and electron affinity of a metal oxides are important
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properties that govern Eqy,c. The reason why these electronic properties determine
Eovac 1s that electrons enter the defect state(s) after the removal of oxygen, which
could be in the conduction band for most cases. It is worth mentioning here that
the use of ML for statistical analysis to assess the physical basis of this relationship
would perhaps be more meritorious than predicting physical property values them-
selves [37]. Although limitations associated with a variety of metal oxide surfaces
and computational accuracy exist, the information would be helpful for catalysis
researchers.

13.2.4 Acid-Base Properties of Metal Oxides

Solid acids and bases have been employed to catalyze various reactions, and the
role of the properties of these solids in governing catalytic performances has been
investigated extensively [38]. An early computational study on the acid—base prop-
erties of the y-Al,Os surface found that the energies of occupied and unoccupied
orbitals can be employed to rank surface Lewis acid and base sites, respectively [39].
Jenness et al. computed adsorption energies of alcohols, diethyl ether and water, and
activation barriers for ethanol dehydration and etherification promoted by several
Lewis acid sites on y-Al, O3 surfaces [40]. The results showed that energies of unoc-
cupied s band centers can be used as descriptors to evaluate the Lewis acidities of the
Al sites. This descriptor correlates the adsorption energies with barriers for ethanol
dehydration in a quantitative manner, but it describes the barrier for ethanol etheri-
fication only qualitatively owing to the bimolecular nature of the process. Recently,
the occupied p band center of O and unoccupied s band center of Al were used to
evaluate the reactivity for C—H bond activation of CH4 over y-Al,O5 surfaces [41].
In a study of n-butane oxidation over vanadium phosphorus oxides, Wang et al.
identified the active site for this reaction among 15 possible V = O and P = O sites
in total [42]. Both V = O and P = O sites abstract an H atom from n-butane in what
can be viewed as a proton-coupled electron transfer (PCET) process, in which V3*
and oxygens serve as electron and proton acceptors, respectively. Thus, the activity
of the P = O sites is lowered by increasing the distance between V>* and these
sites. The results showed that a linear relationship exists between the centers of the
energies of the P = O lone-pair bands and the energies for reaction at the P = O
sites. Accordingly, the study demonstrated that energies of the s and p band centers
are useful for rapid screening of potential active sites of metal oxide catalysts.
Brgnsted acid sites (BAS) in zeolite micropores are formed by the protonation of
oxygen atoms linking neighboring silicon and aluminum atoms for charge balancing.
The presence of BAS in the confined environment of zeolite micropores is a crucial
factor governing the catalytic properties of many zeolite catalysts [43]. Pidko and co-
workers determined the acid strength of various zeolites by using adsorption energies
of probe molecules such as NH3, CO, pyridine, etc. [44]. The acid strength obtained
by the adsorption energy calculations of NH; was found to correlate with the acti-
vation barrier of isobutene protonation in FAU zeolites. Matsuoka et al. screened
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933,613 structures in a database of hypothetical zeolites to identify chemically
feasible members that have strong Brgnsted acidity [45]. Density, ring counting,
and average ring sizes were used to eliminate unsuitable candidates. To assess Brgn-
sted acid strength, a new structural descriptor called ‘b’ was introduced, which is
the distance between barycenters of the two triangles connecting O atoms linked to
T atoms in the acid site. This parameter can be calculated for pure silica with low
computational cost although the correlation between ‘b’ and Brgnsted acid strength
is weak. They confirmed by using DFT calculations that 6 out of 12 final candidates
contain a strongly acidic Brgnsted site. This encouraging result suggests that even
non-quantitatively accurate structural descriptors might be sufficient for screening
purposes where speed is more important than accuracy.

13.3 Modeling of Metal Oxide Surfaces

We introduced in Sect. 13.2 that various properties of oxide surfaces obtained by DFT
calculations can serve as descriptors for predicting molecular adsorption and catalytic
activity. Once these descriptors are obtained with comprehensive DFT calculations
for known materials reported so far or hypothetical materials expected to exist theo-
retically, a database can be constructed for machine learning to reasonably and effec-
tively determine an optimal material for the desired functions such as reactivity,
stability, selectivity, etc. To achieve this, in addition to a computing environment
that can handle a large number of DFT calculations of high computational cost, it
is essential to construct a high-throughput DFT calculation system, which can auto-
matically solve various problems that may occur in actual DFT calculations (such as
SCF convergence errors) and sequentially obtain and summarize the target descrip-
tors extracting necessary data from output files. In addition, it is important to develop
theories and algorithms that can automatically generate computational models that
can reproduce the nature of the structure and electronic state of metal oxide surfaces
and that can be practically handled using currently available computational resources.
However, most DFT calculation program packages for materials are designed for
three-dimensional periodic systems, and various innovations are required to calculate
two-dimensional metal oxide surfaces with diverse structures and electronic states.
Thus, the creation of a reasonable model of individual metal oxide surfaces remains
a challenge and comprehensive analysis of metal oxide surfaces is a formidable task.
In this section, we present an overview of concepts and algorithms for an auto-
matic generation of metal oxide surfaces, which is vital in the building of DFT-based
databases for catalysis informatics.
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13.3.1 The Polarity of a Surface

What is polarity, and why is polarity important in the first place? All objects that we
encounter have an outer boundary, which is an interface with something else than the
“inside” of the object. Yet, we very frequently discuss the property of macroscopic
objects using “bulk” that does not have an outer boundary and extends infinitely.
Examples of such properties are density and heat of formation, where the surface,
or more precisely, atoms near the surface have an extremely small contribution
compared to those from atoms far from the surface. Consequently, the properties
of the inside dominate the properties of the object. In contrast, some properties, such
as the coefficient of friction, is governed by the surface, and details of the surface
must be elucidated to discuss those properties in detail.

The shape of a crystal reflects microscopic surface characteristics. For instance,
growing a table salt (NaCl) crystal is a staple experiment in science clubs, and
interestingly, the grown salt crystals almost always form a cube. Natural quartz gems
come in the form of a hexagonal rod that is pointed at a certain angle. Crystal growth
is an atom-by-atom process and is a suitable topic for atomic-level computational
modeling.

For simplicity, let us consider an infinitely spreading slab crystal with finite thick-
ness. This crystal has only two surfaces. The surface energy of a crystal, in J, can
be obtained by taking the heat of formation of this crystal and subtracting the heat
of formation when this crystal is part of bulk, but this value diverges to infinity. The
surface energy is better expressed after normalizing by surface area, and the unit is
J/m?. We note that the surface energy is for the two surfaces combined. The surface
energy of one side can be obtained only when the two surfaces are exactly symmet-
rically equivalent. Another issue is charge distribution. If the charge is distributed
such that there is an electric field penetrating the slab, the electrostatic potential at
both sides of the slab is not the same. The electric field in a parallel capacitor is
proportional to the net charge at the plates, and the potential difference is the electric
field multiplied by the slab thickness. Uneven charge between the two surfaces of a
slab can therefore lead to an extremely large potential difference, thus surface charge
distribution is a very important topic.

Tasker classified the polarity of ionic compound surfaces into three distinct types
[46]. Atom planes in a Tasker’s Type 1 surface are neutral with both anions and
cations, while those in a Tasker’s Type 2 surface are charged and arranged symmetri-
cally such that there is no dipole moment perpendicular to the unit cell. On the other
hand, Tasker’s Type 3 surface is charged with a perpendicular dipole moment. Gale
and Rohl [47] separated Type 2 surfaces into Type 2a, while Goniakowski et al. [48]
considered the concept of a dipole-free bulk unit cell, which is a bulk unit cell that
may involve incomplete layers and does not have a dipole moment along a given
direction. The frozen bulk termination is polar if the surface cannot be obtained by
simply piling up dipole-free bulk unit cells and nonpolar if at least one dipole-free
bulk unit cell exists that leaves the surface region empty. Stengel [49] used Wannier
ion charges, which are derived from Wannier orbitals belonging to each ion and are
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typically formal charges, to determine the dipole-free bulk unit cell. Goniakowski
and Noguera [50] defined the weakly polar surface as a surface such as the SrTiO3
(100) surface.

Hinuma et al. [51] proposed a new categorization of surface (slab) polarity based
on crystallography. One important feature is that information on the spatial charge is
unnecessary, hence there is no need to analyze whether each layer of atoms is neutral,
investigate what the nature of each bond is, or assign charge densities to each layer
of atoms. All surfaces are either polar or nonpolar. A surface is polar when it is
impossible to cut out a slab that looks identical when viewed from either direction
normal to the surface (no identical termination). Surfaces that are considered nonpolar
in Hinuma et al. [51] are exactly nonpolar by virtue of symmetry.

Nonpolar surfaces are further categorized into three types in Hinuma et al. [51].
A surface is “nonpolar type A” if the surface is not polar and each layer of atoms
is stoichiometric. This is a stricter requirement than the Tasker type 1 surface that
could have charge neutrality based on formal charge in every layer, for instance
SrTiO5; (001). The remaining surfaces can be categorized into “nonpolar type B”
and “nonpolar type C” surfaces. The surface is the former if the boundaries of the
dipole-free bulk unit cell, which is the repeat unit with no dipole moment perpendic-
ular to the surface, lies between layers of atoms, while the surface is the latter if the
boundaries must lie on layers of atoms. A nonpolar type C slab cannot, by defini-
tion, be simultaneously nonpolar and stoichiometric when simply cleaved from bulk.
However, a nonpolar and stoichiometric slab can be obtained by reconstruction of
the surface, for instance, by removing half of the atoms on the topmost layer on both
sides.

Figure 13.2 shows prototypes of the four categories as well as issues arising in
high-throughput calculations. All nonpolar type A surfaces, including the rocksalt
(100) surface, are Tasker type 1 surfaces because stoichiometric layers are, by defini-
tion, charge neutral. On the other hand, nonpolar type B surfaces, such as the fluorite
(111) surface, are generally Tasker type 2 surfaces, although some exceptions exist.
Nonpolar type C surfaces are mostly categorized as Tasker type 3 surfaces, and a
representative example is the rocksalt (111) surface. This surface of MgO and related
compounds typically undergoes octopolar reconstruction [52] where 3/4 of atoms in
the topmost layer and 1/4 of atoms in the next layer are removed. Some nonpolar type
C surfaces such as the cubic perovskite SrTiO3 (001) surface, which is terminated
on each side by either a SrO or TiO, plane, may be considered nonpolar Tasker type
1 based on the Wannier charge approach [49]. Polar surfaces according to the crys-
tallographic definition are generally Tasker type 3 surfaces, where a typical example
is the wurtzite (0001) surface. However, a polar surface according to Hinuma et al.’s
definition could be considered a Tasker type 1 surface in some cases. For example, if
we take perovskite SrTiO3; and move each TiO, layer by a fixed distance in the same
direction along the c-axis without moving the SrO layers, this symmetry breaking
changes the polarity of the (001) surface from nonpolar type C to polar. However, as
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all SrO and TiO; planes are neutral based on formal charge, the surface can still be
regarded as a Tasker type 1 surface. It is possible, as Tasker pointed out using the fluo-
rite (111) surface as an example, to choose a termination such that a surface is polar
(type 3) even though it is also possible to leave a nonpolar (type 2) surface [46]. The
surface-dependent reconstruction mechanism must be identified when investigating
a nonpolar type C surface, so extra care is needed for high-throughput calculations
of such surfaces.

In a nutshell, barring some exceptions, nonpolar type A surfaces are Tasker type
1 surfaces, nonpolar type B surfaces are Tasker type 2 surfaces, and nonpolar type
C and polar surfaces are Tasker type 3 surfaces. An exactly nonpolar surface can be
obtained for some Tasker type 3 surfaces but not in some, and the strength of Hinuma
etal.’s categorization is the ability to describe the possibility of exact nonpolar surface
formation.
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Fig. 13.2 Definition of slab polarity types based on Tasker [46] and this work as well as issues
in high-throughput calculations. Small brown circles and large blue circles indicate cations and
anions, respectively. Dotted lines in fluorite (111) and rocksalt (111) indicate the repeat unit where
the macroscopic dipole moment perpendicular to the surface is absent in a slab of this repeat unit.
One can alternatively choose to place the repeat unit boundaries on cation planes instead of anion
planes in rocksalt (111). Adapted with permission from Ref. [51]. Copyright 2016 Elsevier
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13.3.2 Automated Generation of Nonpolar Slabs

The procedure to generate nonpolar type A and B slabs with Miller index (hkl)
is briefly outlined here with minimum use of equations. The reader is referred to
Ref. [51] for details. A primitive cell where the a and b basis vector spans the
(hkl) plane is generated first, which is the (hkl)-primitive cell. Isometries, which are
symmetry operations that keep the crystal invariant, are searched using symmetry
search software. Isometries of a certain form “flips” the crystal in the direction
perpendicular to the (hkl) plane. Examples of such symmetry operations are inversion,
mirror, and two-fold rotation. The forms of such isometries are used to identify
potential slab centers, which are positions along the ¢ basis vector (z-coordinate).

The (hkl) n-supercell is defined as the 1 x 1 x n supercell of the (hkl)-primitive
cell. Transfer of z-coordinates between (hkl) n-supercells is very easy. The coordinate
Zm in @ m-supercell is transferred to z,, in a n-supercell as z,, / m=z, / n

Figure 13.3 shows (001) n-supercells of Snl, (space group P 4 3 m). There is a
potential slab center (two-fold rotation along the b axis) at z = 0.5 in the leftmost (%kl)-
primitive cell, or 1-supercell. The position of corresponding potential slab centers in
is (Z + m)/n, where Z is the potential slab center in the primitive cell (0.5) and m is
an arbitrary integer.
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Fig. 13.3 (001) 1-,2-, and 3-supercells of Snls. Adapted with permission from Ref. [S1]. Copyright
2016 Elsevier
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The “unit layer thickness” z,, is defined as the minimum z,, where a slab
with boundaries (z,—, z,+) = (2, 2+ Zuu) 1s identical to one with (z,—, z,4+) =
(z 4 Znu> 7 + 22z4y) after any necessary in-plane rotation and/or translation. The
polarity of slabs with various thicknesses in an (hkl) n-supercell can be derived
by investigation of slabs in an (hkl) 3-supercell with slab thickness z3, = z5,/2 =

Zw/2)/3 or 23 = z3, = z;,/3 and slab center z;, = (zpc + 1)/3 or 25, =

zpe + 21,/ 2+ 1) / 3, where zp is the position of the potential slab center in the
(hkl)-primitive cell. Figure 13.4 shows the (100) 3-supercell of BeSOy4 (space group
I 4). Here, z1, = 0.5 and zp. = 0. Out of the four combinations of slab thickness
and slab center, a cleaved slab with the combination (3z3t, 3z3c) = (0.5,1) and (0.5,
1.5) leads to a non-stoichiometric slab, (1, 1) is a nonpolar type B slab, and (1, 1.5)
is a nonpolar type C slab. The formation of a stoichiometric and nonpolar slab is
therefore not guaranteed. Where to cleave surfaces to obtain a nonpolar and stoi-
chiometric slab can be obtained by transferring slab boundary positions of an (/&)
3-supercell, which results in a stoichiometric and nonpolar slab after cleaving, to a
larger supercell while ensuring that the symmetry operation at the slab center remains
the same.

Advanced topics on nonpolar slab generation are discussed below. Whether a
certain orientation can form a strictly nonpolar slab is dependent on the point group
and can be immediately identified by looking at the crystal form. A list of unique
nonpolar orientations as well as a procedure to detect identical nonpolar terminations
among the four combinations of (3z3, 3z5,) is given in Refs. [54, 55]. Nonpolar
type C slabs may be automatically generated by removing half of the atoms in the
outermost surface of both sides using the procedure in Ref. [55]. This reconstruction is
not necessarily guaranteed to be the most stable (cleaved surfaces without significant
reconstruction is also not always the most stable surface termination, where one
famous example is the Si (111) 7 x 7 reconstruction), however the existence of a
procedure is better than nothing.

Models with step edges and terraces are attractive when trying to find surfaces that
are more reactive. Strictly nonpolar models are necessary when the surface energy
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Fig. 13.4 Examples of nonpolar slab identification. a Unit cell and b (100) 3-supercell of BeSOy4.
Green circles indicate Be and SO4 are shown as tetrahedra. Lines in the 3-supercell are drawn at z
= 0.25/3 intervals. Adapted with permission from Ref. [51]. Copyright 2016 Elsevier
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Fig. 13.5 Generation of an anatase TiO; step model. Adapted with permission from Ref. [55]

is required during analysis. A process to obtain nonpolar models with step edges,
which is a painful process that requires the identification of many relevant high-
index vectors and surfaces, is outlined in Ref. [55]. Figure 13.5 shows the process
for obtaining a model of body-centered tetragonal anatase TiO, with step edges.
Such a systematic procedure that can be applied to crystals with arbitrary symmetry
is a necessity to investigate step-edge models beyond the simplest crystal structures.

As aside topic, quantitative detection of whether an atom is at the surface, or even
better, distinguishment between a step edge, terrace, step bottom, or subsurface, is
an important issue when considering adsorption and/or desorption sites on a surface.
This can be accomplished by quantifying the solid angle of “open space” around an
atom; details and applications are discussed in Ref. [54].

13.3.3 Applications of Surface Model Generation

These methods allowed us to perform calculations on surface properties over a wide
variety of compounds. Although the IP of a material depends on the surface orienta-
tion and termination, the ionization potential of various surfaces of divalent [53] and
trivalent [56] d° and d'° binary oxides showed a strong correlation with the atom size,
namely v~ where v is the volume per atom [53]. The surface O vacancy formation
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energy (Eovac) of 32 semiconducting or insulating binary oxides covering 20 surfaces
was calculated, and a good correlation between Eqy,c and the band gap as well as
Eovae and the bulk formation energy was found [36]. Removal of O as a neutral
species leaves two electrons behind at the surface. These electrons go to the conduc-
tion band but often end up in a defect state, and the size of the band gap is related
to the position of the defect state above the valence band maximum. Consequently,
a larger band gap typically results in a larger Egy,c. The bulk formation energy is a
measure of the bond strength, and a lower bulk formation energy (stronger bonds)
tends to increase Eqgyqc.

Within the same compound, a less unstable surface tends to have a lower Eqy,c
because the surface is more susceptible to reconstruction. This was demonstrated in
normal spinels containing zinc [57]. A lower Egy,c suggests more reactivity, thus
the formation of a very unstable surface could lead to a reactive catalyst. However,
unstable surfaces are very difficult to attain experimentally. One possible recon-
struction is the formation of a macroscopic facet formation. Let us consider the
decomposition of surface A into surfaces B and C at an angle of 65 and 6, respec-
tively, with surface A. Denoting the surface energies of A, B, and C as E4, Ep,
and Ec, respectively, simple geometrical analysis shows that decomposition into
surfaces B and C is more stable, although there is an increase in surface area, if
Easin(@g + 60c) > Epsiné; + Ecsin6c. Identification of facet orientation pairs
for a given orientation can be obtained using the algorithm in Ref. [58]. The stable
and metastable surfaces of 6-Al,O; and B-Ga,O3, which share the same mono-
clinic crystal structure, were studied in Ref. [59]. The identified surfaces are stable
against macroscopic facet decomposition and reconstruction suggested by a genetic
algorithm [60-63]. The Eoy,. can be lowered by slightly more than 1 eV if the
corresponding metastable surface could be accessed [59]. Finding surface sites is a
non-trivial task in complicated surfaces. The algorithm using the solid angle of open
space around an atom allows quantitative identification of surface and subsurface
sites [54].

When a metal nanoparticle is adsorbed on a support surface, the energy neces-
sary to remove an anion from the surface is decreased if electrons can move from
the support surface near the anion removal site to the metal nanoparticle, which is
the electron scavenger effect [64]. The electron scavenger effect was found, when
nanorods with large work functions were adsorbed on the In,O3 (111) surface when
O was removed from sites near the nanorod. The (111) surface of the bixbyite struc-
ture is quite complicated. Initial guesses of metal adsorption sites were obtained by
deriving the charge density isosurface above the surface. On-top, hollow, and bridge
sites are points on the isosurface, namely the local maxima, minima, and saddle
points, respectively, of the coordinate of the isosurface in the direction normal to the
surface [64]. Manifestation of the electron scavenger effect was studied on experi-
mentally known group 3, 4, 5 hydrides, nitrides, carbides, oxides, and sulfides [65].
The electron scavenger effect is more likely to happen in when the support has a
smaller work function. Hydrides, nitrides, and carbides have a smaller work func-
tion than most elementary metals, strongly suggesting that the electron scavenger
effect can be observed. Oxides and sulfides with lower cation valence tend to have a
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smaller work function. However, whether the resulting support will be a good cata-
lyst depends on other factors. For example, a lower bulk formation energy will result
in stronger bonds that will increase the anion vacancy formation energy. In contrast,
a higher bulk formation energy means that the compound will be less stable. The
geometry of the surface is also important because nanoparticles (and nanorods) are
less likely to adsorb if the lattice parameters are incoherent because close-to-epitaxial
adsorption cannot happen.

Surface models caused a revolution on grain boundary model generation. Conven-
tional atomic-level grain boundary model generation relied on the existence of a 3D
coincidence site lattice (CSL). Two grains are superimposed such that part of the
lattice points share the same lattice, which is the CSL. Atoms are then removed
as appropriate to form a model. Unfortunately, exact CSLs do not exist for cubic
lattices, tetragonal lattices with rotation axis <001>, and hexagonal lattices with
rotation axis <0001> [66], thus the conventional method cannot be used directly.
However, atomic-level GB models useful for calculations intrinsically require 2D
periodicity at the interface only and not a 3D CSL. A procedure to generate grain
boundary models by stacking two slab-and-vacuum models is discussed in Hinuma
et al. [67].

13.4 Molecular Adsorption on Metal Oxide Surface:
Perspectives from Frontier Orbital Theory
and Catalysis Informatics

As introduced in Sect. 13.2, DFT-based machine learning models for predicting
molecular adsorption and chemical reactions on metal and metal oxide surfaces have
been developed. In order to screen the most suitable materials from a large database
to achieve desired functionalities by the machine learning methods, it is necessary
to use as descriptors the properties of each material that are intrinsically related to
the target variables such as yield and selectivity, and show resultant correlations.
However, properties such as activation energy, which is difficult to compile into a
database due to high computational costs, are usually not practical as descriptors,
and more basic properties such as d band centers and defect formation energies
are used. Although these are used to describe the metal and metal oxide surfaces,
information on adsorbed molecules is also obviously important to achieve more
accurate predictions. Molecular structures and electronic states are diverse so are
their interactions with the surfaces and adsorption configurations of the molecules. In
this section, we introduce our recent work on the frontier orbital theory of molecular
adsorption on metal oxide surfaces and discuss the possibility of informatics using
HOMO and LUMO levels and related properties of adsorbates as descriptors.
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13.4.1 A Frontier Orbital Theory Study on Adsorption
Behavior of Various Molecules on TiO; Surfaces

TiO; is utilized in numerous applications such as heterogeneous catalysis, photocatal-
ysis, solar cells, batteries, dye-sensitized solar cell, lithium-ion batteries, pigments,
and antireflection coatings. The broad interest in and applicability of TiO, are
attributable to its nontoxicity, hydrophilicity, high natural abundance, and high
stability under a wide range of conditions. Rutile (P4,/mmm) and anatase (I4/amd)
forms especially attract much attention for a variety of applications. Rutile is the
most common naturally-occurring form and is widely used as a white pigment,
while anatase is the most photocatalytically active polymorph [68, 69]. The struc-
tures and properties of these forms have been investigated in the field of surface
science so as to improve the performance of TiO; as a catalyst. Surface energies,
which can be easily obtained from DFT calculations, are one of the indicators to
evaluate the phase stability and surface reactivity of catalytic systems. Judging from
the computed surface energies of various surfaces, the (101) and (110) are the most
stable surfaces in anatase and rutile, respectively, which is in good agreement with
the observed predominance of these surfaces for each form [70, 71]. We chose TiO,
as a prototype material for the comprehensive investigation of interactions between
small molecules and metal oxide surfaces. For the anatase (101) and rutile (110)
surfaces, we systematically investigated the adsorption of 41 small molecules (H,
N,, CO, CO,, CHy4, NH3, H,0, H,S, dimethyl sulfoxide, alkanes, alkenes, alkynes,
aromatic compounds, alcohols, aldehydes, ketones, nitriles, carboxylic acids, amides,
and amines) to identify important factors for molecular adsorption on oxide surfaces
using machine learning methods [72].

13.4.2 Statistical Analysis of Molecular Adsorption
on the TiO; Perfect Surfaces

The search for the most stable configuration with many initial structures revealed
that the molecules prefer to adsorb on the top of the unsaturated fivefold coordinated
Ti atoms on the anatase (101) surface. The adsorbates interact with the surface by
various types of bonding, including chemical bonds between lone pair and Ti atoms,
m-electron donations, and vdW interactions. The computed adsorption energies show
that chemically hard molecules (N,, CH4, and CO) are weakly bound, while amines
and pyridine (having lone pairs on their nitrogen atoms) are strongly bound. We
searched for descriptors that are highly correlated with the adsorption energy of each
molecule. As plotted in Fig. 13.6, the computed adsorption energies of the molecules
under consideration are highly correlated with their HOMO levels but not at all with
the LUMO ones with coefficients of determination (R?) of 0.64 and 0.01 for the
HOMO and LUMO, respectively. This result demonstrates that the HOMO of adsor-
bates is especially important for the molecular adsorption on the TiO, surface, which
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is also supported by the correlation map for descriptors and the adsorption energy
(Fig. 13.6d). In addition, a higher R? value (0.87) between the adsorption energy and
HOMO level can be obtained by dividing the molecules into two subgroups: hydro-
carbons and heteroatom-containing compounds (Fig. 13.6b). This result might come
from the fact that the main interaction with the TiO, surface for these two groups
of molecules differs: dispersion forces for hydrocarbons and chemisorption on the
Ti atoms for heteroatom-containing compounds. While the grouping is useful for
obtaining the higher correlations, it should be noted that machine learning methods
do not automatically discover the appropriate grouping in data and a deeper chemical
understanding of the target is necessary.
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To obtain higher coefficients of determination, we generated a wide variety of
descriptors to identify other important parameters associated with molecular adsorp-
tion using the DFT calculations and the Dragon program [73]. The ExtraTrees algo-
rithm [74] was employed to rank the relative importance of the descriptors for the
adsorption energy, and Fig. 13.7 shows the 10 most important descriptors for the
prediction of adsorption energy based on nonlinear regression. As expected, the
HOMO level of adsorbates is the most important descriptor. Interestingly, the dipole
moment of the adsorbates plays the second most important role in predicting the
adsorption energy. The dipole moment obtained from DFT computations was found
to correlate with the adsorption energies but also showed a weak correlation with
the HOMO levels (see Fig. 13.6d), which also supports the statistical significance
of the dipole moment on the adsorption. These results can be understood by consid-
ering that electrostatic interactions are at work in molecular adsorptions in addition
to orbital interactions. We expected HOMO-1 to be also important since there are
reactions that are influenced by HOMO-1, but Fig. 13.7 shows that the HOMO-1
level is not an important descriptor in predicting adsorption energies. Figure 13.6d
shows the HOMO-1 level is moderately correlated with the HOMO level, and hence
the HOMO-1 data are statistically redundant in the prediction. In the FMO theory,
molecular orbitals other than HOMO and LUMO are usually not paid much atten-
tion. One of the reasons why HOMO and LUMO are particularly important in FMO
theory is probably that the information of HOMO-1 is already included to some
extent in that of HOMO, so there is usually no need to consider the HOMO-1.

o 0.5+
g 445
£ 0.4
g 341
g 0.3
o
50.2-
$ 0.1
2 0.1
022 035 024 .023 019 .018 .016 .014
0.0- ——*—**
— > =~ N ™M X o A
2 8 5 9 £ e % € L O
s EE &8 g 5 < £ g
[o] 2 < (o] [= | = c
o E Z @ S
S < o) >,
E (a8 E o
e 5 3

Fig. 13.7 Importance scores obtained using the ExtraTrees algorithm with 100 decision trees.
Adapted with permission from Ref. [72]. Copyright 2019 American Chemical Society
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13.4.3 Adsorption Behavior on the TiO; Surface with O
Vacancy

The emergence of defects on a surface is well-known to affect various surface
phenomena. In the case of metal oxides, the surface oxygen (O) vacancies lead
to unique surface electronic properties and are expected to result in a higher catalytic
activity not achievable on perfect surfaces. Such phenomena are reported sporadi-
cally but have not been comprehensively researched. In this section, we describe the
investigation of the molecular adsorption on the surface with O vacancies and try to
uncover the role of those defects in adsorption phenomena from the perspective of
FMO theory [75].

The O defects enhance the reduction capacity of metal oxide surfaces, and there-
fore, all molecules studied bind more strongly to surfaces with defects than to clean
surfaces. As shown in Fig. 13.8, both the anatase (101) and rutile (110) TiO, defect
surfaces have localized defect states within the band gap at approximately —0.2
and —0.05 eV, respectively. Whereas the molecular orbital isosurfaces of the former
show the localization of electrons at the defect site, those of the latter are local-
ized at subsurface Tig, atoms. This difference in the electronic structures determines
the adsorption configuration of the molecule on the defective TiO, surfaces: the
molecules are adsorbed at the defect site on the anatase (101) surface, but on the
rutile (110) surface they are adsorbed at Tis, sites rather than the defect site, as on
the clean surface.

Figure 13.9 illustrates the correlation between adsorption energies and several
descriptors on the basis of a simple linear regression analysis for the anatase TiO,
(101) surface. The black line in this figure represents a regression line of the 41
nonradical molecules. The R? values for HOMO and LUMO are calculated to be
0.45 and 0.11, respectively, which shows that the electron-donating ability of adsor-
bates is more meaningful for adsorption phenomena than their electron-accepting
ability in the adsorption of nonradical molecules, as discussed above. However,
when a regression analysis (red lines) is performed including radical species (O,,
NO, and NO,), the correlation between the adsorption energies and the LUMO
levels becomes significantly higher as indicated by the R? value of 0.32 and 0.40
for the HOMO and LUMO, respectively. This might be because the LUMO also
contributes to the adsorption of radical species on the anatase defective surface with
the increased reduction ability. Actually, the molecular orbital isosurface for the
defect state exhibits a bonding interaction between the 3d orbital of a Ti atom at
the defect site on the surface and the w* orbital of the C = O bond of the adsorbed
acetone molecule. These results can be understood intuitively by considering orbital
interactions between the adsorbates and the clean or defective TiO, surface, as shown
in Fig. 13.10. The valence and conduction states are derived primarily from O 2p
and Ti 3d orbitals, respectively. In the course of the molecular adsorption process,
the molecule approaches a vacant unsaturated coordinated Ti atom, but the extent
of overlap between the FMO and the valence state remains close to zero due to the
lack of d character in the valence state. Thus, the interactions between the LUMO
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Fig. 13.8 Total DOS plots for a an anatase (101) and b a rutile (110) surfaces with an O vacancy.
The up- and down-spins are colored black and blue, respectively. The energy values are measured
from Er. The molecular orbitals for the defect level are also shown. The red and blue balls represent
O and Ti atoms, respectively. Adapted with permission from Ref. [75]. Copyright 2021 American
Chemical Society

of the adsorbates and the valence states are negligible, and therefore, no correlation
is observed between the adsorption energies and the LUMO in the case of the clean
surface (Fig. 13.10a), and the molecular adsorption occurs through electron dona-
tions from the HOMO to the conduction states. On the other hand, the defect state
lies within the band gap and is close to the LUMO in energy on the defective surface
(Fig. 13.10b). Consequently, the radical species in particular form strong bonds with
the defective surface.

Based on the result that not only the HOMO but also the LUMO of molecules play
an important role in the molecular adsorption, we evaluated the effectiveness of the
absolute hardness (1) and absolute electronegativity () as descriptors in predicting
adsorption energies because they include information on both HOMO and LUMO.
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Fig. 13.10 Schematic representation of the orbital interactions between the HOMO (SOMO) and
LUMO of an isolated molecule and a TiO, surface with or without an O vacancy. The major orbital
interactions are illustrated by wavy arrows. Adapted with permission from Ref. [75]. Copyright
2021 American Chemical Society

Here, the n and x values are defined on the basis of Koopmans’ theorem

. ELUMO — EHOMO (SOMO) | Xy~ ELUMO T EHOMO (SOMO)
2 ’ 2

where enomosomo) and erymo are the energy levels for the frontier orbitals. As
shown in Fig. 13.10, n represents one-half of the energy gap between the HOMO
and LUMO levels, and x corresponds to the midpoint of the HOMO and LUMO
levels. In these two explanatory variables, the R? value for 7 is 0.54 (0.65) for the
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molecular group that excludes (includes) radical species (Fig. 13.9¢), which is larger
than that associated with the HOMO or LUMO. This suggests that 1 is a robust
and generic descriptor for predicting adsorption energies on defective metal oxide
surfaces. Finally, it is worthy of notice that the frontier orbital theory can provide a
unified explanation of the adsorption of such a variety of molecules on solid surfaces
with reasonable accuracy.
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