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Abstract

An overview of our recent advances in the development of highly efficient alloy materials for
catalytic applications (intermetallic compounds, pseudo-binary, solid-solution, and single-atom
alloys, and their derivatives) is provided as a personal account for the design of alloy-based catalysts.
A series of important and emerging alloy materials and derivatives developed by other researchers
for catalytic processes, such as Heusler alloys, high-entropy alloys, and rooted catalysts, are also
introduced to cover a wide variety of such catalytic materials. The presented alloy materials are
classified into (1) ordered, (2) disordered (random), and (3) precursors for nanocomposites, and each
of them is further classified into subcategories based on their structure differences. The role of the
metal elements, structural factors, and electronic properties in enhanced catalysis is also briefly

explained by atomic scale interpretation.

Keywords: alloy; catalyst; intermetallic compound; pseudo-binary alloy; single-atom alloy;

high-entropy alloy
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1. Introduction

Metallic materials have been used as catalysts for a wide variety of molecular transformations in
industrial, organic, pharmaceutical, and environmental chemistry.!> The most favorable metal
elements that show high catalytic activity toward the target reactions have been intrinsically
determined. For instance, metals of group 8 (Ru, Fe, and Os) have been successfully applied for
ammonia synthesis,* Pt for the oxygen reduction reaction,” Rh for the NO, reduction,® and Pd for
various coupling reactions.” The high performance of these metal was mainly due to their moderate
interaction (adsorption affinity) with the reactant. In general, when a very weak interaction is
developed, the adsorption to the catalyst is inhibited, whereas a very strong interaction prevents the
product desorption from the catalyst. This trend is also known as the Sabatier principle.® The
catalytic properties of a pure metal element can be further modified by changing its electronic and/or
geometric structure. For instance, the electronic state of the metal can be tuned using specific metal
oxides as catalyst supports or co-catalysts.> ! For this conventional method, the effect of the additive
is limited only to the interface between the metal nanoparticles and the oxide. Moreover, unmodified
active sites distant from the metal-oxide interface are also present and often serve as less active or
less selective reaction sites.!!

Alloying of the main active metal with a specific second metal has also been employed to modify
the electronic and geometric structures.!?!> The active metal-metal ensembles can be diluted by the
catalytically inert second metal, suppressing undesired side reactions such as C—C bond rapture
(ensemble effect).'® In addition, the use of a second metal with different electronic properties than
the main active metal, such as electronegativity or valence band structure, allows for a drastic change
in the electronic structure due to the ligand effect.'® Moreover, the design of catalysts based on
alloying allows the generation of homogeneously structured active sites. Provided that the desired
alloy phase is formed with high phase purity, the structure of the active site is almost uniform and the
number of modified active metal atoms can be maximized.

In order to prepare a well-designed multimetallic active site, the material should be designed
based on the principles of metallurgy. Order studies in metallurgy have mainly focused on the
physical properties of bulk alloys such as magnetism,'” '® superconductivity,'® 2° shape memory

effect,?!- 22 and hydrogen storage capacity.?®> >* However, the chemical properties of the alloy’s
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surface, such as catalysis or adsorption, have rarely been investigated in this field. Therefore, a
multidisciplinary approach to material design is required, which will be based not only on metallurgy
and catalytic chemistry, but also on surface and computational science to construct a well-designed
multimetallic active site for efficient molecular conversions.

To that end, we have developed a series of alloy catalysts with novel and unique surface
structures that have been particularly efficient for challenging molecular transformations.>>-33 As an
overview of the catalyst design concept based on a variety of alloy materials, this paper outlines the
fundamental aspect on different alloy types (section 2), the preparation and characterization of the
desired alloy materials (section 3), and our recent progress in this field along with a brief
introduction to emerging alloy-based materials developed by other researchers (sections 4-6).
Moreover, this paper aims to clarify how widely and freely we can control and modify the structure
and the resulting electronic or geometric properties by changing materials. For each topic, we
provide a brief explanation for how the desired structure is designed and characterized, and why the

catalytic performance is enhanced.

2. Classification and thermodynamics of alloys

In this paper, the alloy materials for catalytic use have been classified into three main categories, i.e.,
(1) ordered, (2) disordered (random), and (3) precursors for nanocomposite structures, presented in
sections 4, 5, and 6, respectively. It has been proved that the atomic arrangement (ordered or not)
depends strongly on the characteristics of the constituent metals.’* In general, when the constituent
metal elements are neighboring or very close to each other in the periodic table (i.e., they have
similar electronic properties and atomic radii), the resulting alloy structure tends to be disordered.
Instead, the combination of two or more metals that are distant in the periodic table leads to
intermetallic compounds of ordered structures. The catalytically active zerovalent elements are
mainly metal elements of the 8-11 groups (Fig. 1a).!>!* Therefore, random or ordered structures can
be formed when the counterpart element combined with the main active metal belongs to the same or
different class, respectively (Fig. 1b). Fig. lc shows the phase diagram of a Pt-Pd bimetallic
system3® as a representative example of random alloys. Pt and Pd are miscible in any composition

ratio and form a solid-solution alloy with random Pt-Pd distribution without altering the parent
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face-centered cubic crystal structure. However, when the second metal is typical or early transition
metal, different results are obtained. For instance, for the Pt—Sn system,3¢ only a limited number of
intermetallic phases are allowed with numerical composition ratios i.e., Pt;Sn, PtSn, Pt,Sns, PtSn,,
and PtSny (Fig. 1d), while the solid-solution phase is allowed only for Sn poor ratios (Sn <10%).
Moreover, the intermetallic phases have unique crystal structures with different space groups and
atomic arrangements than those of the parent pure metals. An intermediate state is observed for
moderately different metal elements such as Pt—-M (M = Fe, Co, and Cu). This class exhibits a unique
phase diagram as shown in Fig. le for the Fe-Pt system,>* where both ordered (called as
Kurnakov-type intermetallic compounds) and disordered structures are allowed depending on the
temperature and composition ratio. Moreover, the ordered structure appears only at low-temperature

regions within a limited composition range.
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Fig. 1. (a) Classification of catalytically active or inert metal elements in the periodic table. (b)
Structural models of nanoparticulate random and ordered alloys. Phase diagrams of (¢) Pd-Pt,*’ (d)
Pt—Sn,3¢ and (e) Fe-Pt systems3* reproduced from the database of National Institute for Materials
Science (NIMS) AtomWork <http://crystdb.nims.go.jp/> with simplification for better visibility.

The observed trend in atom distribution can be explained by the formation enthalpy (AHy) and
entropy (ASy) values for alloying using pure metals.!® When the properties of the constituent metals

are very close, the AH; value is close to zero or slightly negative (0—10 kJ/mol).'® Therefore, the
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disordered structure (AS; >0) is favored, so that a negative formation free energy is obtained (AGy =
AH; — TASy), whereas the ordered structure is unfavorable in terms of entropy. However, when the
electronic properties of the metal constituents are particularly different, AHr has a very negative
value due to the significant charge re-distribution.’” This sufficiently compensates for the entropy
loss, resulting in a negative AGy value. For Kurnakov-type intermetallic compounds, the disordering
from the intermetallic to the solid-solution phase occurs when the temperature raises. This phase
change can be attributed to the enhanced contribution of the entropy term at a high temperature
region (—TASy).!¢ Thus, it is clear that the driving formation forces of ordered (enthalpy-driven) and
disordered (entropy-driven) alloys are completely different.

In this paper, ordered and disordered (random) alloys are further classified into subcategories
with specific names, structures, and catalytic properties. The alloy materials that were used as
starting materials to prepare more complex nanocomposites are also introduced. In addition, the
catalyst design concept adopted in each subcategory and the individual development of efficient

catalytic systems are also presented.

3. Preparation and characterization

Understanding the fundamental aspects of the preparation and characterization of the desired
inorganic structures is essential for the design and synthesis of materials. In this section, we briefly
introduce our strategy on the preparation of alloy materials and the standard characterization
techniques used for the resulting materials. For the application of alloy materials in heterogeneous
catalysis, these should be present in a nanoparticulate state grafted on an oxide- or carbon-based
support with high surface area to achieve high metal dispersion (utilization efficiency) and catalytic
activity. Solution synthesis methods using organic protecting agents have also been developed,
leading to nanoalloys effective for heterogeneous catalytic systems in liquid phases.’® 3° However,
for gas phase reactions, the organic agents remaining on the alloy surface hinder the access of
reactant gases to the active site, typically resulting in poor catalytic performances. Thus, for the
preparation of supported nanoalloys, we generally use conventional and/or advanced impregnation
methods that do not require the addition of organic agents. Besides, we mainly use SiO, as the

catalyst support due to its (1) high specific surface area (>500 m? g™'), (2) poor anchoring ability,
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and inertness in (3) chemical treatments and (4) catalytic reactions. These properties are favorable
for high metal dispersion, better alloying, avoiding chemical transformation of the support itself, and
understanding the roles of an alloy phase in catalysis, respectively. In contrast, strong anchoring
ability, as observed for y-Al,O3, often inhibits the reduction of metal precursors and the subsequent
alloying,* requiring higher temperatures for a complete reduction and alloying during catalyst
preparation. Furthermore, carbon-based supports cannot be used when calcination is involved in the
preparation or regeneration process. The acid-base properties of some oxide supports may
complicate the reaction mechanism or induce undesired side reactions, e.g., cracking caused by
acidity. However, specific supports should be used when they own particular properties, such as
acid-base properties*!: 42 or surface hydroxyl groups?®, that provides some enhancement or concerted
effect in catalysis. A conventional wet impregnation method using an excess amount of mixed
aqueous solution of metal precursor salts has been applied for preparing alloy nanoparticles
supported on oxides other than SiO, such as Al,Os, TiO,, CeO,, and MgO.%- 43 Instead, when the
support is SiO, with large pore volume, a pore-filling impregnation method is applied,** where a
minimum amount of the precursor solution is used just to fill the pore. In the absence of excess
amount of water, the precursor condensation, which usually leads to inhomogeneous particle
aggregation and alloying, can be suppressed during the subsequent drying process of the wet
mixture. The homogeneous distribution of the precursor salts on the support surface is one of the
most critical factors for determining the homogeneity of alloying. The precursor distribution is also
differently affected by the charge of the metal precursor: whether the metal precursor complex is
cationic (aquo or ammine), neutral (acetylacetonato or dinitrodiammine), or anionic (tetra- or
hexachloro). Based on extensive studies on the support’s isoelectric point for the preparation of
heterogeneous catalysts,**46 cations have proved to be favorable for acidic supports leading to better
dispersion, whereas anions are beneficial for basic supports. The reduction and annealing process is
another important factor for efficient alloying. When gaseous H, is used as the reductant, a high
reduction temperature of 400-900°C is needed to reduce the metal precursors depending on their
reduction potentials.*” Under these high temperature conditions, the formed nanoparticles are also
annealed so that the constituent metals are completely alloyed. However, reduction temperatures

higher than 900°C are unfavorable for oxide supports due to the significant sintering and surface area
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loss of the support. Liquid phase reduction (LPR) using borohydrides*® or sodium naphthalenide*
can also be used as an alternative reduction method performed at near room temperature. LPR at low
temperature allows the formation of small nanoparticles without aggregation and the reduction of
early transition metals such as Ti**4° or Zr,’° which are hardly reduced by H; even at 900°C.

After their preparation, the obtained catalysts are initially characterized by lab-scale X-ray
diffraction (XRD) analysis to briefly check the degree and homogeneity of alloying and the
crystallite size. In the case of incomplete alloying or unexpected severe sintering, the improvement in
the preparation conditions is explored. For alloy nanoparticles with sizes of <3 nm that cannot be
successfully analyzed by lab-scale XRD (typically with Cu Ka radiation at A = 1.54 A), synchrotron
XRD using hard X-ray with much shorter wavelength (<0.5 A) can be used (section 4.2). A detailed
characterization of the prepared catalyst can also be achieved by high-angle annual dark-field
scanning transmission electron microscopy (HAADF-STEM) combined with energy-dispersive
X-ray (EDX) analysis to observe alloy nanoparticles with specific atomic arrangement derived from
the corresponding crystal structure, and identify the presence of each constituent element in the
nanoparticles, respectively. We provide many examples of HAADF-STEM-EDX analysis in
sections 4—6. Furthermore, for pseudo-binary alloys, the location of the third metal can be
determined by X-ray adsorption fine structure (XAFS) analysis (section 4.2). Fourier-transform
infrared (FT-IR) study with CO adsorption can be applied to characterize the nanoparticulate alloy
surface. This technique provides information about the electron density and geometric state (diluted
or isolated by second metals, section 5.2) of Pt-group metals on the surface of alloy nanoparticles.
Besides, comparing experimental and theoretical (density functional theory (DFT)) data on CO
stretching vibration allows to suggest the exposure of certain planes (section 4.1). In addition, X-ray
photoelectron spectroscopy (XPS) is typically used to compare the surface electronic state of an alloy
material and the corresponding pure metal. XPS analysis combined with Ar" sputtering enables depth
profiling, which is suitable for characterizing surface-modified intermetallics. Two representative
examples are provided in section 6.1, where the modifier atoms are present only on the surface but
not in the bulk. Thus, the combination of several characterization techniques mentioned above
provides a deep insight into the feature and properties of the prepared nanoalloys, which, in its turn,

allows a thorough understanding of the role of alloy phases in enhanced catalysis. In this paper,
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various characterization results in each topic are introduced, which can strongly support the

identification of crucial structural features.

4. Ordered alloys

4.1. Intermetallic compounds

Intermetallic compounds in catalysis are mainly characterized (1) by the drastic change in the
electronic and geometric structures of the main active metal, which significantly improves the
catalytic activity and selectivity compared to the corresponding monometallic catalyst, and (2) by a
specific surface atomic arrangement with high regularity, which directly affects the adsorption

conformation and surface dynamics of the reactant molecules, leading to high selectivity.

4.1.1. Drastic change in active site geometry

Monometallic catalysts consist of metal-metal ensembles that often trigger undesired side reactions
such as the reactant or product fragmentation by C—C3!34, C-0,%% 56 or C-N%7 cleavage. The active
metal-metal ensembles are regularly diluted with inactive second metals when an intermetallic phase
is formed. For example, many researchers including us have reported that intermetallic Pt;M (M =
Bi,’® In,> Mn,%° Sn,%!-65 etc.) phases show high alkene selectivity in alkane dehydrogenation. In this
case, Pt is active not only for the C—H activation, but also for the C—C bond cleavage, while early
transition and typical metals are almost catalytically inactive for these reactions. Especially for the
C—C bond scission, large Pt-Pt ensembles of at least four atoms are required, so that the two
fragmented C,H, species are stably captured.>* Since the intermetallic Pt;M phase has typically an
L1, structure (space group: Pm3m), the most stable (111) surface displays a (2 x 2) structure

consisting of Pt; ensembles and isolated M (the example for M = Sn is shown in Fig. 2).16

........

Fig. 2. (a) Crystal structure of Pt;Sn with a single unit cell and (b) atomic arrangement of Pt;Sn(111)
surface with a (2 x 2)-Sn structure.
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Therefore, the C—C bond cleavage that needs large Pt—Pt ensembles is effectively inhibited.
Moreover, the adsorption of the alkene product also weakens, thus promoting the product desorption
to improve selectivity.®! The decrease in the adsorption strength can be attributed to both electronic
and geometric effects. Alloying of Pt with a p-block element significantly lowers the energy of the d
band from the Fermi level,®!: % which increases the occupation in the anti-bonding state of the
surface Pt—C bond, thus weakening the bonding and molecular adsorption (electronic effect).6”> 68
Besides, the dilution of large Pt—Pt ensembles disables the most stable adsorption configuration of
unsaturated hydrocarbons,®® 70 which results in a less stable adsorption conformation and promotes
desorption (geometric effect).

Similar catalyst design can be applied for the catalytic conversion of nitrogen-containing
chemicals such as amines. Oxidative dehydrogenation of amines is a powerful synthetic tool to
produce imines, which are important building blocks for various nitrogen-containing chemicals.”!
However, during amine oxidation, undesired C—N scission often occurs and the imine selectivity
decreases, because C—N bond is weaker than C—C bond. For example, the activation energy of
benzylamine’s C-N cleavage is 247 kJmol~!,7> while that of ethylbenzene at the benzylic position is
264 kJmol").”? This trend is more prominent for amines of which N-atom bears a less bulky alkyl
group (methyl or ethyl);’* therefore, it remains challenging to selectively convert a wide variety of
amines to the corresponding imines. Intermetallic Pd;Pb, which has also a L1, structure like Pt;Sn,
serves as a selective catalyst for various amines, including primary, secondary, cyclic, benzylic, and
aliphatic amines, with high imine selectivity.”* For example, N-methyl- and N-ethyl-benzylamine
have also been successfully converted to the corresponding imines with high yields. Besides, Pd;Pb
exhibits remarkably higher catalytic activity than monometallic Pd. Fig. 3a shows the time course of
conversion during dibenzylamine oxidation with O, over Pd/MgO and Pd;Pb/MgO catalysts.*?
Pd/MgO showed a very low catalytic activity, reflecting the strong poisoning of the active Pd site by
the product. As the imine product was strongly adsorbed on the Pd site, the reaction rate was limited
by product desorption. However, Pd;Pb/MgO exhibited particularly high catalytic activity, where a
180-fold higher turnover frequency (TOF) was obtained, and the reaction was completed within a

few hours. In this case, the adsorption of imine was effectively weakened on the surface of Pd;Pb
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due to the electronic and geometric effect mentioned above, which significantly accelerated the
rate-determining step, i.e., the imine desorption. In particular, the larger Pb atomic radius of Pb (Pd:
1.373 A, Pb: 1.746 A)’5 caused a large steric hindrance to the imine product and further promoted its
desorption (Fig. 3b). An additional temperature-programed desorption study of imine monitored by
in-situ FT-IR technique demonstrated that the desorption of imine from Pd;Pb occurred at a lower

temperature than that from Pd.*?
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Fig. 3. (a) Aerobic oxidation of dibenzylamine over Pd;Pb/MgO and Pd/MgO: reaction condition
and time course of dibenzylamine conversion and N-benzylidenebenzylamine selectivity. (b)
Schematic illustration of product imine desorption promoted by steric hindrance by large Pb atoms.
(c) Reaction scheme of N-alkylation of 4-methylbenzylamine by benzyl alcohol using a Pd-based
catalyst. (d) Relationship between the experimental selectivity for alcohol activation versus amine
activation (ron/rnn) and the difference in the adsorption energy of oxygen (E,4.0) and nitrogen (E,4.n)
atoms on each surface (AEp n). The figures on the right show examples of the slab models for the
calculation of E,4.0. (€) Reaction mechanism of selective N-alkylation of 4-methylbenzylamine over
PdZn, where the alcohol is adsorbed on the surface and is activated more preferably than the amine.

We also introduce a different type of intermetallic surface, where the second metal is actively
involved as an effective adsorption site for the reactant. The target reaction in this study was

N-alkylation of amines using alcohols as alkylating agents, which is an important synthetic route to

11



Journal of Materials Chemistry A Page 12 of 52

secondary or tertiary amines.”® Compared to other conventional N-alkylation methodologies, this
reaction has many practical advantages such as mild reaction conditions and high atom efficiency.
The reaction is initiated by dehydrogenation of alcohol, followed by the condensation of the
generated carbonyl compound and the amine substrate to form N-alkylated imine and the subsequent
hydrogenation of the imine to the N-alkylamine product.”” Here, the hydrogen atom eliminated from
alcohol is used for the final hydrogenation step, known as “hydrogen-borrowing” mechanism, which
is mediated by a transition metal catalyst and indicates that no additional hydrogen source is required
in contrast to reductive amination.”® However, given that amines are generally more reactive than
alcohols, the catalyst should activate the alcohol while keeping the amine intact. In particular, when
the amine bears a-hydrogen(s), its undesired dehydrogenation to imine and the following
condensation with a second amine (amine dimerization) occur as side reactions. A relevant example
is given in Fig. 3c, where the reaction scheme of N-alkylation of 4-methylbenzylamine by benzyl
alcohol is depicted. Compound 1 is the desired product, 2 is the intermediate imine, while 3 and 4 are
the undesired by-products. The use of monometallic Pd/Al,O; afforded 3 and 4 in the same amounts
as 1 and 2, where a formation rate ratio of 1.5 (rou/rnu, corresponding to selectivity) was obtained.
To avoid the undesired amine coupling, the investigation of this reaction was limited to amines that
do not bear a-hydrogen atoms such as aniline and its derivatives. Nevertheless, the introduction of a
second oxophilic metal promoted alcohol adsorption, helping to address this challenge. Fig. 3d
shows the relationship between the experimental selectivity (rop/rny) to N-alkylation (alcohol
activation) or amine dimerization (amine activation) for a series of Pd-based catalysts (Pd, PdCu,
Pd,Ga, and PdZn) and the adsorption energy difference of oxygen and nitrogen atoms (AEp—) on
these surfaces.*! For the Pd(111) surface, the adsorption of nitrogen atoms is preferred to that of
oxygen atoms, indicating the intrinsic azophilic character of Pd. Therefore, both amines and alcohols
were activated, resulting in a poor selectivity (rou/rng ~ 1). However, a reversed trend was observed
for other Pd-based bimetallic surfaces. In particular, PdZn(110) showed a high AEq value of 97
kJ/mol due to the strong oxophilic character of Zn. The N-alkylation selectivity linearly increased
with increasing AEo-y, indicating that the oxophilic surface preferably captures alcoholic oxygen and
inhibits the amine adsorption and the subsequent activation (Fig. 3e). Moreover, PdZn/Al,O3

exhibited excellent selectivity (rou/rng = 104) and yield (92%) for the desired N-alkylated product
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when highly reactive benzylamine was used as a substrate. Thus, it was revealed that controlling the
adsorption behavior of the reactant molecule plays a significant role in the catalytic performance
especially when the molecule bears a heteroatom.

In summary, the changes in the geometric structure can drastically alter the catalytic properties.
A similar effect, known as “ensemble effect”, could also be observed in random alloy structures.'3 14
However, ordered structures are superior to random structures in terms of regularity. Namely, the
ordered structures always provide identical atomic arrangements, while different atom placements
are observed for the random structures. For instance, the Pt;Sn(111) intermetallic surface displays
only Pt; trimers separated by isolated Sn atoms (Fig. 2b), whereas the Pt;75Pdg,s5(111) alloy surface
has four distinct trimers (Pt;, Pt,Pd, PtPd,, and Pd;). The variety of surface structures may cause
undesired side reactions that decrease selectivity. Therefore, bimetallic surfaces with high regularity

are more suitable for selective molecular conversions.

4.1.2. Selective catalysis controlled by surface orderliness
In the last section, we suggested the advantages of ordered structures over random structures in
selective catalysis. This is, however, not what only intermetallic compounds can do. In contrast, the
specific surface atomic arrangement of some intermetallic compounds can be exploited to achieve
highly challenging molecular transformations, such as chemo-, stereo-, and regio-selective
hydrogenation. On such surfaces, the adsorption conformation and surface dynamics of the reactant
molecules/atoms are sterically confined by two types of metal atoms that are aligned specifically and
regularly. This steric restriction allows the highly selective molecular transformation, which may be
what only intermetallic compounds can do and generally cannot be achieved by other inorganic
materials including random alloys. In this section, we introduce three Rh-based intermetallic
compounds with unique surface atomic arrangements of one-dimensionally aligned Rh arrays that
can be successfully applied for selective hydrogenations.

The first example refers to the stereoselective isomerization of alkenes. Isomerization of cis- to
trans-alkenes is generally hindered because the C=C bond cannot twist at the ground state. Therefore,
protonation (acid-catalysis)’® or photoexcitation®® is conventionally employed to trigger the C—C

bond rotation and the subsequent alkene isomerization. Neutral hydrogen atoms on a metal surface
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can also catalyze the cis-trans alkene isomerization. According to the Horiuti—Polanyi mechanism
established in 1930,8' the isomerization proceeds via a hydrogen attack on the alkenyl carbon,
forming an alkyl intermediate. Then, the C—C bond rotates and a S-hydrogen elimination follows,
resulting in the trans-isomer. However, the second hydrogen attack may occur, leading to a further
hydrogenation that affords an alkane as the final product. Indeed, the isomerization occurs as a side
reaction of alkene hydrogenation when transition metal catalysts are used, suggesting that the
selective cis-trans isomerization of alkenes in the presence of H; is particularly challenging. Thus,
the hydrogen attack on the alkenyl carbon should be strictly restricted to prevent the
overhydrogenation of alkanes. We recently discovered that specific Rh- and Ru-based intermetallic
compounds in the space group Pnma (RhSb, RhGe, and RuSb) can serve as an ideal platform for
specific hydrogenation and selective isomerization.?? Figs. 4a and b show the unit cell of RhSb and

its equilibrium crystal shape estimated by the Wulff construction.
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Fig. 4. (a) Equilibrium crystal shape of RhSb determined by the Wulff construction. (b) Crystal
structure of RhSb: (left) single unit cell and (right) surface atomic arrangements displayed in (a). (¢)
high-resolution transition electron microscopy (HRTEM) image of a RhSb nanoparticle. (d)
Enlargement of the yellow marked region in (c). (¢) Geometric restriction of hydrogen access to
cis-2-butene on RhSb(020). (f) Proposed mechanism of the selective cis—trans-alkene isomerization
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without overhydrogenation to alkane. Time courses of trans-ST selectivity, trans-ST yield, and DPE
yield in the liquid phase hydrogen-mediated isomerization of cis-ST over (g) Rh/SiO, and (h)
RhSb/Si0;. (i) Isomerization selectivities of cis-ST and cis-MS to the corresponding trans-alkenes
catalyzed by various SiO,-supported Rh- and Ru-based intermetallic compounds and monometallic
Rh. The selectivities at 50% conversion are shown. The space group of each metallic phase is
provided in brackets.

Most exposed surfaces have a unique atomic arrangement, i.e., one-dimensional zigzag Rh arrays
separated by Sb. The high-resolution transition electron microscopy (HRTEM) images of the
prepared RhSb/SiO, catalyst revealed that the nanoparticle is a single crystal of intermetallic RhSb
and suggested a termination by the (020) and (200) planes (Figs. 4c and 4d). This termination was
also supported by experimental and theoretical CO adsorption. In particular, the frequencies of the
C=0 stretching vibration on Rh obtained by IR spectroscopy agreed with those calculated by DFT
for the (020), (013), and (211) surfaces, considering that the Sb-terminated (200) surface does not
adsorb CO. Moreover, the alkene molecules and hydrogen atoms are very weakly adsorbed on Sb
sites. Therefore, the alkene adsorption and hydrogen diffusion are allowed only on the Rh rows. A
DFT calculation revealed that the energy barrier of hydrogen diffusion along the Rh row was 45
kJ mol™!, while that across the Sb part was 200 kJ mol ™!, supporting the one-dimensional diffusion of
hydrogen. We also calculated the adsorption state of the cis-alkene and the subsequent isomerization
process. A unique adsorption geometry was observed (Fig. 4e), where only one alkenyl carbon was
available for hydrogen attack, while the other was blocked by the connecting methyl moiety. The
energy barrier of the hydrogen attack from the blocked side was higher than that from the open side,
further confirming that the hydrogen attack on alkene is allowed only from one side and that a
second hydrogen attack toward the alkane is sterically hindered (Fig. 4f). Thus, the specific and
highly ordered surface structure can sufficiently control the adsorption geometry and the reaction
dynamics. Figs. 4g and 4h show the catalytic performance of Rh/SiO, and RhSb/SiO, in the
isomerization/hydrogenation of cis-stilbene (cis-ST). Although monometallic Rh/SiO, afforded
diphenylethane (DPE) as the main product at high conversion regions, RhSb/SiO, catalyzed the
selective isomerization to trans-stilbene in high yields. Maintaining high selectivity even at high
conversion levels indicated that the hydrogenation of trans-alkenes to the corresponding alkanes can

be effectively inhibited. What is interesting is that the isomerization selectivity depends strongly on

15



Journal of Materials Chemistry A Page 16 of 52

the space group of the metal catalyst, which, to the best of our knowledge, has never been reported
before in heterogeneous catalysis. As shown in Fig. 41, intermetallic compounds in the space group
Pnma (RhSb, RhGe, and RuSb) showed high frans-alkene selectivity, while those in cubic space
groups (Pm3m and Fm3m: RhIn, RhGa, RhZn, and Rh) exhibited poor selectivity. Although the Pm3
m compounds (CsCl-type structure) have one-dimensional but straight Rh arrays on their stable (110)
surface, they are not highly selective, probably because the zigzag surface structure of the Pnma
compounds is crucial for selectivity. Moreover, it should be noted that the selectivity also depends on
the steric hindrance of the alkenyl carbons’ alkyl substituents. Specifically, cis-f-methylstyrene
(cis-MS) was slightly less selective for each catalyst than cis-ST due to the smaller steric hindrance
caused by the methyl group in cis-MS compared to that caused by the phenyl moiety in cis-ST. As
expected, the bulkier phenyl group more effectively hindered the second hydrogen attack on the
alkenyl carbon, resulting in higher isomerization selectivity. Thus, intermetallic compounds with
specific surface structures enable the stereoselective isomerization of cis-alkenes. This unique effect,
which is mainly based on the specific surface atomic arrangement, can be called “alignment effect”,
which is truly what only intermetallic compounds can do.

The unique catalytic properties of intermetallic RhSb can be applied to more challenging and
attractive reactions. Thus, we recently reported a tandem catalytic system of Pd;Pb/SiO, and
RhSb/SiO, for the selective hydrogenation of functionalized alkynes to (E)-alkenes.?* The catalytic
semihydrogenation of alkynes generally yields (Z)-alkenes as main products, while the
corresponding (E)-alkenes can be hardly generated in high yields. Our tandem system enables the
stepwise conversion of alkynes to (2)- and (E)-alkenes over the Pd;Pb/Si0, (semihydrogenation) and
RhSb/SiO, (isomerization) catalysts, respectively. Both reactions are performed under H, at
atmospheric pressure and room temperature, providing an efficient one-pot system under mild
conditions. Another practical advantage of this system is its good functional group tolerance. The
conventional isomerization protocols, such as acid-catalyzed or photoinduced reactions, usually
trigger undesired side reactions on the alkyne functional groups. Instead, our system can be used for
various alkynes bearing hydroxyl, carbonyl, carboxyl, and ester groups, affording the corresponding

functionalized (E)-alkenes in high yields.
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An additional representative example of this catalytic application is the molecular recognition for
chemoselective hydrogenation of nitroarenes. Chemoselective hydrogenation of nitrostyrenes is an
important process for the production of aminostyrenes, which are building blocks of polymers, dyes,
and pharmaceuticals.?* 85 This reaction has been one of the hottest topics in the field of catalytic
hydrogenation due to the difficult protection of the C=C moiety.%¢ The hydrogenation of the C=C
bond is kinetically and thermodynamically favored compared to that of the nitro (NO,) group.
Therefore, a specific modification of the reaction site is needed to protect the C=C bond from
hydrogenation and selectively synthesize aminostyrenes in high yields. Thus, the adsorption mode of
the C=C and NO, groups on the catalyst surface should be examined. When a 4-nitrostyrene (NS)
molecule binds to the surface through the NO, group, the molecule stands vertically on the surface in
a mono- or bidentate way via the lone pairs on the terminal oxygen of NO,. In contrast, when NS
interacts with the C=C group, the molecule lies on the surface via the © electrons projected vertically
from the molecular plane. Therefore, the aromatic moiety is forced to bind to the surface in this
adsorption fashion, in which a large metal-metal ensemble is required for strong adsorption. Thus,
we tested a series of Rh-based SiO,-supported intermetallic compounds (RhM/Si0,: M = Bi, Fe, In,
Pb, Sb, Sn, and Zn) for the hydrogenation of NS and deeply investigated the role of the surface
structure on the selectivity.’” Monometallic Rh/SiO, gave 4-ethylnitrobenzene (EN) as the main
product, reflecting the difficulty of the selective hydrogenation using conventional monometallic
catalysts. In contrast, Rh-based intermetallic catalysts afforded mainly 4-aminostyrene (AS) with
varied selectivity (50-95%), depending strongly on the second metal. The highest selectivity (95%)
was achieved when RhIn/SiO, was used, which also exhibited excellent catalytic performances for
the hydrogenation of various nitroarenes bearing vinyl, formyl, acetoxyl, ester, cyano, and halo
groups. The corresponding aminoarenes were obtained in high yields (93-99%) within a few hours
under an atmospheric pressure of Hy. A kinetic study further supported that the binding of the vinyl
or nitro moiety to the metal surface significantly affected the selectivity. DFT calculations were also
performed to clarify the adsorption energy of NS via vinyl and nitro moieties. Fig. 5 shows the
relationship between the corresponding adsorption energies (E,q) on the most stable surfaces of
various Rh-based intermetallic compounds and the experimental selectivity of the Rh-based catalysts

to NO; hydrogenation. The vinyl adsorption on the monometallic Rh(111) surface showed a negative
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E.q value due to the co-adsorption of the phenyl moiety. The aromatic C—H bond has an sp3-like
conformation, which reflects the formation of a strong Rh—C bond on the surface. The E,4 value of
the vinyl adsorption was more negative than that of the NO, adsorption. This indicates that vinyl
adsorption and its hydrogenation is much more favorable and is consistent with the low
NO,-hydrogenation selectivity. However, the vinyl adsorption was not favored on the Rh-based
intermetallic surfaces with positive E,q. This is partly because of the contribution of the ensemble
effect: for instance, for RhZn(110), the multi-fold adsorption of the phenyl ring on the diluted Rh—Rh
ensembles is inhibited by Zn. The conformation of the aromatic C—H bond turns to sp*-like, implying
that the interaction between Rh and the phenyl ring is weak. However, the ensemble effect alone is
not enough for the selective recognition of the NO, and vinyl groups. Fig. 5 also reveals that
Rh-based intermetallic surfaces having second metals with larger atomic sizes than Rh such as In and

Bi show high positive E,4 values for vinyl adsorption and high selectivity for NO, hydrogenation.
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Fig. 5. Relationshlp between NO,-hydrogenation selectivity (rno,/7c=c) and adsorption energy of NS
on slab models with vinyl (square) or nitro (triangle) moiety. NS structures interacting with Rh-based
intermetallic compounds are shown around the graph.

On such a surface, the m plane of NS molecule should bend so that the vinyl moiety binds to the
concave Rh row. This is attributed to the considerable steric hindrance of the convex In or Bi part.
On the contrary, the NO, adsorption is allowed and gives negative E,q values even on the concave

Rh rows, because the end-on adsorption conformation fits within the concave Rh rows and is free of
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the steric hindrance by the convex part. Thus, the RhIn surface is capable of distinguishing NO,
adsorption with end-on coordination from vinyl adsorption with a side-on mode. We call this
additional unique effect of intermetallic compounds as "steric effect".

Similar but more challenging molecular transformations can be achieved by exploiting the steric
and alignment effects. The target reaction here is selective hydrogenation of dienes to monoenes. For
instance, the conversion of 1,4-hexadiene to 2-hexene requires not only regioselectivity to
distinguish the position of the C=C bond (terminal or inner), but also chemoselectivity to prevent the
overhydrogenation of the product monoene to a saturated alkane. Given that an inner C=C moiety
always has two or more alkyl groups on both sides, while no alkyl group is bound to the end of a
terminal C=C bond, the difference in steric hindrance could be recognized on the surface of
intermetallic compounds showing the steric effect. We discovered that intermetallic RhBi was
suitable for this molecular conversion.®® RhBi/SiO, exhibited a high 2-hexene selectivity
(regioselectivity), which was maintained even for the complete conversion of 1,4-hexadiene
(chemoselectivity), affording 2-hexene in 96% yield. Besides, various dienes, such as conjugated,
unconjugated, branched, and cyclic dienes, can afford the corresponding inner alkenes in high yields
using RhBi/Si0,. Figs. 6a and 6b show the HAADF-STEM image of RhBi/SiO, and the elemental
map of Rh and Bi. Small nanoparticles consisting of Rh and Bi with 3-5 nm size were
homogeneously formed on the SiO, surface. The high-resolution image of a single nanoparticle
indicated the presence of hexagonally aligned metal atoms, which agreed with the crystal structure of
intermetallic RhBi (space group: P6;/mmc) with the (110) termination observed along the [001]
direction (Figs. 6¢ and 6d). Thus, intermetallic RhBi is formed as a nanoparticulate single crystal
with a highly ordered structure. The termination by (110) planes was also confirmed by FTIR with
CO adsorption and DFT calculations. The CO adsorption was simulated on the most stable (110) and
the second stable (102) planes and the theoretical vibrational frequencies of CO were consistent with
the experimental values (Fig. 6e). The adsorption behavior and hydrogenation process of
1,4-hexadiene was also investigated by DFT, as shown in Fig. 6f. The RhBi(110) surface also
displayed one-dimensionally aligned Rh rows separated by zigzag Bi parts. The diene molecule lied

along the Rh row, while the two C=C moieties were bound to the Rh atoms with di-n conformation.

19



Journal of Materials Chemistry A Page 20 of 52

. & & .9
-7 (102)
2100 2000 1900 1800 =
Wavenumber / cm™! '

’ —— experiment
— fitted
----- component

theoretical

—————————————————

T T
2100 2000 1900 1800
Wavenumber / cm™!

() o Internal
g 30
top 2
view S B
E) .‘.""
o |
: o -90 T
vl o Diffusion of H Attack of H =7
c=C =
side %-1 20 - Terminal
[0's

U GERER e sesie issisl

Fig. 6. (a) HAADF-STEM image of RhBi/SiO, and (b) corresponding elemental map of Rh (red), Bi
(green), and Si (blue) acquired using EDX. (¢) HR-HAADF-STEM image of a single RhBi
nanoparticle. (d) Crystal structure of intermetallic RhBi along the [001] direction as a structural
model of (c¢). (e) FT-IR spectrum of CO adsorbed on RhBi/SiO,. Bold dashed lines indicate the
theoretical vibrational frequencies of CO adsorbed on the top sites of the (110) and (102) planes. The
upper left inset shows the change in the FT-IR spectra with increasing CO pressure from 10 to
5000 Pa. (f) Optimized adsorption structure of 1,4-hexadiene on the RhBi(110) surface. (g) Energy
diagrams for C=C hydrogenation of 1,4-hexadiene over the RhBi(110) surface. All energies are
relative to 1,4-hexadiene in gas phase together with the slab with hydrogen.

Moreover, as hydrogen diffusion was restricted in the direction parallel to the Rh rows, a hydrogen
attack on the alkenyl carbon was allowed only from the axial direction of the molecule. Besides, the
inner C=C moiety was distant from the Rh row due to the steric hindrance between the large Bi
atoms and the end methyl group. In addition, the energy barrier of hydrogen attack on the inner

alkenyl carbon was found much higher than that on the terminal one (Fig. 6g), which demonstrates

that the inner C=C moiety is protected for hydrogenation. This is also why the highly
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chemoselectivity to inhibit overhydrogenation to alkane was observed. Thus, the combination of
steric and alignment effects enables highly challenging molecular transformations.

In summary, some Rh-based intermetallic compounds have unique ordered surface structures
with one-dimensionally aligned and/or sterically hindered active Rh sites. A high degree of
orderliness and regularity at the atomic level are also observed for the solid surface, which has not
been reported so far for other inorganic materials. However, the suggested chemistry is mainly
supported by theoretical calculations and a few indirect experimental data such as CO adsorption.
Thus, more convincing experimental findings, e.g., by using a single crystal clean surface with
surface science techniques, are necessary to establish the role of steric and alignment effects of

intermetallic compounds in catalytic chemistry.

4.2, Pseudo-binary alloys

Although intermetallic compounds for catalyst materials have several attractive and useful
advantages, in some cases, they hinder the development of additional efficient catalytic systems,
because the metal combination and composition ratio cannot be flexibly changed. For instance, there
are only five intermetallic phases (Pt;Sn, PtSn, Pt,Sn;, PtSn,, and PtSny) in the Pt—Sn system (Fig.
1d), where the Pt/Sn ratio is fixed and cannot be tuned. In contrast, the composition ratio of
disordered alloys can be randomly changed. Pseudo-binary alloys are promising inorganic materials
that combine the advantages of both intermetallic compounds and random alloys. These materials are
described as A,,(B;-.C,), and are formed by replacing a part of B in the parent intermetallic A,,B, by
a third metal C without changing the crystal structure of A,,B,. A,,(B;-.C,), can also be considered as
solid solutions of A,,B, and A,,C, with a (1—x):x ratio. Moreover, although the system is ternary, it
can be considered as a binary system with unique structure, explaining also its characterization as
pseudo-binary material. Fig. 7 shows the phase diagram of a ternary Bi—Pb—Pt system?® as a case
study of trimetallic alloys. The linear lines observed between Pt,Pb, and Pt,,Bi, indicate that Pb and
Bi in Pt,Pb(Bi), are miscible within the designated region. In particular, PtPb and PtBi are
isomorphous, i.e., x in Pt(Pb;_Bi,) ranges between 0 and 1. In this review, we present two recent
studies of our group on the development of pseudo-binary alloy catalysts for further improvement of

the intermetallic compounds.
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Fig. 7. Phase diagram of ternary Bi—Pb—Pt system at 200-900°C.* The diagram was reproduced
from the database of National Institute for Materials Science (NIMS) AtomWork
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The first study focused on the NO reduction reaction using Pd-based materials. The NO-to-N,
reduction is one of the key reactions in the purification of exhaust gases from automobiles,’® where
precious metals, such as Rh, Pt, and Pd, have long been used.’!-* One of the drawbacks of exhaust
gas purification is the low N, selectivity at low temperatures (<250°C), where nitrous oxide (N,0), a
potent greenhouse gas, is largely formed as an undesired product.”! We recently observed that
intermetallic PdIn supported on Al,O; showed very high N, selectivity at low temperatures (100%
selectivity at 200 °C) during the NO-CO reaction (Fig. 8a).”> However, the catalytic activity of PdIn
was much lower than that of monometallic Pd. Therefore, the catalytic activity of PdIn should be
improved without impairing the N, selectivity. To that end, a new PdIn catalytic system was
developed based on pseudo-binary alloys, by replacing a part of In by specific third metals (Figs. 8b
and 8c). Among them, Cu was proved to be the best option as third metal element, as the NO
conversion over Pd(Ing33Cuge7)/Al,O; was significantly improved without lowering the N,
selectivity. It should be emphasized that the catalytic performance of Pd(In;-,Cu,)/Al,O3 in the NO—
CO reaction could be tuned depending on the Cu content. In particular, when the Cu content was low
(x = 0.33-0.5), the improvement in the catalytic activity was not sufficient, suggesting that the
PdIn-like character was not significantly affected. Instead, the N, selectivity decreased significantly
in the presence of high Cu content (x = 0.9), indicating that the catalyst was converted to Pd-like and

highlighting the need for a certain In amount to maintain high N, selectivity. Among the tested Cu
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contents, the value of 0.67 provided the best performance with high NO conversion and N,

selectivity.
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Fig 8. (a) NO conversion and N, selectivity during the NO—CO reaction over Pd-based catalysts. (b)
PdIn-based pseudo-binary alloy with a CsCl-type structure obtained by substituting In by a third
metal (M). (c) Models of nanoparticulate PdIn and Pd(In;_,M,) with a rhombohedral structure with
the most stable {110} termination. (d) High-resolution HAADF-STEM image of
Pd(Ing 337Cu 67)/ALO;. (e) (left) Magnification of a single nanoparticle, (right down) rhombohedral
crystal of PdIn viewed along the [111] direction, and (right top) theoretical estimation of lattice
shrinkage based on Vegard’s law and atomic radii.

The studies on pseudo-binary alloys require also multiple characterizations to identify whether
the desired alloy phase is actually formed. The combination of XRD and HAADF-STEM-EDX
analyses are needed to determine the formation of the corresponding ordered alloy phase and the
involvement of the three metal elements. A similar approach has been employed to characterize the
binary intermetallic compounds. Fig. 8d shows the HAADF-STEM image of Pd(Ing 335Cuy ¢7)/AL,O3,
where nanoparticles with an average size of 3.3 nm were observed. The atomic arrangement shown
in the high-resolution image was consistent with the CsCl-type crystal structure of PdIn observed
along the [111] direction (Fig. 8e). However, the observed lattice fringes with 2.11 A spacing were
slightly shorter than the interplanar distance of the PdIn(110) planes (2.30 A), suggesting the
shrinkage of the PdIn crystal lattice due to the substitution of In by the much smaller Cu (Pd: 1.373
A, In: 1.660 A, Cu: 1.276 A).”> The theoretical lattice shrinkage based on Vegard’s law was 8.4%
and was consistent with the experimental shrinkage of 8.2%. However, this approach is not sufficient

23



Journal of Materials Chemistry A Page 24 of 52

for the complete structural assignment of pseudo-binary alloys, because the position of the third
metal atoms in the crystal structure remains unclear. Hence, extended X-ray adsorption fine structure
(EXAFS) analysis was applied, as it provides information about metal-metal bonding and can be
used to characterize pseudo-binary alloys. Based on the EXAFS curve-fitting, Pd—In (In-Pd) and Pd—
Cu (Cu—Pd) scatterings were mainly observed, while our attempt to make a fitting with a Cu-In
scattering resulted in a large R factor. These results indicated that Cu was present only at the In site
and supported the formation of the Pd(In;—,Cu,) pseudo-binary alloy structure. In addition, DFT
calculations focusing on the elemental steps of NO-to-N, reduction, such as the N-O cleavage and
the N,O decomposition, revealed the roles of In and Cu on the enhanced catalysis in NO-CO
reaction. PdIn had a very low activation energy (E,) of N,O decomposition; 18.6 kJmol™ at the
terrace of (110) and <0.1 kJmol ™" at the step of (210), which is the origin of high N, selectivity. In
contrast, the £, value of the N—O dissociation on the PdIn surface was higher than that of Pd (100.2
kJ mol™! at the step of Pd (511) and 111.8 kJ mol! at the step of PdIn (210)) and, therefore,
consistent with the lower NO conversion of PdIn. Moreover, the substitution of an In part on the
PdIn(210) surface by Cu reduced the E, value of the N—O dissociation to the Pd(511) level,
demonstrating that Cu recovered the catalytic activity. Thus, the combination of In and Cu can
effectively enhance the N selectivity and NO conversion.

The second example refers to alkane dehydrogenation using Pt-based materials.%
Methylcyclohexane (MCH) has been used as a promising hydrogen carrier due to the high hydrogen
content, low toxicity, and availability in existing petroleum infrastructures.’”- °® The dehydrogenation
of MCH is an on-site chemical process for hydrogen production, where Pt-based catalysts are
typically used.”: 1% However, for the long-term production of high-quality hydrogen at a high rate,
the dehydrogenation catalytic system should be active, selective, and durable for a long time. Hence,
undesired side reactions, such as the demethylation of toluene that generates benzene and methane,
should be minimized to suppress the formation of coke, which deactivates the catalyst, and preserve
a high carrier and hydrogen purity. Our strategy for developing an efficient catalytic system for
MCH dehydrogenation was the stepwise optimization of the second and third metal elements. First, a
series of intermetallic Pt;M/SiO, catalysts (M = Fe, Co, Cu, Zn, Ga, In, Sn, and Pb) were prepared

and tested in MCH dehydrogenation, with Pt;Fe/SiO, exhibiting the highest catalytic activity and
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durability. It should be noted that Pt;Fe showed better performance than Pt;Sn, which is a known
selective catalyst for alkane dehydrogenation. A part of Fe in Pt;Fe/SiO, was then replaced by a
series of third metals to prepare Pt;(Fej75M 25)/S10, catalysts (M™ = Co, Ni, Cu, Zn, Ga, In, Sn, and
Pb), which were examined in the same reaction. Among them, Pt;(Fe(75Zng5)/S10, gave the best
catalytic performance, namely a 2.7-fold higher TOF, 99.6% toluene selectivity, 400 ppm methane,

and almost no deactivation even at 400 °C for several hours (Figs. 9a and 9b).%¢

(a)O/ 3 H, ©/ (b),00 P ta(FE0.75ZN0 25)

1
Ptafs,, A
=X 80 ! Pts(Feg 7520 25)
Pta(FeorsZnozs) | = @
ke : 35—
T 300 Pt;Fe 2 60 //\ Pt,Fe Pt
c [}
E = Pt
= [}
6 200 Pt;Sn g 40 Binding energy eV
= (@]
=20
100 A : )
; . "
0 50 100 150
Time on stream / min

CH5+H decoking CH,
(k) 1.2
1 m Pt
1 = Pt;Fe
% 0.8 - ™ Pty(Feg 75ZN0 25)
- 06 L Pt3$n
LLI‘U =,

26/ degree - C+H  CHH CHy*H CHgtH

Fig. 9. Catalytic performance of SiO,-supported Pt-based catalysts in MCH dehydrogenation. (a)
TOF at 300 °C and (b) change in MCH conversion during the durability test at 400 °C. (c) HAADF-
STEM image of Pt3(Fey75Zng5,5)/Si0, and (d) corresponding elemental maps of the Pt/Fe/Zn
overlayer obtained by EDX. (e) Magnification of the STEM image focusing on a single nanoparticle.
(f) Pt3(Fep75Zng,s) crystal along the <001> direction (large: Pt, small: Fe or Zn). (g)
Background-subtracted synchrotron XRD pattern of Pt3(Fey75Zng25)/Si0,. The black vertical lines
indicate the simulated diffraction patterns of Pt3(Feg75Zny5s). (h) Pt 4f XPS of Pt-based catalysts. (i)
Schematic illustration representing the electrostatic repulsion between electron-rich Pt and toluene.
(j) Initial (IS), transition (TS), and final (FS) states in CH3 hydrogenation (CH; + H — CHy,) on the
Pt;Fe(111) surface. (k) Activation energy of CH, (coke precursor) hydrogenation on Pt;M(111)
calculated by DFT.

In addition, this catalyst exhibited the same catalytic performance (99% conv. and >99.8% sel.) for at

least 50 h at 320 °C as a standard temperature in practical use. Multiple characterizations of
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Pt3(Feg 75Zn0,5)/S10, confirmed the formation of the desired pseudo-binary alloy structure with the
Fe—Zn substitution. HAADF-STEM-EDX analysis revealed that the nanoparticle had an
intermetallic L1, structure and consisted of Pt, Fe, and Zn (Figs. 9c—f). The large difference in Z
contrast allowed the differentiation of the dark Fe(Zn) columns and the surrounding bright Pt
columns, which is consistent with the atomic arrangement of the L1, crystal structure observed along
the <001> direction. The formation of the L1, structure was also confirmed by the synchrotron XRD
pattern, which showed a superlattice diffraction of 100 and 110 characteristics to the L1, structure
(Fig. 9g). EXAFS curve-fitting was also performed for the Pt-based catalysts (Table 1). For the Pt
Ly-edge in Pt;Fe, Pt—Pt and Pt-Fe scatterings could be distinguished with different coordination
numbers and interatomic distances. The corresponding Fe—Pt scattering was also observed for Fe
K-edge, while Pt3(Feg75Zn,5)/Si0, gave similar results with the Pt—Pt, Pt-Fe(Zn), Pt—Pt, Fe—Pt, and

Zn—Pt scatterings.

Table 1. Summary of the EXAFS curve-fitting for Pt-based catalysts.

sample edge shell CN R(A) 02 (A?)  R-factor (R?)
Pt foil Pt Ly Pt-Pt 12.0 (fix) 2.77 £0.00 0.005 0.000
Pt/SiO, Pt Ly Pt-Pt 7.1+£0.3 2.73 £0.01 0.007 0.001
Pt;Fe/SiO, Pt Ly Pt-Fe 2.0+0.6 2.67£0.02 0.014 0.003
Pt—Pt 59+0.5 2.71 £0.00 0.007 '
Fe K Fe-O 0.8£0.5 1.93+0.02 0.006 0.008
Fe-Pt 6.0+1.1 2.64 +£0.01 0.012 '
Pt3(Feo7SZn025)/SIOQ Pt L]H Pt-Fe 25+0.7 2.66 £0.01 0.017 0.002

Pt-Pt 58+04 2.71 +0.00 0.007
FeK Fe-O 0.7+0.7 1.92 +£0.04 0.006
Fe-Pt 7.6+1.9 2.65+0.01 0.013
Zn K Zn—0O I.1+1.1 2.01 +£0.02 0.009
Zn—Pt 6.8+ 1.8 2.61 +0.02 0.019

0.015

0.024

Our attempt to fit with Fe—Zn scattering resulted in a large R factor, suggesting little contribution of
Fe—Zn bonds. Thus, we concluded that Zn was present at the Fe position in Pt;Fe and that the desired
pseudo-binary alloy structure was formed with Fe—Zn substitution.

A mechanistic study based on DFT calculations and XPS analysis was also performed to reveal
the role of Fe and Zn on the enhanced selectivity and durability. The conventional ensemble effect
i.e., the dilution of Pt—Pt ensembles by Fe and Zn, significantly weakened the toluene adsorption and

promoted its desorption. The ligand effect was also provided by Zn, as the electron density of Pt
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increased after alloying with Zn, which in turn enhanced the toluene electrostatic repulsion and
desorption (Figs. 9h and 9i). Thus, the undesired side reactions of toluene were suppressed, and the
selectivity was greatly improved. Besides, Fe was proved to play a unique role in the catalyst
durability due to its contribution to decoking. In our study, we considered a stepwise hydrogen attack
to a surface carbon atom to release methane (CH, + H — CH,.;, x = 0-3) (Fig. 9j for x =3) as a
simple model of coke precursors removal. Fig. 9k depicts the E, values of CH, hydrogenation on
Pt:M(111) surfaces. Fe-containing catalysts showed lower E, than Pt and Pt;Sn for each step,
indicating that the surface Fe can promote the hydrogenation of coke precursors. Indeed,
temperature-programmed oxidation of the used catalysts demonstrated that the amount of coke
deposited on Pt;(Fe75Zng,5)/Si0, was lower than that on other Pt-based catalysts. Thus, the
combination of the ligand, ensemble, and decoking effects provided by Fe and Zn generates a highly
active, selective, and durable catalyst for MCH dehydrogenation. Namely, the three metals elements
involved in the pseudo-binary alloy that have individual effective functions (Pt: C—H activation, Fe:
decoking, and Fe+Zn: desorption enhancement) can be adjacent at atomic level, allowing the

preparation of a multifunctional, highly efficient active site for alkane dehydrogenation.

4.3. Heusler alloys

Heusler alloys, discovered by Heusler in 1903,!°! are ternary intermetallic compounds with an L2,
structure and an A,BC chemical formula, where A represents late transition metals, B early transition
metals and Zn, and C typical metals, as illustrated in Fig. 10a. Heusler alloys are particularly
beneficial as catalyst materials, because a wide variety of constituent metals can be used, while the
composition ratio and constituent metals can be easily tuned.!®® For instance, a part of metal B or C
can be substituted by a fourth metal, B" or C’, to form quaternary Heusler alloys with chemical
formulas A,B(C,_.C",) or Ay(B;—.B",)C, respectively, which can be considered as "pseudo-ternary
alloys" that allow for continuous tuning of the electronic factors without changing the crystal
structure. The design of quaternary Heusler alloys is similar to that of pseudo-binary alloys (section
3.2), but it may be more flexible and widely applicable. Heusler alloys have been extensively studied

in metallurgy for their physical properties such as spintronics,'® thermoelectrics,'®> and shape
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memory effects.'% However, until recently, there were no reports on their application in catalysis,

except for an early publication in 1935.197
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Fig. 10. (a) Schematic illustration of the effects of elemental substitution with the Heusler alloy’s
crystal structure (L2;-type A,BC). The typical elements used for A, B, and C are indicated in the
periodic table. (b) Effect of elemental substitution on Cs;H4 hydrogenation. Change in the reaction
rates of C3Hy per surface area and selectivities for C3;Hg with variable (top) Mn (Co,Mn,Fe;_,Ge) and
(bottom) Ga (Co,FeGa,Ge;-,) substitution. The blue triangles represent the selectivities for 100%
C;Hy conversion at 200 °C. The reactant was a mixture of 0.1% C;H4/40% H,/He balance.
Reproduced with permission.!> Copyright 2018 American Association for the Advancement of
Science.

Very recently, Kojima et al. reported a systematic study on the catalytic properties of 3d
transition metal-based Heusler alloys (A = Fe, Co, Ni, and Cu) for alkyne semihydrogenation,!? 108
CO oxidation,'?® and methanol steam reforming.'” For alkyne semihydrogenation, Co,FeGe and the
corresponding quaternary Heusler alloys with Fe-Mn and Ge—Ga substitution (Co,(Fe,-,Mn,)Ge and
Co,Fe(Ge;-,Ga,), where x, y = 0, 0.25, 0.5, 0.75, and 1) were tested. As shown in Fig. 10b, all the
Co,(Fe—Mn,)Ge catalysts exhibited high alkene selectivity (>90%), but the catalytic activity
depended strongly on the Mn content, where a volcano-type dependence with a maximum at x = 0.5
was observed. However, the Co,Fe(Ge;-,Ga,) series showed a different trend, as the catalytic activity

increased monotonously and the selectivity decreased with increasing Ga content. Consequently, the
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catalytic property can be successfully controlled by changing the metal components and the
composition ratio. The increase in catalytic activity was explained by the ligand effect of Mn(Ga)
and the d-band theory. Briefly speaking, when the d-band center is higher, the molecular adsorption
is stronger and the energy barrier is lower. Indeed, the increase in x and y shifted the d-band center of
the Heusler alloys to higher energies toward the Fermi level, and the apparent activation energy
decreased linearly with the shift of the d-band center. In contrast, the decrease in catalytic activity in
the presence of high Mn contents (x >0.5) was explained by the enthalpy—entropy compensation
effect. A stronger molecular adsorption (more negative AH) generally reduces the degree of freedom
(lower AS) at the adsorbate state, which compensates for the contribution of the enthalpy and entropy
terms in the Eyring-type equation that expresses the reaction rate. In that study, the decrease in the
alkene selectivity by the Ge—Ga substitution was attributed to the adsorption of alkenes by Ga, which
accelerated the overhydrogenation of alkene to the corresponding alkane. Thus, it was demonstrated
that Heusler alloys are useful tools for tuning the catalytic performance and can be efficiently used as

non-noble catalysts for selective alkyne semihydrogenation.

5. Random alloys

Random alloys are well-known materials and have long been investigated as catalytic materials.
Their advantage is the wide solubility, which makes the catalyst design considerably flexible and
tunable, leading to the formation of conventional one-to-one alloys or even single-atom alloys by
changing the composition ratio. Besides, the number of constituent metals can be easily increased to

form multimetallic solid-solution alloys such as high-entropy alloys.

5.1. Conventional solid-solution alloys

Solid-solution alloys formed between late transition metals (M,N;—,: M = Pt, Pd, Rh, etc.) have been
extensively studied as catalyst materials and a number of papers have already published. Their
history and achievements can be seen in the published reviews and books.!!0-113 A variety of metal
elements that are fully or partially miscible with each other can be used for the preparation of such
alloys. However, several combinations, e.g., Fe—Cu, Ni—Au, or Ru—Pd, have low or zero miscibility

and cannot be alloyed by conventional preparation methods. Thus, specific approaches, such as
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liquid phase reduction''*116 or double complex salts!!’-132 are needed to form the corresponding
solid—solution nanoalloys. In this section, we present a part of our recent studies on catalysis using
these materials.!33-135 Our approach to develop efficient alloy catalysts is simple; the main metal,
which is active for a specific reaction, is alloyed with various other metals (second metal survey) and
their composition ratio is optimized. For bimetallic solid—solution alloys, their electronic states and
catalytic performances can be flexibly tuned, since a wide range of composition ratios are available.
Fig. 11a depicts an application of Cu-based catalysis on heterogeneous alkene hydroboration. We
recently found that Cu/Al,O; can be used as a heterogeneous catalyst for the additive-free
hydroboration of terminal alkenes in ethanol as the solvent.!3* However, the catalytic activity was
very low for high product yields, which prompted us to develop a more efficient catalyst based on its
alloying with other metals. The second metal survey and the following optimization revealed that
alloying of Cu with a small amount of Ni improved the catalytic activity without affecting the

product selectivity.!33
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Fig. 11. (a) Reaction scheme and conditions of 1-hexene hydroboration. (b) Catalytic performance of
Cu/Al,05, Cu-Ni/Al,O3 (Cu/Ni=1-5), and Ni/Al,0O5;, prepared by a deposition/precipitation
method, in hydroboration of 1-hexene in 1 h. (¢) Optimized ethylene structures adsorbed on Cu(100)
and Cu-Ni(100) (Cu/Ni =5) surfaces with a n-configuration. Ethylene can be adsorbed on both Cu
and Ni atoms of Cu—Ni(100). (d) Total and local density of state (DOS) on (e) metal atoms adsorbing
ethylene and (f) carbon atoms of ethylene. The insets show the orbitals of the states designated by
blue arrows. (g) Schematic representation of the adsorption properties of alkene based on the d-band
theory.
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The results of the Cu—Ni ratio optimization with respect to the catalytic activity and selectivity are
shown in Fig. 11b. The catalytic activity (1-hexene conversion) increased monotonously with the Ni
content, whereas the selectivity to the desired boron-adduct decreased with higher Ni content due to
the formation of n-hexane. Specifically, when the Ni content is higher, the number of Ni—-Ni
ensembles on the Cu—Ni catalyst surface increases, triggering the hydrogen transfer from ethanol to
I-hexene to form n-hexane. Thus, although Ni is necessary to increase the catalytic activity, its
content should be low so that the Ni atoms in the Cu—Ni alloy are isolated by Cu. The increase in
catalytic activity for both the desired hydroboration and undesired hydrogenation by the addition of
Ni was attributed to the adsorption strength of alkene, which is very weak on Cu, but enhanced on
the Cu—Ni alloy. In turn, the stronger adsorption of alkene increases its concentration on the catalyst
surface, thus enhancing the reaction rate. A DFT calculation on the electronic structure of the Cu—Ni
alloy (Cu/Ni = 5) clearly described this mechanism. The E,4 value of ethylene on pure Cu and on Cu
and Ni atoms of Cu—Ni were 0.357 eV, 0.427 eV, and 0.887 eV, respectively (Fig. 11c), indicating
that not only the Ni atom itself but also a the Cu atom in the Cu—Ni alloy had a greater ability to
adsorb alkene. Thus, a ligand effect of Ni to Cu was observed, which was also reflected in the
valence band structure. Ni has intrinsically higher density of state (DOS) at the near Fermi level than
Cu (—1-0 eV, Figs. 11d—f) and this trend is more apparent for the atom binding to ethylene (Fig.
11e). However, the Cu atom in the Cu—Ni alloy binding to ethylene has slightly higher DOS in this
region compared to pure Cu, probably due to the hybridization of the Ni d-state with Cu (i.e., a
ligand effect by the adjacent Ni). As shown in Fig. 11g, the higher d-state reduces the occupation of
the anti-bonding state of the metal-adsorbent bond, thus enhancing the adsorption (section 3.3).68
Indeed, the bonding and anti-bonding states for the Cu—ethylene bond illustrated in Fig. 11f are lifted
up by Ni. Consequently, the electronic and geometric structures can also be controlled by simple

alloying.

5.2. Single-atom alloys
One of the advantages of the random alloys is the wide range of the composition ratio that can be
used. In an extreme case, a highly biased ratio of 10:1 or 100:1 can also be applied. In this case, as

the minor metal is completely isolated by the excess amount of the major metal, it can be considered
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as atomically dispersed in the alloy nanoparticle. This alloy type is known as single-atom alloy and
has attracted increasing interest as catalyst material.!3® The metal combination is usually between
elements of the groups 10 (Pt,!37-139 Pd,!40-143 Ni:144 as minor component) and 11 (Au,!4>14 Ag 141
Cu: 137140 as major component) , likely because they are all face-centered cubic (FCC) metals and can
be easily alloyed, while they are catalytically active (group 10) and inert (group 11) for the target
reaction. When the second metal is inert for the target reaction, the isolated active metal shows
unique catalytic properties in various reactions. For example, the selective hydrogenation of
alkynes!'40- 141. 143 or dienes'3” can be achieved by isolated Pt or Pd, as the Pt—Pt or Pd-Pd ensembles
are completely diluted by the 11-group metal and effectively block the overhydrogenation to
undesired products.

We recently reported a different type of a single-atom alloy for highly active catalysis focusing
on the NO reduction.!® Although we have already developed an active and selective catalyst for NO
reduction, i.e., the Pd(Ing 33Cug ¢7)/Al,O5 pseudo-binary alloy catalyst (section 3.2.1), the reduction in
the amount of precious metals, such as Pd and In, would benefit the practical applications. Therefore,
we newly designed Cu-rich Cu—Pd/Al,O; (Cu/Pd=15) catalysts, whose surface consists of Pd
isolated by Cu. The isolation of Pd on the surface and bulk was confirmed by FT-IR with CO
adsorption and EXAFS analysis, respectively. The peaks assigned to the stretching vibration of CO
adsorbed on the Pd bridge and hollow sites decreased with increasing Cu content and disappeared at
a Cu/Pd ratio of 5.1% Besides, only the Pd—Cu scattering without Pd—Pd scattering was observed in
the Fourier transform of the Cu—Pd/Al,O; (Cu/Pd = 5, Fig. 12b) EXAFS spectrum. The catalytic
performance of Pd was drastically improved after alloying with an excess Cu amount. In particular,
Cu—Pd/Al,O; (Cu/Pd = 5) exhibited 100% NO-to-N, conversion in the NO—CO reaction even at
200 °C, whereas Pd/A,O; afforded only 3% conversion to N, (Fig. 12¢). The catalytic performance
of Cu—Pd/Al,05 was also tested in the presence of O, and a hydrocarbon (C;Hg) as a more practical
condition for NO, removal (deNO,) from automobiles (three-way catalyst (TWC) condition). The
Cu—-Pd/Al,O; catalyst exhibited a much higher catalytic performance than Pd/Al,0O; with a minimum
formation of N,O even under the TWC condition (Fig. 12d). It should be noted that Cu—Pd/Al,O3
showed a catalytic performance comparable to that of Pd/Al,Os, although Pd/AL,O; included ten

times the equimolar Pd amount of Cu—Pd/Al,0; (labeled as Pdx10). Thus, the developed single-atom
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alloy catalyst enabled an efficient and selective deNO,, but also a significant decrease in the noble
metal use to one-tenth. A mechanistic study based on kinetic analysis and DFT calculation revealed
an interesting difference in the reaction mechanism between Pd-rich and Cu-rich catalysts.
Specifically, over Pd-rich catalysts, an NO molecule is dissociated to N and O atoms, followed by
the association of two N-atoms to form N, (the standard mechanism for Pd-based catalysts), while
two NO molecules are coupled over Cu-rich catalysts to form an (NO), dimer, followed by N-O
scissions ((NO), — N;O + O and N,O — N, + O) with low energy barriers. Fig. 12e shows the
energy diagrams of NO reduction at the step sites of Cu(211) and Pd-doped Cu(211) surfaces. The
energy barrier of the rate-determining step, i.e., the N—O scission of the (NO), dimer, decreased by
Pd-doping (DFT: 0.66—0.46 eV and 63.7—44.4 kJ mol™!, experimental: 61—43 kJ mol™!). Thus,
isolated Pd does not act as an active site, but a strong promoter for Cu. It should also be noted that
the promoted Cu is more active than pure Pd. Besides, the amount of Pd should be sufficiently low,
otherwise a large number of Pd species will form Pd-Pd ensembles, which no longer act as

promotors for Cu, but as reaction sites with lower performance.
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Fig. 12. (a) FT-IR spectra of CO adsorbed on the Cu—Pd/Al,O5 catalysts. (b) Fourier transforms of
the Pd K-edge EXAFS spectra of the Pd and Cu—Pd catalysts. (c) NO-to-N, conversion (%) during
NO reduction by CO over Pd, Cu, and Cu—Pd catalysts as a function of the reaction temperature (NO,
CO: 0.5%, GHSV = 80,000 h™!). (d) NO-to-N, conversion (%) during NO reduction by CO in the
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presence of O, and C;Hg. (e) Energy diagrams of NO reduction over Cu(211) and Pd-doped Cu(211)
surfaces calculated by DFT.

5.3. High-entropy alloys
High-entropy alloys (HEAs) are widely defined as solid—solution alloys containing at least five
different elements, each with an atomic fraction between 5-35%.146 More specifically, those alloys

of which mixing entropy (eq. 1) exceeds 1.5 R are called HEAs:!46

ASmix=—RY,_ XinX; (1)
where, AS,,;, is the mixing entropy, R is the gas constant, X; is the molar ratio of component i, and n
is the total number of elements involved. Considering a solid—solution alloy with random mixing in
an equal ratio, AS,,;, increases in a logarithmic fashion with increasing n (AS,.,/R = 0, 0.69, 1.10,
1.39,1.61, and 1.79 for n =1, 2, 3, 4, 5, and 6, respectively). This entropy effect allows the mixing
of two or more immiscible metal elements (section 5.1), resulting in a multimetallic solid—solution
alloy, which significantly expands the design options of alloy-based catalysts. However, due to the
difficult synthesis of nanoparticulate HEAs with high uniformity, very few papers have so far
reported their properties in catalysis.

Very recently, Yao et al. reported a carbothermal shock (CTS) synthesis method as an innovative
protocol for the preparation of nanoparticulate HEAs.!*” A carbon nanofiber support, that was
impregnated with several metal precursors (chlorides), was subjected to an electrical pulse (55 ms)
under Ar atmosphere to induce ultrafast Joule heating (~103 K s7!) to about 2000 K. The precursor
salts are easily decomposed to liquid metal mixtures due to high temperature, followed by rapid
quenching to form well mixed multimetallic solid—solution alloys. Thus, the synthesis of quinary
(PtFeCoNiCu and PtPdCoNiFe) up to octonary (PtPdCoNiFeCuAuSn) HEAs with narrow size
distributions (10 or 20 nm) is allowed. It should also be noted that the octonary HEAs consist of
various elements with diverse atomic radii (1.24 to 1.44 A), reduction potentials (—0.25-1.5 V vs.
SHE), preferred crystal structures (FCC, body-centered cubic, hexagonal close-packed, or tetragonal),
and melting points (500-2000 K). In this study, a quinary HEA consisting of PtPdRhRuCe
nanoparticles was prepared and tested for NH; oxidation. The HEA catalyst showed 100% NH;

conversion and >99% NO, (NO +NO,) selectivity at 700 °C, whereas the corresponding
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penta-metallic catalyst prepared by the conventional wet impregnation method gave a poor NO, yield

of 17.8%.
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Fig. 13. (a) HEA catalysts addressing the miscibility limitation of conventional binary alloys. (b)
TEM images of the obtained HEA nanoparticles dispersed on carbon nanofibers (CNFs). (c)
High-resolution STEM-based elemental maps of the HEA-Co,5sMo45 nanoparticles. (d) Change in the
NHj3 (5 vol%) conversion rate over different HEA-Co,Mo, nanoparticles and bimetallic Co-Mo
(Co/Mo = 25/45) depending on the reaction temperature (space velocity =36 L gcat™' h'!). (e)
Comparison of reaction rates measured in the kinetic regime among bimetallic Co-Mo, Ru, and
HEA-Co,Mo, catalysts (T =500 °C). The inset shows elemental maps for the bimetallic Co-Mo
(Co/Mo =25/45) and HEA-Co,sMoys catalysts. (f) Correlation between AEyN (recombinative
desorption energy of nitrogen) and apparent activation energy (E,p,) showing a volcano-type
behavior for the HEA-CoMo, catalysts, where HEA-Co,sMoss was close to the peak position.
Reproduced with permission.'® Copyright 2019 Springer Nature.
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In a subsequent study,'*®  Yao er al clearly demonstrated the effective use of HEAs-based
catalysts to address the miscibility limitation. They mainly focused on the Co—-Mo bimetallic system,
which has been known as a promising catalyst platform for NH; decomposition to H, and No.
However, as shown in Fig. 13a, only two intermetallic CosMo and Co;Mog phases were observed in
the Co—Mo bimetallic system at temperatures lower than 800 °C, which motivated further catalytic
studies on optimizing the Co—Mo ratio. Thus, a series of quinary HEAs with the general composition
of Co,Mo,Fe oNi;oCu;g (Co.Mo,-HEA; x/y = 15/55, 25/45, 35/35, 42/ 25, and 55/15, Figs 13b—d),
were prepared and tested in the decomposition of diluted NH;3 (5% NH3/He).!® As depicted in Fig.
13e, the optimized catalyst Co,sMoys-HEA showed three and 19 times higher reaction rates than Ru
and bimetallic Co—Mo (phase-separated) catalysts, respectively. Further kinetic studies suggested
that the adsorption energy of the N-atom determined the catalytic activity (Fig. 13f), as a weak
adsorption (Co-rich) increases the energy barrier for N-H bond cleavage, whereas a strong
adsorption inhibits the N, desorption. Thus, it was revealed that the HEA-based designed catalyst
allows the effective tuning of the surface adsorption properties by constantly changing the alloy
composition.

Prompted by the successful results in the catalytic use of HEAs, the number of studies and
relevant publications are expected to increase in the near future. However, some obstacles in material
synthesis should be addressed for a wider application of nanoparticulate HEAs in catalysis. For
example, developing a new synthetic approach as an alternative to the CTS method, which is also
applied to insulating materials, is highly desirable, so that conventional metal oxides, such as SiO,,
ALO3, MgO, etc., can be used as catalyst supports for a variety of conditions and target reactions. A

further breakthrough in material synthesis will boost the rise of this research field.

6. New materials generated by chemical treatment to alloys

Intermetallic compounds used in catalysis generally consist of catalytically active (late transition)
and chemically labile (early transition or typical) metals. Therefore, in some cases, the parent
intermetallic phase is chemically transformed to a different structure through redox reactions. These

transformations are completely different from phase transition and occur either during catalytic
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reactions in the presence of corrosive chemicals or due to a chemical treatment based on a synthetic
protocol. In the first case, the oxidative decomposition of intermetallic compounds into a composite
of the active metal and an oxide of the second metal (A,B, — xA + yBO.) often occurs when oxygen
or moisture is involved in the catalytic reaction.*’- 14%- 150 The second case is described in this section,
where we present novel synthetic protocols that apply chemical treatments to intermetallic
compounds, generating unique and complex nanostructures for effective catalysis. Two types of
chemical treatments can be performed, where the structural modification occurs either on the
outermost surface or in the wider region including the sub-surface or the bulk of the intermetallic

compound.

6.1. Surface decoration to intermetallic compounds
The surface structures and chemical properties of intermetallic compounds can be modified by
"decorating" the metal atoms of the outermost surface, e.g., by replacing a constituent metal with a
different metal or depositing a third element on a specific site. In a broader sense, Pt-skin structures
formed by electrochemical dealloying of Pt-3d metal alloys!3!-!133 could also be classified into this
category. Our research team has also recently developed a synthetic method based on galvanic
replacement for the surface decoration of intermetallic compounds.!>* When the oxidation potential
of the second metal (M) is lower than that of the third metal (N), the M atoms on the outermost
surface are replaced by N-atoms through the redox reaction described in Eq. (2):

nM + mN"" — nM"™ + mN (2)
Therefore, we applied this phenomenon to the PdZn system with Pb as the modifier for Zn and
observed that Pb-modified PdZn (PdZn-Pb) acted as a highly selective catalyst for alkyne
semihydrogenation (Fig. 14a).!3* For the galvanic replacement, an aqueous solution of Pb(NOs), was
added to PdZn/SiO,, which was pre-reduced by H, at 400 °C in a round-bottom flask and then
cooled to room temperature, followed by washing with water and drying. The amount of Pb?" in the
solution was adjusted so that the Pb/Pd ratio is 0.25. The combination of HAADF-STEM-DEX
analysis and XPS studies with Ar" sputtering revealed that the bulk part of the nanoparticles retained
the parent PdZn structure, while Pb was localized on the surface of nanoparticles (Figs. 14b-d). The

FT-IR study with CO adsorption indicated that no Pd segregation occurred to form Pd—Pd ensembles
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on PdZn-Pb/SiO,. We also performed an EXAFS study for Pb Ljj-edge, where the curve-fitting
analysis indicated a coordination number of 4.2 for Pb—Pd scattering. This suggests that Pb replaced
the Zn atoms in the ZnPd, sites at the most stable PdZn(101) surface. Fig. 14e shows the results of
phenylacetylene hydrogenation using PdZn—Pb/SiO, and Pd—Pb/CaCO; (Lindlar catalyst). For the
Lindlar catalyst, the styrene selectivity sharply dropped after the complete conversion of
phenylacetylene, while a high styrene selectivity was retained when PdZn—Pb/SiO, was used. This
result clearly shows that PdZn—Pb/SiO, can more effectively prevent the overhydrogenation of
styrene to ethylbenzene compared to the conventional Lindlar catalyst. Thus, we modeled the
Pb-substituted PdZn(101) surface, where the Pb—Pd coordination number is four, and calculated the

adsorption states of alkyne and alkene.
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Fig. 14. (a) Illustration of the surface modification of intermetallic PdZn nanoparticles using the
galvanic replacement of Zn by Pb for its catalytic application on the selective semihydrogenation of
phenylacetylene. (b) HAADF-STEM image of a single PdZn+0.25Pb/SiO, nanoparticle and (c)
elemental maps of the Pd/Zn/Pb overlayer obtained by EDX. (d) Pb 4f XPS spectra of
PdZn+0.25Pb/Si0, before and after Ar sputtering. (e) Time-conversion and selectivity curves over
the PdZn+0.25Pb and Lindlar catalysts recorded for the hydrogenation of phenylacetylene.

Unlike ethylene, acetylene could be adsorbed on the Pb-modified Pd site, indicating that the
desorption of ethylene is significantly promoted and its re-adsorption is also prevented., which is
consistent with the catalyst’s high ability to inhibit the alkene overhydrogenation. This can be
attributed to the high steric hindrance of the Pd site by the large Pb atoms (Pb—Pd length: 2.77 A)
that do not allow the adsorption of alkene. Although a similar reaction environment using Pd—Pb

materials such as intermetallic Pd;Pb, PdsPb;, PdPb, or the Lindlar catalyst would be expected to be
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efficient, Pd—Pb intermetallics have longer Pd—Pb bonds than PdZn—Pb (2.85-2.95 A), probably due
to the lattice expansion by the Pb atoms in the bulk, indicating the lower steric hindrance of Pd.
Therefore, the surface decoration approach allows the generation of a highly constrained reaction
environment that cannot be arranged by pure intermetallic compounds.

Very recently, we have developed a different type of surface-decorated intermetallic compounds
using PtGa and Pb for propane dehydrogenation (PDH).!>3 The stable (111) plane of intermetallic
PtGa has four different surface terminations with three-fold and isolated Pt and Ga, which are
indicated as Pt;, Gas, Pt;, and Ga,, respectively (Figs. 15a and 15b). Although both Pt sites are active

for C—H activation of light alkanes, the Pt; sites also trigger undesired side reactions that form coke

and deactivate the catalyst.
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Fig. 15. (a) Four different surface terminations of PtGa:A(111) viewed along the [101] direction (ball
model). (b) Diagonal view of Pt; and Pt; termination (space-filling model). Pt; is indicated with
black color. (¢) Catalyst design by Pb deposition to block the Pt; (Gas) sites and keep the Pt; sites
available. (d) HAADF-STEM image of a single nanoparticle in PtGa—Pb/SiO, (Pt/Pb=2). (e)
Crystal structure of intermetallic PtGa viewed along the [142] direction. (f) Elemental map of Pt, Ga,
and Pb recorded by EDX. The inset shows their atom% included in areas 1 (yellow circle) and 2
(purple circle), corresponding to the whole and core region of a single nanoparticle. (g) Changes in
Pt 4f7,, binding energy (B.E.) of PtGa/SiO, and PtGa—Pb/SiO, (Pt/Pb = 2) during sputtering cycles.
Changes in (h) propane conversion and (i) propylene selectivity in PDH catalyzed by PtGa/SiO,,
PtGa—Pb/Si0O, (Pt/Pb = 2), and Pt;Sn/SiO,. The catalyst amounts were adjusted so that the number of
exposed Pt is identical (4.5 pmol): PtGa (9.0 mg), PtGa—Pb (Pt/Pb = 2) (15 mg), Pt;Sn (3.7 mg).
Gas feed: CsHg/Hy/He = 3.9:5.0:40 mL min~!. Temperature: 600 °C.
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In contrast, Pt; sites are much less active for the side reaction than Pt; sites. Therefore, a highly
selective and stable catalyst for alkane dehydrogenation can be synthesized, provided that only the
Pt; sites are disabled by the deposition of the third metal (Fig. 15c), while the Pt sites remain intact.
In our study, we found that Pb acted as an effective modifier for this purpose and the resulting PtGa—
Pb catalyst was a very stable and selective catalyst for PDH at high temperature. In this system, the
appropriate amount of Pb was co-impregnated with Pt and Ga (Pt/Ga/Pb = 1/1/0.5) on SiO,, followed
by calcination in air at 400 °C and the subsequent H, reduction at 700 °C (not by successive
impregnation of Pb to PtGa), generating intermetallic PtGa nanoparticles (2-3 nm, Figs. 15d and
15e) with Pb decorated surfaces. It should be noted that this structure was formed spontaneously
during the preparation at high temperature, indicating that the Pb atoms are preferably present on the
surface and not in the bulk, probably due to the larger atomic radius of Pb (Pt: 1.385 A, Ga: 1.408 A,
and Pb: 1.746 A).”5 The absence of Pb in the bulk of the PtGa nanoparticles was confirmed by EDX
mapping and XPS analysis with Ar* sputtering (Figs. 15f and 15g). We also performed FT-IR
analysis with CO adsorption, which revealed that the Pt; sites were selectively blocked by the Pb
deposition, whereas the Pt; sites remained open for CO adsorption. Figs. 15h and 15i show the
catalytic performance of PtGa/SiO,, PtGa—Pb/SiO,, and Pt;Sn/SiO, in PDH at 600 °C. Pt;Sn, a
well-known Pt—Sn catalyst for light alkane dehydrogenation, was rapidly deactivated within the first
10 h, suggesting that the reaction conditions were very harsh. PtGa exhibited a similar deactivation
trend, indicating that the undesired coke generation reactions occur over the Pt; sites. However, the
PtGa—Pb catalyst maintained the high propane conversion (30%) and propylene selectivity (99.6%)
for at least 50 h without deactivation.!>> The reaction was conducted for up to 96 h with almost no
deactivation. Furthermore, a temperature-programmed oxidation experiment for the spent catalyst
(50 h) revealed that the amount of coke accumulated on the catalyst decreased to approximately 1/8
by the Pb deposition to PtGa, demonstrating the successful inhibition of coke formation. We also
performed DFT calculations for the C-H activation steps
(C3Hg — CsH; + H — C3Hg + 2H — CsHs + 3H) and the propylene desorption over the Pt-based
materials. It is known that the propylene selectivity generally depends on the difference in the energy
barrier (AE) between the propylene desorption and the third C—H activation step (CsHg — C3;Hs + H).

Thus, propylene is either desorbed as a product or is decomposed by subsequent bond scissions. The
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Pt; site in PtGa gave a AE value of 64.9 kJ mol !, which was much higher than that of the Pt; sites in
PtGa and Pt;Sn (35.9 and 24.1 kJmol™!, respectively), demonstrating the outstandingly high
selectivity of the Pt; sites for propylene production.

Thus, the surface modification concept enables the development of significantly active and
selective catalytic systems that cannot be prepared using pure alloy materials. To design and
construct such a favorable reaction environment, one need to understand the stability and atomic

arrangement of the surface structure, as well as the appropriate method for the surface modifications.

6.2. Unique nanostructures formed by decomposition of intermetallic compounds

When an intermetallic compound including a labile metal is subjected to a harsh chemical treatment,
the catalyst structure is often drastically changed to form a unique nanostructure. Raney Ni is a
well-known example of this chemical transformation.'® Bulk Ni—Al powder can be treated with a
strong basic solution to leach Al, resulting in the formation of a porous Ni material,!3® which can be
subsequently used as an active catalyst for various reactions such as hydrogenation'>’- 138 and
reforming.!>® Similar dealloying techniques using a strong base can be applied for the treatment of
other 3d-transition metals (e.g., Fe)'® and/or trimetallic systems. Kameoka et al. reported that
dealloying of AlssFey; sPtys'®! by an aqueous NaOH solution afforded a Pt-Fe;O,4 nanocomposite
consisting of highly dispersed Pt and a porous Fe;O4 matrix, which was more active than the
conventional Pt/Fe;O, catalyst for CO oxidation and preferential oxidation of CO in excess H,.'%?
Abe and coworkers also reported that nanoporous Ni/Y,03; could be obtained by dealloying
Nijp5Y125Al75, which exhibited higher catalyst stability than the conventional Ni/Al,O5 catalytic
system.'63 In addition, we disclosed a similar catalytic system based on dealloying, where the ternary
intermetallic compound Ru,LaAl;y, was used for the synthesis of Ru-La,0;.!®* This porous
composite exhibited higher catalytic activity than Raney Ru prepared from RusAl;;. Therefore, in
this section, we present unique nanostructures obtained from intermetallic compounds that are

entirely different from the conventional Raney-type porous materials.

6.2.1. Ni clusters embedded in SiO, matrix
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This material was serendipitously found. In this study, we originally intended to prepare a Ni-skin
structure on a Ni—Si intermetallic compound by dealloying using a dilute aqueous solution of
hydrofluoric acid (HF). The synthetic procedure is very simple; a bulk NiSi, powder with a mean
particle size of 50 um was added in a vigorously stirred 1.0 M HF solution and kept for 15 min at
room temperature in the air, followed by washing with water, drying, and H, reduction at 400 °C for
0.5 h.'% After the process completion, the bulk NiSi, structure was retained, because the acid
treatment was fast and was performed at low concentration and temperature. However, the resulting
near surface structure was not the expected. Figs. 16a—e show the results of HAADF-STEM-EDX
analysis that focused on the near surface region of the HF-treated NiSi, (NiSi,-HF), and a schematic

illustration of the structural change during the HF treatment.!®3
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Fig. 16. (a) HAADF-STEM image of the near surface region of NiSi,-HF and elemental maps of (b)
Ni, (¢) O, and (d) Si. The organic protection layer used for the sample preparation by focused ion
beam is observed as C and O. (e) Schematic illustration of the near surface structure change upon HF
treatment and the subsequent H, reduction. (f) Change in the reactant conversion during the
hydrogenation of benzene and toluene over NiSi,—HF, Pd black, and Ni catalysts at 150 °C. The
selectivity for cyclohexane or methylcyclohexane was 100% for each catalyst. (g) Activation
energies of the hydrogen attack on ethylene adsorbed on Ni(111), NizSi(111), a Ni,, cluster, and a

Niy cluster embedded in a Si0, matrix (Ni@Si0O,), as calculated by DFT. Transition-state structures
are also shown.

Several small Ni clusters (2-5 nm) embedded in the SiO, matrix (Ni@SiO,) at the near surface

region were observed, while the Si0, layer of 50-60 nm thickness (in depth) was also formed on the
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bulk NiSi,. The resulting NiSi,-HF catalyst exhibited 14-24 and 7-8 times higher reaction rates and
TOF values, respectively, than the pure Ni powder in the hydrogenation of various unsaturated
hydrocarbons (ethylene, acetylene, toluene, and benzene). It should also be highlighted that NiSi,-HF
showed a long-term stability and higher TOF than the pure Pd powder in benzene hydrogenation (Fig.
16f). Thus, it was proven that the catalytic activity of non-noble Ni can be significantly enhanced and
surpass Pd by appropriately using earth-abundant Si, demonstrating the validity of this approach for
the preparation of noble-metal-alternative catalysts. Given that cycloalkanes obtained as main
products from aromatic hydrogenation, such as cyclohexane and methylcyclohexane, are considered
as promising hydrogen carriers, NiSi,-HF can be used for hydrogen storage applications as a
promising noble-metal-alternative material. DFT calculations suggested that the SiO, matrix
surrounding the Ni cluster has a specific promotion effect on hydrogenation. As shown in Fig. 16g,
the activation energy (£,) of the hydrogen attack on ethylene adsorbed on Ni@SiO, was much lower
than that required for the attack on ethylene on the Ni(111) terrace and the free Ni cluster.
Comparing the transition states of the hydrogen attack on Ni@SiO, and the free Ni cluster, the Ni
atom adsorbing ethylene in Ni@SiO, was higher and closer to ethylene than that in the free Ni
cluster, which stabilized the transition state of the hydrogen attack and significantly lowered E,.
Moreover, a possible electronic effect contributing to this stabilization was excluded based on the
XPS study that showed no difference in the electronic states of the surface Ni atoms between
NiSi,-HF and pure Ni. This stabilization could be explained by a strain effect caused by the

surrounding SiO, matrix.

6.2.2. Rooted catalysts

Abe et al. have recently reported unique phase-separated nanocomposites of Ni and Y,03 (Ni#Y,0;)
prepared from intermetallic NiY, which were considerably different from the conventional
heterogeneous supported metal catalysts.'®® The Ni#Y,0; nanocomposites consisted of an entangled
network of fibrous metallic Ni and Y,0;, which was developed out of the bulk part, leading to a
rooted structure (Figs. 17a—d).'% The rooted structure was obtained by heating NiY in the presence
of CO and O,. A possible mechanism for the nanophase separation was initiated by the dissociation

of molecular oxygen. The resulting O-atom was then spilled over the surface and diffused into the
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bulk to form the Y,0; phase, whereas Ni retained its metallic state via the reduction by CO. The
morphology and topology of the nanocomposites could be controlled by tuning the treatment
temperature and the CO/O, ratio. The rooted Ni#Y,Oj; catalyst exhibited a significantly high stability

when applied to the low-temperature CO, reforming of methane for at least 1000 h (Fig. 17e).

1 ) Ni
Y20, ‘ « Y205 ,
Nimetal ¢__ . "_f Y20, \
deposition “ Ni
Exposure 9 (3Y; |

Y20,

Root P L
QN
F -
Heated in
C0+1/20, @: )
(e) e
2 44 — NiALO, [08
= — Ni'Y,0
E 1.2 FiiesS §
E 10- (062
[0}
S 084 3
S 06- s
E 2
5 044 & Lo2
9 02 BTt HEEE Supported Nl#Yzo
Ni
0.0 +———rrr— - 0.0 ( ’
1 10 100 1000 .

Timecourse (hrs)

Fig. 17. (a) Traditional supported catalysts, such as Ni/Y,0;, are prepared by depositing Ni
nanoparticles on the surface of the support. (b) The rooted Ni#Y,0; catalyst was prepared by melting
Ni and Y metals into a Ni—Y alloy under Ar, followed by heating of the prepared Ni—Y alloy under a
CO/O, atmosphere. (c¢) Cross-section SEM image of a single Ni#Y,0; particle, showing the
distribution of the rooted structure in the bulk. The black arrow indicates one of the exposures of the
rooted structure. (d) (left) High-magnification HAADF-STEM and (right) elemental mapping
images of the rooted structure. (e) Catalytic performance of Ni#Y,0; and supported Ni catalysts and
change in the reactor pressure during dry reforming of methane: catalyst amount = 0.1 g; reaction
temperature = 723 K; CH4/CO,/Ar = 1/1/98 in vol%; flow rate = 100 mL min!. (f) A model for the
inhibited CNT growth over the Ni#Y,0; catalyst due to the topological immobilization of the Ni
catalysis center. Reproduced with permission.'® Copyright 2019, Royal Society of Chemistry.

Instead, the conventional Ni/Y,0; and Ni/Al,O; catalysts were rapidly deactivated in 10 h due to the

inhibition of mass transport by coke accumulation. Thus, an in situ TEM analysis was performed to

44



Page 45 of 52 Journal of Materials Chemistry A

investigate the carbon formation on Ni/Al,O; during the catalytic run, which showed a rapid growth
of multi-walled carbon nanotubes generated from freely migrating Ni nanoparticles over the Al,O;
support. This carbon growth was not favored on Ni#Y,03;, because the active Ni site was anchored in
the highly entangled nanocomposite network through the rooted structure, as depicted in Fig. 29f.
The hard X-ray photoelectron spectroscopy analysis revealed that the Y,0; moiety in Ni#Y,0; had a
higher amount of oxygen vacancies than Ni/Y,0;, while it was also suggested that the
oxygen-deficient Y,0; contributed to the elimination of carbon deposits in the Ni—Y,O; interface.

A similar bimetallic system of NizNb has also been reported!¢” for the preparation of
phase-separated Ni#NbO, nanocomposites. The rooted structure was formed during the catalytic use
of intermetallic NizNb in the NO—CO reaction. In this case, NO seems to act as an oxygen source
(2NO — N, + 20), like O, in the NiY system, leading to the oxidization of Nb, while CO preserves
the metallic state of Ni. The Ni#NbO, catalyst showed a remarkably higher catalytic activity for the
NO-CO reaction than pure Ni, Nb, and Pt. Moreover, a long-term stability test at 400 °C revealed
that Ni#NbO, selectively converted NO to N, for 500 h without losing its catalytic performance. The
high catalyst stability was attributed to the rooted Ni structures in the NbO, matrix. It was also
suggested that the oxygen vacancies in NbO, served as carriers of N-atoms, promoting N migration
and N, recombination.

In summary, the rooted catalysts provide high catalyst durability for long-term use under harsh
conditions. Although their structures look very complex, they might be controlled by a topological
analysis, which can be developed based on experimental parameters such as temperature,

concentration, and the characteristics of the chemicals.

7. Concluding remarks

In this paper, we presented a series of our recent developments in the chemistry of alloy materials for
catalytic use. The described alloys were classified into various categories, such as ordered and
random, based on their structural differences. Other important and emerging alloy materials
developed by other researchers, which could be used as next-generation materials for catalysis, were
also mentioned and categorized. It has been observed that the structural geometry of ordered alloys

changes drastically with high regularity, preventing undesired reaction paths and/or promoting the
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desired reaction process. Specific atomic alignments of some intermetallic compounds can also
efficiently control the adsorption conformation of the reactant molecules and their surface dynamics,
allowing highly challenging molecular transformations such as stereo-, chemo-, and regioselective
hydrogenation. Thus, the regularity and the specific geometry of the developed ordered materials
plays an important role in enhanced catalysis. Instead, electronic factors significantly affect the
catalytic processes on both ordered and random alloys. Random alloys do not have specific
geometric effects, but allow great flexibility in choosing the appropriate composition ratio. A highly
biased composition ratio allows the isolation of the main active metal by an excess amount of the
counterpart metal, leading to single-atom alloys with unique properties for challenging chemical
transformations. In addition, the entropic effect increases the possible number and combination of
the constituent metals that can be used. Pseudo-binary or Heusler alloys have the advantages of both
ordered and random alloys, i.e., specific surface structures and tunability of the composition ratio and
catalytic performance. The combination of three metal elements adjacent at the atomic level with
high regularity provides multifunctional active sites for the development of highly active, selective,
and durable catalytic systems. Furthermore, alloys can be used as starting materials for the
preparation of complex metal-metal-oxide nanocomposites through various chemical treatments,
which exhibit remarkably high catalytic activity or stability. It is thus clear that a variety of alloy
materials have already been developed for the preparation of efficient catalytic systems. However,
the design of catalysts based specifically on the principles of metallurgy, surface science, catalytic
chemistry, and materials chemistry is essential for the realization of the desired catalytic systems. In
particular, the design of catalytic systems for specific reactions requires (1) a deep understanding of
each element’s nature, (2) the prediction of the resulting crystal (or composite) structure and surface
atomic arrangement, and (3) the successful identification of the element or factor that should be
optimized. The synthetic procedures should also be improved to obtain the complex alloy
nanoarchitectures as fine and uniformly dispersed nanoparticles. Moreover, as the application of
alloy materials in catalytic chemistry is currently evolving, innovative studies in their synthetic

methodology will further boost this research field.
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An overview of a variety of advanced alloy materials for catalytic use is
provided.



