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Intermetallic compound (IMC) catalysts have garnered significant attention due to their unique surface and
electronic properties, which can lead to enhanced catalytic performance compared to traditional
monometallic catalysts. However, developing IMC materials as high-performance catalysts has been
hindered by the inherent complexity of synthesizing nanoparticles with well-defined bulk and surface
compositions. Achieving precise control over the composition of supported bimetallic IMC catalysts,
especially those with high surface area and stability, has proven challenging. This review provides a
comprehensive overview of the recent progress in developing supported IMC catalysts. We first examine the
various synthetic approaches that have been explored to prepare supported IMC nanoparticles with phase-
pure bulk structures and tailored surface compositions. Key factors influencing the formation kinetics and
compositional control of these materials are discussed in detail. Then the strategies for manipulating the
surface composition of supported IMCs are delved into. Applications of high-performance supported IMCs
in important reactions such as selective hydrogenation, reforming, dehydrogenation, and deoxygenation are
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comprehensively reviewed, showcasing the unique advantages offered by these materials. Finally, the
prevailing research challenges associated with supported IMCs are identified, including the need for a better
understanding of the composition—property relationships and the development of scalable synthesis meth-
ods. The prospects for the practical implementation of these versatile catalysts in industrial processes are
also highlighted, underscoring the importance of continued research in this field.
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TM-TM alloy catalysts often show ill-defined bulk and surface
composition, so their surface chemistry cannot be rationally

1. Introduction

Currently, one of the grand challenges for the heterogeneous
catalysis community is the purposeful and selective manipula-
tion of surface chemistry that destabilizes specific chemical
moieties within an environment of many different chemical
moieties.'™ To achieve this goal, materials with sufficient com-
plexity and tunability concerning their surface chemistry must
be understood to the point that they can be rationally designed
as catalysts. Thus, there is an urgent demand for fundamental
connections between surface and catalytic chemistry over cata-
lytic materials. However, many mainstream monometallic or
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manipulated for specific catalytic reactions. Therefore, the synth-
esis of well-defined catalysts NCs with pure bulk phase and
controllable surface has attracted tremendous attention from
academic and industrial communities.

Intermetallic compounds (IMCs) are a fascinating class of
materials composed of two or more metallic elements combined
in a specific, ordered atomic arrangement. Unlike the random,
disordered structure in metal alloys, IMCs form an ordered
crystal structure driven by a strong chemical attraction between
the elements. This unique structure results in new electronic
properties compared to the parent elements. It also gives rise to
unique surface chemistry in IMCs, allowing for controlled sur-
face reactivity towards C, H, and O across a wide range by
adjusting bulk and surface composition. In contrast, the limited
tunability of surface chemistry in alloys is due to the mutual
solubility of the elements in a random manner. Therefore, IMCs
have been suggested to be ideal catalysts in many reactions due
to the possibility of control of catalytic chemistry.>>™*® For
example, many studies have illustrated the use of both precious
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group metals (PGM) and non-noble metal IMCs as catalysts in
reactions that require either aggressive or gentle activation of
saturated and unsaturated C-C, C—=0, and N-O bonds, e.g.,
semi-hydrogenation, selective hydrogenation, heteroatom
removal, reforming, electrocatalytic oxidation, partial hydroge-
nation, etc.>?'*'>17192% Through these studies, it has been
demonstrated that the inclusion of the p-block TM in the TM
solid directly modifies and lessens surface reactivity towards
C=—C bonds while building in enhanced reactivity towards
bonds that contain oxygen, such as C-O, O-H, C—=0, N-O,
etc.'>1821:23242830 Other studies have also indicated that differ-
ent bulk stoichiometries/phases of IMCs exhibit different
catalytic performances. However, due to a lack of truly surface-
sensitive surface composition analysis, this trend is still
unclear.>'2023

Unfortunately, the fundamental study and design of IMC
materials as catalysts from an atomic and electronic level has
proven to be challenging due to innate complexity and difficul-
ties in synthesizing nanoparticles with well-defined bulk and
surface compositions across a wide range of compositions,
especially high surface area supported bimetallic compounds.
In addition, since heterogeneous catalysis is based on surface
science, consequently, significant experimental efforts have
been dedicated to actualizing computational predictions in
this field. Specifically, particular attention has been paid to
the development of synthesis techniques for oxide-supported
IMC nanoparticles of phase-pure bulk and controlled particle
surface composition. In contrast, the preparation of other
heterogeneous catalysts, such as supported metal or metal
oxide catalysts, may involve simpler methods, but they may
not provide the same level of adjustability in structure and
composition as IMCs. These catalysts usually prioritize the
control of morphologies and particle size. The extra synthetic
steps needed for IMCs enable the optimization of their electro-
nic and surface properties to target specific catalytic applica-
tions. The ultimate goal of such synthesis is the catalysts with
controllable bulk and surface composition that will enable
comprehensive investigation of their effects on surface and
catalytic chemistry. The ultra-high vacuum (UHV) technique is
regarded as the most exact tool to study the surface chemistry
of these materials which can rationally set the arrangement of
atoms.>?'* It must be noted, however, that conducting UHV
surface science studies is expensive, and operating the UHV
system can be both challenging and time-consuming. Over the
past several decades, numerous synthesis routes have been
developed for supported IMCs.>**” However, despite the
availability of these methods, there is still a lack of a compre-
hensive summary that includes the mechanism of formation
and control of bulk and surface composition. A summary of
this nature is essential for a deep and thorough investigation of
the true surface science of materials within the entire commu-
nity. Therefore, to gain a clear understanding of the physical
phenomena that dictate their bulk and surface composition as
a function of constituent element selection, oxide support
choice, and preparation environment, this review will focus
on the recent progress of the high surface area supported IMC
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catalysts. Firstly, the common synthesis techniques of sup-
ported IMC nanoparticles will be discussed, including the key
factors that influence their formation kinetics and well-defined
examples. Then the surface manipulation of these catalysts will
be delved. Furthermore, this review presents the applications of
selected high-performance supported IMCs in various catalytic
reactions, such as selective hydrogenation, reforming, dehy-
drogenation, and deoxygenation. Lastly, we summarize the
prevailing research challenges associated with supported IMCs
in terms of their bulk and surface control, catalytic chemistry,
and applications as well as prospects.

2. Synthesis method of supported IMCs
2.1. Impregnation method

The most commonly used method for the synthesis of sup-
ported IMC nanoparticles is the impregnation method due
to simple procedure. As shown in Fig. 1, firstly constituent
element precursors are deposited on the support at the same
time or in subsequent steps. In route 1, one of the constituent
elements is first deposited on the support and reduced to pure
metal, and then the secondary element precursor is added and
reduced. After deposition, precursors of constituent elements
are reduced under an H, environment, then diffuse across the
surface of the support and finally form a compound with a
specific crystal structure. In route 2, A and B precursors are co-
deposited. In both routes, since the element precursors are
physically mixed with support, theoretically any precursors can
be deposited on any supports, which makes this method
universal for the preparation of different materials. However,
many studies indicate nanoparticle IMC synthesized via
impregnation methods often results in multi-phase systems
where particles may be of disparate phases or polyphase
individual particles.*®*° This is because the kinetics of consti-
tuent element incorporation into the growing IMC nanoparticle
is a function of precursor reduction kinetics, diffusion kinetics
of reduced precursor metal across the support, and the thermo-
dynamic driving force for IMC formation. Frequently, additional
annealing pretreatment is needed for the reorganization of bulk
and surface. Additionally, adsorbate-metal interactions at the
surface of the IMC particle during synthesis and under reaction
conditions drive element segregation only at elevated tempera-
tures where the thermodynamics of IMC formation are
surmounted.*! Each of these effect factors can individually drive
the formation of multiphase systems with off-stoichiometric
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Fig. 1 Schematic for the synthesis supported IMCs via impregnation
method.
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surface compositions that inhibit well-defined fundamental
studies, which has been informed in many studies.*®*°™*3 Thus,
to understand how to control the bulk and surface composition
using this method, these effect factors are reviewed and analyzed
in detail in this section.

2.1.1. Formation mechanism and effect factors

2.1.1.1. Reduction kinetics. The reduction kinetics of consti-
tuent element precursors is complex, which is related to the
reducibility of precursor, interaction between element and
support, and reduction environment (such as H, concentration
and temperature). In the co-impregnation route, the simulta-
neous and complete reduction of both constituent elements is
required to ensure the homogeneous distribution of atoms on
the support surface, which will favor the formation of the pure
phase. To reach this goal, one simple method is using high H,
concentration in the impregnation method or strong reduction
agents in the chemical reduction method which can promote
rapid reduction. As shown in Fig. 2, the study by Laursen
groups shows that pure phase Ni + Ga/SiO, IMC can be
produced as the H, concentration increases.® The phenomenon
of elevated H, concentration promoted reduction kinetics was
also observed in other studies.**** In addition, it is also noted
the critical concentration of H, for different stoichiometries
phases depends on the choice of support and stability of phase.
The effect of support on the reduction kinetics of precursors
originates from the element-support interaction. It is found
that utilization of inert support such as SiO, and carbon can
promote the formation of pure phase IMC, while utilization of
more active support such as Al,O; leads to multi-phase due to
inhomogeneous reduction kinetics caused by the strong metal-
support interaction and hydrophilic and acidic nature of
support.>®*®%” This phenomenon was also observed in the
synthesis studies of Pd;Pb over SiO, and Al,O; where phase
pure Pd;Pb could be obtained over SiO, but not over Al,O;
under the same reduction conditions.*®*°

On the other hand, in the sequent impregnation route, after
the first element A precursor is deposited and reduced on the
support, the later added secondary B element will grow follow-
ing the mode of island growth, layer growth, or Stranski-
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Fig. 2 Long-acquisition-time pXRD of (a) 1:1 Ni:Ga/C; (b) 1:1 Ni:Ga/
SiO,; and (c) 1:1 Ni:Ga/Al,Os after reduction with different concentra-
tions of H, in Ar at 700 °C, which illustrated the effect of H, chemical
potential on bulk composition.® Copyright 2022, Royal Society of
Chemistry.
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Krastanov, depending on the strongness of A-B interaction vs.
B-support interaction.’® If the A-B interaction is stronger
than the B-support interaction, island growth will dominate.
Otherwise, layer growth will occur. The Stranski-Krastanov
growth is the combination of the previous two modes which
often occurs when the lattices of solid and support mismatch.
However, in either mode, it is easy to produce core-shell
structures which are often unstable under harsh reaction
conditions, and also lose the possible reaction sites dominated
by the element in the core.’"** Therefore, to fix this problem,
usually, the first element precursor needs a rapid reduction to
form tiny seeds so that their high surface energy can avoid
aggregation of atoms. Similarly, the rapid reduction of second-
ary element precursor is also required to drive the coalescence
with element A to form compounds with lower energy.

Another direct way to tune the reducibility of elements is the
selection of different metal precursors. The common precur-
sors are usually inorganic salts (such as nitrate, chloride, and
acetates) and organic complexes (such as carboxylates, acetyla-
cetonates, and phosphine), which show different reduction
kinetics and significantly affect the bulk composition of IMCs.
For example, Lagrow and co-workers showed the effect of pre-
cursor ligands on the synthesis of Pt + Ni and Pt + Cu
compounds, which indicated the choice of precursors choice
affected the nanoparticle sizes and bulk composition.>® Another
study by the Saha group also showed that pure PtPb solid can be
synthesized by using acetylacetonate salt while multi-phase was
observed using chloroplatinic acid because of the strong metal-
acetylacetonate interaction limiting the reduction.>*

For the co-impregnation, similar reduction kinetics of con-
stituent elements will promote the rapid and complete
reduction leading to the formation of IMCs with pure bulk
phase. Otherwise, compounds with multi-phase will be
observed. For example, in the work by the Laursen group, the
reducibility of different nickel and gallium salts and their
effects on the formation of Ni + Ga IMCs were systematically
investigated, which indicates NiGa with pure bulk phase can be
synthesized when the nickel nitrate and gallium nitrate were
used due to their similar reduction kinetics.® A similar phe-
nomenon was encountered in a study focused on Pd-based
IMCs synthesis only pure phase PdBi/Al,O; was produced but
Pd;Sn and Pd;Pb showed multi-phase bulk compositions due
to large different reduction kinetics of Sn and Pb salt with Pd
salts*® (see Fig. 3). This figure also shows pure Co;Sn,/AL,Oj,
Ni;Sn/Al,O;, and NizSn,/Al,O; were obtained as a result of
similar reduction potential between Co or Ni and Sn salts. In
addition, the choice of solvent also affects the reduction of
metal salts, especially for reactive metals such as early transi-
tion metals (TMs) and large p-elements which will react with
water to form unreducible complexes or precipitation. In those
cases, organic solvents will be utilized. For example, Zhang
et al. found in the Fischer-Tropsch synthesis on Co/SiO, using
dehydrated ethanol as solvent can increase the conversion
compared to using water and 95% ethanol caused by the
formation of cobalt complex in water and strong interaction
with support leading to difficult reduction.”® Moreover, to

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Energy diagram of standard reduction potentials of the chemi-
cals used in this study and related ones. (b) XRD patterns of (1) PdBi/Al,Os3,
(2) CO}Snz/Alzog, (3 Ni3$ﬂ/Ale3, and (4) Nigsnz/Alzog prepared by
hydrogen reduction at 600 °C and their reference materials.*® Copyright
2013, Royal Society of Chemistry.

overcome the slow and incomplete issues caused by low redu-
cibility or strong metal-support interaction, a high reduction
temperature can be applied.

2.1.1.2. Diffusion kinetics. After the reduction step, reduced
atoms diffuse across the support surface and coalesce into a solid.
The diffusion kinetics of reduced metal is also a function of the
support and pretreatment environment. Off-stoichiometric IMC
compounds will be produced if element diffusion is limited. To
overcome the diffusion barrier, sufficient energy is needed which
can be provided by either high temperature or high driving force.
Under high temperatures, diffusion kinetics of reduced elements
are surmounted leading to free movement of atoms on the surface
and sitting at the lowest energy position. However, this tends to
drive the surface segregation or sintering as well as the disordered
phase.”®™® Thus, high-temperature pretreatment should be
carefully employed. Interestingly, some studies suggest that the
presence of atomic H can promote the formation of compounds
with pure phase because the H spillover effect can reduce
interaction between elements and support enhancing the
diffusion.®*°*' In addition, some studies indicate utilization of
relatively inert support can decrease the diffusion barriers of
elements leading to more readily formation of compounds, how-
ever, causing sintering and large nanoparticle size.*%*"%*
example, as shown in Fig. 4, the work by the Laursen group on
the synthesis of Ni + Ga IMCs confirms the trend of diffusion
barriers as a function of support activity. This trend is evident by
the formation of pure phase NiGa IMCs at lower temperatures
over more inert carbon support compared to the SiO, support but
with larger particle size (see Fig. 4a-d).® Similarly, He et al
reported that the particle size of Pd over hydrotalcite support is
much smaller than when using MgO and Al,O; supports, which
have more inert reactivity.*> Huang group also found the effect of
support on the particle size in the synthesis of PtSn (1:1)
compounds, showing that PtSn over mesoporous silica wells
(MSWs) has a smaller size with 3.9 nm than when using meso-
porous silica support (SBA-15) with 6-8 nm (see Fig. 4e-g).*®

For

2.1.1.3. Thermodynamics of formation. The complex thermo-
dynamics of IMC formation can be signified by the phase
relative stability and pretreatment temperature. According to
the Gibbs free energy of a specific phase. In the binary element

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) XRD of 1:1 NiGa/SiO, formed at different temperatures; (b) XRD
of 1:1 NiGa/C formed at different temperatures; (c) TEM of 1:1 NiGa/SiO,
formed at 700 °C; (d) TEM of 1:1 NiGa/C formed at 700 °C; (e) PXRD
patterns of the PtSnx@MSW, x = 0, 0.30, 0.50, 0.70, 1.0 and 2.0; (f) TEM of
PtSny o/MSW; (g) TEM of PtSn; o/SBA-15. (a)—(d) are from ref. 8, Copyright
2022, Royal Society of Chemistry, and (e)—(g) are from ref. 65, Copyright
2020, WILEY-VCH Verlag GmbH & Co.KGaA.

system, the stability of the phase is correlated to temperature,
usually the most stable phase with the lowest enthalpy will be
produced firstly at low temperature and different phases can
transform at critical temperature. When the temperature is
increased during reduction or annealing, the phase initially
tends to change from a disordered state to an ordered state.
For instance, a pure phase multi-principal element IMC was
produced by rapid annealing at 1100 K for 5 mins which is
sufficient to complete the transition from the disordered struc-
ture to ordered and pure phase.®® Once the phase transforma-
tion critical temperature is reached, a further increase in
temperature will cause the phase to transform from ordered
to disordered. This means that controlling the temperature is
essential for controlling the bulk composition. However, the
high temperature tends to drive the formation of disordered
atomic arrangement due to the higher entropy than the ordered
phase. Conversely, at low temperatures, the ordered phase is
thermodynamically favored. Therefore, the phase transforma-
tion as a function of reduction or annealing temperature is
consistent with the order of phase stability.

2.1.2. Examples of well-defined IMCs. Considering these
effect factors, a selection of well-defined IMCs has been synthe-
sized by using the impregnation method. For example, the
Norskov group conducted a significant study on the synthesis
of a pure phase of different stoichiometric Ni + Ga/SiO, IMCs
(see Fig. 5).> They discovered that NisGa;/SiO, exhibited com-
parable or even higher selectivity towards methanol and greater
stability in the CO, reduction reaction compared to the indus-
trialized Cu/ZnO/Al,O; catalyst. Laursen group also synthesized
well-defined Ni + Ga/SiO, IMCs with pure phases using a
similar method and further manipulated the surface composi-
tion to bulk-like.® The Komatsu group successfully synthesized
a series of well-structured SiO, supported Rh-based IMCs
(RhM/SiO,; M = Bi, Fe, Ga, In, Ni, Sb, Sn, or Zn) with pure bulk
phases.®” 3 wt% Rh/SiO, was first prepared and then other
secondary metal salts (typically nitrates, excepting (NH,),GeFs,
InCl;, SbCl;, and (NH,),SnClg) were introduced by successive
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Fig. 5 (a) TEM images of NisGas and NiGa and (b) in situ XRD patterns of
NizGa, NisGaz, and NiGa intermetallic compounds as well as Cu/ZnO/
AlLOs.* Copyright 2014, Springer Nature Limited.

impregnations. After reduction under pure H, at 800 °C for 1 h,
these RhM/SiO, IMCs were obtained. The variations in the
catalytic performance in the selective hydrogenation of nitroarene
by selecting different p-block elements were observed. Moreover,
Nazar et al. developed a simple and universal method for the
synthesis of mesoporous carbon supported Pt-based IMCs via
impregnation with ultrasmall and controllable particle size (1.5-
3 nm), exhibiting high mass activity for formic acid oxidation.®®
This study not only emphasizes the importance of understanding
the growth process of well-defined IMCs but also paves the way for
the design and utilization of novel intermetallic compounds.
Another significant study by Cao et al. demonstrated the produc-
tion of pure PdIn/Al,O; using this approach and emphasized the
significantly enhanced activity, stability, and selectivity in the
selective hydrogenation of acetylene compared to Pd/Al,05.%° This
improvement is attributed to the reduced surface reactivity of
acetylene and ethylene, which is caused by the incorporation of In
to Pd leading to the change of electronic structure, such as the
shift of the d-band center to lower energy and reduced Pd states
population near Fermi level.

The ability to synthesize well-defined supported IMCs with
fine-tuned composition and nearly ideal catalytic performance
through the impregnation method has been demonstrated.
Additionally, the development of novel IMCs further highlights
the importance of understanding IMC growth processes for
future design and utilization. While the impregnation method
also has some drawbacks. One of the limitations is the
potential difficulty in controlling the particle size and distribu-
tion of the IMCs, which can impact their catalytic properties.
Furthermore, the process of achieving surface composition
resembling the bulk material through adjustment of pretreat-
ment conditions or additional annealing pretreatments can be
time-consuming and may not always result in the desired

20 | Nanoscale Horiz., 2025, 10, 16-37
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composition. These drawbacks highlight the need for further
research and development to optimize the impregnation
method for IMC synthesis.

2.2. Strong metal-support interaction induced IMC formation

As discussed in Section 2.1, strong metal-support interaction
(SMSI) may cause multiphase, but if the support is reducible such
as TiO,, Ga,03, and In,03, this kind of unfavorable phenomenon
can induce the formation of IMC at high reduction temperature or
ultrahigh vacuum. Many studies have demonstrated the success-
ful synthesis of IMCs based on SMSL""%”! SMSI term was first
coined by the Tauster group in the late 1970s and originated from
the observation of dramatically reduced H, and CO adsorption
over TiO, supported PGMs under high-temperature reduction
conditions due to the formation of PGMs-Ti bonding.*®">7?
Subsequently, the studies on SMSI prevailed for a while but were
suppressed because of limited characterization techniques for the
investigation of dynamic processes on the metal-support inter-
face. In recent years, advanced characterization technologies such
as X-ray photoelectron spectroscopy (XPS) and in situ high-
resolution transmission electron microscopy (HRTEM) have devel-
oped allowing a deep understanding of the SMSI mechanism,
thus SMSI attracts boosting attention again in the heterogeneous
catalyst community. More meaningfully, the discovery of SMSI
brings about new avenues for the rational design of heteroge-
neous catalysts due to the significant effect on the surface
and catalytic chemistry of catalysts. Despite the efforts of many
researchers, it should also be noted that SMSI mechanisms are
still not exactly clear because of the complex dynamics of the
interface. Therefore, this review focuses on the formation of IMCs
based on SMSI under high-temperature reduction conditions.
2.2.1. Formation mechanism and effect factors. Currently,
the classical formation route of the IMCs by constructing SMSI
under high-temperature reduction has reached a consensus as
following steps (see Fig. 6): (1) reduce deposited metal A salt or
directly deposit metallic A nanoparticles on the support; (2)
hydrogen spillover from metal A to the interface of metal-
support leading to a partial reduction of oxide support to form
a suboxide; (3) diffusion of reduced support metal species into
metal A lattice due to the SMSI effect; (4) formation of IMCs.
During this route, the formation dynamics depend on the
reducibility of support, reduction temperature, H, concen-
tration, and stability of the prepared IMC phase. Generally,
the SMSI effect is assigned to oxide support with high reduci-
bility, such as TiO, or In,03, which can be easily reduced to
suboxide species. Those low- or non-reducible oxide supports,
such as SiO, or Al,O3, are not expected to construct SMSI
because of inert surface chemistry and highly stable bonding

N\ T

Fig. 6 Schematic for the synthesis of supported IMCs via SMSI.

This journal is © The Royal Society of Chemistry 2025
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with O in the support solid. The study focused on the synthesis
of Pd-based and Pt-based IMCs over different oxide supports by
Iwasa and co-workers to demonstrate that they can be produced
over more reducible oxide supports (ZnO, Ga,03, In,0;) but
failed over other relatively low reducible supports (SiO,, ZrO,,
and CeO,) at the same reduction temperature.”* Some studies
indicated that M + Si and M + Al IMCs cannot be prepared
unless at harsh reduction temperatures. For example, Pt;Me
(Me = Si, Al, Ce) were prepared via reduction pretreatment of Pt
nanoparticles on silica, alumina, and ceria supports at high
temperatures (>873 K).”>’® Pd,Si and NizSi were formed by
heating Pd or Ni film and SiO, substrate under an H, environ-
ment at the pressure of 6 x 10~2 Pa and 820 K for 10 h.”””® In
addition, a series of M + Al (M = Pt, Pd, Au) IMCs was also
synthesized in an epitaxial growth method as a result of the
interfacial interaction between noble metal and alumina
support.”®®!

To enable the control of the bulk composition of IMCs, the
amount of metal B exacted from support needs to be adjusted
by changing the reduction conditions. In the example of the
formation of Pd + In IMCs by SMSI using In,O; as support, as
the reduction temperature increases, the In concentration
increases.®’ As shown in Fig. 7, pure phase PdIn and Pd,In;
were produced when reduced at 300 °C and 390 °C, respectively.
But when the reduction temperature increases to 550 °C, a
mixture of Pd;In, phase and pure In metal was observed due to
the complete reduction of In,O;. A similar phenomenon was
encountered in the synthesis of Pd + Ga/Ga,0; that a more Ga-
rich Pd + Ga phase was formed as the reduction temperature
increased.””®
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2.2.2. Examples of well-defined IMCs. To date, a larger
number of well-oriented IMCs through SMSI have been synthe-
sized and garnered significant attention in the field of catalysis
(see Table 1). In the notable work by Penner et al., the authors
investigated the formation of Pd + Ga IMC (including pure
PdGa, Pd,Ga, PdsGa,, and PdsGa;z) over Ga,O; as a result of
SMSI after reduction at 250-500 °C, highlighting the role of
Pd + Ga IMC in promotion of CO, selectivity and catalyst
stability.®*®" The important catalytic significance of PdGa/
Ga,0; IMC synthesized by SMSI was also observed by Bonivardi
and Behrens groups.””®> Additionally, several research papers
have delved into the synthesis and catalytic properties of PdZn
intermetallic compounds over ZnO. Bowker et al. demonstrated
the formation of a PdZn IMC by loading Pd(acac), over ZnO
supports and reducing at 400 °C.%° Iwasa et al. also proposed a
strategy for the synthesis of PdZn IMCs on ZnO via SMIS using
Pd(NO,); precursor and carried out at 400 °C.*” Bahruji et al.
synthesized PdZn/ZnO IMCs using impregnation and sol
immobilization methods with reduction at 400 °C. It was found
the formation of PdZn IMCs can dramatically improve activity
and selectivity in direct CO, hydrogenation to methanol com-
pared to Pd/ZnO catalyst.*® Another novel study on the effect of
the shape of ZnO support on PdZn nanostructures by
Castillejos-Lopez et al. discussed the nature of morphology
and chemical property effects in intermetallic sites and selec-
tivity in the 1,3-butadiene partial hydrogenation.®® Moreover, a
review by Yin et al. summarized the sulfur-anchoring synthesis
of metal catalysts on carbon supports on sulfur-doped carbon
supports, providing insights into the controllable fabrication of
IMC structures through SMSI between metal and S-C
supports.” It was found well-ordered IMCs (such as PGM (Pt
and Rh) + TM (Mn, Fe, Co, Ni, and Cu)) with small size (<5 nm)
and extraordinary sintering resistance capability can be pre-
pared (see Fig. 8).”"°> Thus, this approach offers a pathway to
tailor the catalytic properties of supported metals by leveraging
the strong interactions between the metal and support
materials.

Overall, the formation of IMCs through SMSI represents a
versatile strategy for tailoring the properties of heterogeneous
catalysts. By elucidating the mechanisms underlying SMSI-
induced IMC formation, researchers can design catalysts with
enhanced performance and stability for a wide range of
chemical transformations. However, this approach shows sig-
nificant drawbacks. Firstly, this method is only suitable for
specific systems, mostly those composed of reducible oxide
support and PGMs, which limits the compositional space
choice for catalyst design. In addition, high-temperature
reduction conditions which are mostly higher than 500 °C tend
to cause nanoparticle sintering and surface segregation leading
to less control of the surface composition.

2.3. Precipitation method

Compared to the impregnation method, the precipitation
method is more advanced and can produce supported IMCs
with higher loading and more well-dispersed nanoparticles.
The precipitation method can be classified as deposition
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Table 1 Overview of the IMC phases formed via the SMSI with the corresponding pretreatment condition, particle size, and catalytic reactions

Catalyst IMC phase Pretreatment condition Particle size  Reaction
Pd/In,0,%* PdIn Reduction at 300 °C 84 nm Steam reforming of methanol
Pd,In; Reduction at 390 °C 90 nm
Pd;In, Reduction at 550 °C 104 nm
Pd/o-Ga,0,7° Pd,Ga Reduction at 250 °C 6 nm Steam reforming of methanol, hydrogenation of
Pd;sGa; Reduction at 550 °C 5 nm acetylene, and CO, hydrogenation
Pd/B-Ga,0,”° Pd,Ga Reduction at 310 °C 8 nm Methanol steam reforming, hydrogenation of
PdsGa; Reduction at 565 °C 7 nm acetylene, CO, hydrogenation

Pd and Pt supported on  PdZn, Pd;Gaz, PdGas, Reduction at 500 °C —

Steam reforming of methanol, dehydrogenation
7Zno0, Ga,0s, and In,0;”*  PtZn, Pt;Ga;, and PtIn,

of methanol

Pt supported on SiO,, Pt;Si Reduction at 600 °C 10-15 nm —
AlL,0;, and Ce0,”® Pt;Al
Pt;Ce
Ni/Si0,”” Ni;Si Reduction at 850 k <5 nm —
Pd/Sio,”® Pd,Si Reduction at 800 k 4.4 nm —
Pt/AL,0,* Pt;Al Epitaxial growth method 5-10 nm Hydrogen cyanide synthesis
Pd/Ga,0;%%* Pd;Ga, Reduction at 250 °C 8.3 nm Steam reforming of methanol
Pd;Ga, Reduction at 300 °C 8.3 nm
Pd;Ga, Reduction at 400 °C 11.0 nm
Pd/Zn0O®*® PdZn Reduction at 400 °C 1.5-6 nm CO, hydrogenation
Pd/ZnO¥ PdZn Reduction at 400 °C — Steam reforming of methanol
Pd/ZnO% PdZn Reduction at 400 °C 10.4 nm CO, hydrogenation

precipitation and co-precipitation according to the addition
order of constituent element precursors and support. As shown
in route 1 of Fig. 9, the deposition precipitation method
involves adding one of the constituent element precursors first,
which then reacts with an additional substance (such as NaOH,
KOH, Na,CO;, and urea) to form a precipitation complex,
usually in the form of metal hydroxide. This complex is then
attracted to the support surface due to electrostatic interaction
or hydroxyl bonding.”*"°> The secondary constituent element
precursor is added afterward and deposited by adjusting pH to

form precipitation. Some studies have confirmed the effect of
the addition order of metal salt on the bulk phase and catalytic
performance.’®®® On the other hand, in route 2 of Fig. 9, the
co-precipitation method involves the simultaneous addition of
metal salts and the support material, requiring careful control
of process conditions to prevent inhomogeneous nucleation
and ensure proper dispersion dynamics. Similar to the impreg-
nation method, after the precipitation and washing stage, the
dried precipitate undergoes pretreatments such as reduction
and annealing for the formation of IMCs as well as control of

bulk and surface composition. Furthermore, due to the pre-
cipitation method being carried out using a significant volume
of aqueous solution, sometimes chemical reduction agents like
NaBH, and LiHBEt; are utilized to reduce the metal complex to
metallic solids. For example, Magno et al. reported the synth-
esis of intermetallic Pt/Bi and Pt/Pb nanoparticles using NaBH,
as a reducing agent.”” Dey synthesized Ag-Co/C IMCs by
reduction of AgNO; and Co(NO;), by NaBH,.'® For the less
reduceable metal salts, a stronger reducing agent is selected.
Armbruster and co-workers synthesized Al,O; supported PdGa
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Fig. 8 XRD patterns, HAADF-STEM images, and corresponding particle
size distribution of Rh-based IMCs supported on $S—C.°* The standard
peaks of Rh and the corresponding Rh-based intermetallic are shown in  Fig. 9 Schematic for the synthesis of supported IMCs via precipitation
the XRD patterns. Copyright 2022, American Chemical Society. method.
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and Pd,Ga using LiHBEt; instead of NaBH, to ensure complete
reduction of GaCl,.'**

2.3.1. Formation mechanism and effect factors. Compared
to other methodologies, to achieve IMCs with high loading and
well dispersion, the precipitation method requires meticulous
control of the precipitation and deposition rates, thus several
factors need to be considered. First, as discussed in the
previous section, the choice of metal precursors plays a crucial
role in the reduction kinetics and metal-support interactions,
which can influence the loading capability and particle disper-
sion. Selecting precursors with high solubility with solvent can
facilitate uniform dissolution and homogeneous nucleation,
leading to fine control of particle size and dispersion. Mean-
while, the precursors also have to exhibit appropriate reactivity
to drive efficient precipitation reactions and promote rapid
nucleation and growth of particles. For example, a study by
Leonard et al. explored the effect of nickel precursors on the air-
free synthesis of PtNi IMCs nanoparticles and electrocatalytic
activity.'* Since THF solvent was used in this study, Pt(acac),
and Ni(acac), precursors were selected due to their solubility in
THF solvent. However, using these precursors posed a risk of
reducing catalytic activity in formic acid oxidation due to the
organic coating. To address this issue, a new metal precursor,
Li,NiCly, was used instead of common metal binary chlorides
which are not soluble in THF. This led to a lower formation
temperature of PtNi IMC and improved catalytic activity com-
pared to those using metal acac precursors.

Second, the precipitation rate and deposition of precursors
on the support need to be controlled to a point where the metal
complex precipitation just forms and simultaneously attracts
the support. Otherwise, over-precipitation or weak interaction
with support can cause less loading and aggregation of nuclear
which affects dispersion and particle size. Each metal salt has
an individual hydrolysis curve as the function of pH and
temperature, so nucleation will not occur if not reach the
precipitation point. On the other hand, the point of zero charge
(PZC) of support is defined as the pH value at which zero
electric charge density of the support surface, which is an
important parameter to feature the ability of the support sur-
face for ion adsorption. The PZC of commonly used supports
are listed in Table 2."°>'°* When the pH value is lower than
PZC, the support surface is positively charged and attracts
anions and vice versa. Therefore, in the deposition synthesis
method, to generate the adsorption site of the metal hydroxide
complex on the support, the pH of the solution should be
different from the PZC of the support.’®® In the synthesis of
Al,O; supported Ni + Ga IMCs by Laursen group, the pH was
firstly adjusted to 3.9 for precipitation of gallium nitrate, and
then added to Al,O; support with 8-10 PZC.>® After full
deposition of gallium hydroxide by stirring, the nickel nitrate

Table 2 The PZC of commonly used oxide supports!©>04
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Fig. 10 Powder XRD patterns of (a) NiGa/ALOs and NisGa/Al,Os,5®
Copyright 2018, American Chemical Society and Copyright 2022, Royal
Society of Chemistry. (b) Typical as-prepared supported chemically dis-
ordered Pt—Fe nanoparticles; (c) ordered PtzFe;/C; vertical lines show the
peak positions of ordered intermetallic PtzsFe; (JCPDS No. 89-2050);
(d) ordered PtjFe;/C; vertical lines show the peak positions of ordered
intermetallic Pt;Fe; (JCPDS No. 65-1051); and (e) schematic showing
phase transformation during annealing. (b)—-(e) are from ref. 106, Copyright
2012, Royal Society of Chemistry.

was added and pH was adjusted to 7. In Fig. 10a, XRD results
indicate the formation of NiGa and Ni;Ga pure phases suggesting
the successful synthesis. Pt + Fe/C IMCs (pure Pt;Fe and PtFe
phases, see Fig. 10b-e) were prepared by dissolving H,PtCls and
FeSO, into ethylene glycol and adding NaOH to adjust pH at 11.'%
Similarly, PtCo/C was synthesized by adding NaOH to the solution
of as-prepared Pt/C and Co(NOj3), solution to adjust pH at 10 and
using ethylene glycol as a reducing agent.'”’”

Furthermore, in the precipitation method, the reaction
temperature can significantly affect the precipitation rate.
Generally, higher temperatures can accelerate the precipitation
rate and promote the interaction between metal complexes and
supports. This is because increased diffusion allows for better
mixing of the components and facilitates the adsorption of
metal species onto the support surface. However, excessively
high temperatures can lead to issues such as particle agglom-
eration or Ostwald ripening where larger particles grow at the
expense of smaller ones.'”® Therefore, proper control of tem-
perature is essential to prevent these undesirable effects and
ensure uniform dispersion of the supported metal on the
catalyst support. Controlled growth of IMCs in the pretreat-
ment steps, such as reduction and annealing, is also challen-
ging. This has been discussed in the impregnation method
section, so we will not repeat it here.

2.3.2. Examples of well-defined IMCs. The meticulous con-
trol of nucleation and growth kinetics in the precipitation
method is crucial for researchers to achieve IMCs with precise
structures and compositions. This contributes to the advance-
ment of heterogeneous catalysis and materials science. However,
this method requires careful control of the precipitation process
and parameters, and limited studies have demonstrated its

Support o-Al,O5 v-Al,03 Sio, TiO,

Fe,03 CeO, ZnO MgO

Activated carbon

PZC range 8-10 8-10 2-4 4-7
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effectiveness in synthesizing well-defined IMCs. Ota et al
prepared Al,O; supported Pd,Ga and PdZn IMCs using the co-
precipitation method. They adjusted the pH of a mixed metal
nitrate aqueous solution to 8.5 for the precipitation by adding a
mixture of sodium carbonate and sodium hydroxide. The IMCs
were obtained by reducing the dried precipitation under 5% H,/
Ar. These IMCs showed improved selectivity to CO, and metha-
nol in the methanol steam reforming and methanol synthesis
reaction, although they were less active than industrial Cu/ZnO-
based catalysts.'*® They also demonstrated the synthesis of MgO/
MgGa,0, supported Pd,Ga using a similar method, which shows
high activity and selectivity of ethylene in the selective hydro-
genation of acetylene in comparison to pure Pd catalyst."*® Pure
Pt;Fe/C and PtFe/C nanoparticles with sizes of less than 5 nm
were synthesized by dissolving H,PtCls and FeSO, in ethylene
glycol and then adjusting the pH to 11 with NaOH.'*® The XRD
results in Fig. 11a and b indicate the formation of pure Pt;Fe
and PtFe phases at temperatures as low as 450 °C and 400 °C
after reduction under 5% H,/Ar. The slight increase in particle
size shown in Fig. 11c and d suggests excellent stability of IMCs
against sintering at high temperatures. Xin et al. presented the
synthesis of 10 wt% Ni-Co/SBA-15 catalysts using urea as a
substance."'" The Ni(NO;), and Co(NOs), precursors and SBA-
15 powder were co-introduced and the pH was adjusted to 8
which is dramatically different from the PZC of SiO,. The bulk
composition of Ni-Co IMCs was adjusted by varying the number
of precursors used. Additionally, Ni + Sn/Al,O; IMCs with
different pure bulk compositions were prepared by adjusting
the nominal atomic ratio of Ni-to-Sn in the precipitation method
using a precipitating agent solution containing NaOH and
Na,CO;.""* The formation of Ni + Sn IMCs, especially Ni;Sn,/
Al, O3, remarkably promoted hydrodeoxygenation catalytic activ-
ity in the deoxygenation of fatty acid methyl ester reaction,
leading to high selectivity of hydrocarbon products compared
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Fig. 11 Powder XRD patterns of as-prepared supported (a) PtsFe; and (b)
Pt,Fe; electrocatalysts annealed under a reducing atmosphere at a series
of temperatures. TEM images and size distribution of (c) supported PtzFe;
and (d) Pt;Fe; electrocatalysts annealed under a reducing atmosphere at
different temperatures.1°® Copyright 2012, Royal Society of Chemistry.
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to metallic Ni. Similarly, the study by Yang et al. also demon-
strates the catalytic importance of well-defined Ni + Sn/Al,O3
IMCs achieved through the precipitation method in the selective
hydrogenation of furfural.'*® This method ensures the uniform
distribution of the IMCs on the support material, leading to
enhanced catalytic performance. The precipitation method pro-
vides a flexible approach for generating well-defined supported
IMCs with rational control of properties for diverse catalytic uses.

2.4. Chemical vapor deposition

Beyond those above liquid-phase synthesis routes, supported
IMCs can also be obtained via the chemical vapor deposition
(CVD) method. As shown in Fig. 12, in a typical CVD process,
the support material is exposed to A precursor vaporization in a
closed ultra-high vacuum reactor first. Subsequently, the A
atoms are reduced under a flow of H,, followed by the intro-
duction of vapor of the B precursor onto the A/support system,
allowing the two metals to directly react with each other. This
reaction leads to the formation of a solid material with an
atomically ordered crystal structure. Most importantly, since
this method provides the ability to facilitate direct reactions
between metal precursors on the support surface, it enables the
rational control of composition by adjusting the concentration
of precursor gases, while also generating well-dispersed and
stable materials. These contribute to the creation of IMCs with
tailored surface and catalytic properties.

2.4.1. Formation mechanism and effect factors. The pro-
cess of forming supported IMCs using CVD is a complex
procedure involving multiple steps and factors that influence
the final crystal structure and compositions related to their
surface and catalytic chemistry. It begins with the deposition of
elements onto the surface of the support material through the
introduction of constituent element precursor gases. Again, the
selection of precursor is crucial in determining the composi-
tion and properties of the IMC, which has been discussed in
prior sections, so we will not address this aspect here. Differ-
ently, in the CVD method, the flow rate of precursor gases and
the overall pressure in the CVD chamber should also be focused
on which can influence the transport and availability of con-
stituent elements to the support surface."**'*> Thus, optimal
flow rates and pressures are essential for uniform and con-
trolled deposition. After deposition, the metal precursors
undergo decomposition either thermally or through reduction.
The decomposed metal atoms or clusters initially nucleate on
the support surface, forming the initial nuclei of the interme-
tallic phase. These nuclei then grow through diffusion and

A precursor gas B procur:or gas
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Fig. 12 Schematic for the synthesis of supported IMCs via chemical vapor
deposition method.
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Fig. 13 (a) Schematic for the synthesis of Pt—Co bimetallic nanoparticles
on a carbon black support; (b) Pt versus Co composition control via
deposition time control analyzed with TGA, ICP-MS, and XRF; (c) and (d)
HR-TEM images of the as-deposited Pt and Co nanoparticles. Scale bars
represent 20 and 3 nm, respectively; and (e) HAADF image and EDS maps
of Co, Pt, and the composite of Pt and Co. Scale bar represents 3 nm.*®
Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA.

reaction with further deposited metal species and coalescence
of adjacent nuclei, ultimately forming IMC. As the IMC grows, it
is crystallized with a specific crystal structure and composition
determined by the thermodynamics and kinetics of the phase
formation. Thus, the temperature at which the reduction or
annealing processes are carried out plays a significant role in
controlling the kinetics of growth of the IMC. The higher
temperatures can promote faster atom diffusion and crystal-
lization, but they may also lead to aggregation and sintering as
well as phase disproportionation.'*® Additionally, the proper-
ties of the support material (such as its surface property,
reducibility, and interaction with constituent elements) impact
the nucleation, diffusion, and overall growth kinetics. Thus,
compatible supports can enhance the stability and surface and
catalytic performance of IMCs."'"” Moreover, the duration of the
CVD process, or the reaction time, determines the extent of
precursor decomposition, nucleation, and growth. Longer reac-
tion times can lead to thicker intermetallic layers, but they may
also result in the formation of impurities or secondary phases.

2.4.2. Examples of well-defined IMCs. By carefully optimizing
these factors, researchers can tailor the synthesis of supported
IMCs using CVD to achieve desired structures, compositions, and
properties for various applications in catalysis. For example, the
notable study by Choi et al. demonstrated the synthesis of pure
Pt-Co/C IMCs using MeCpPtMe; and CpCo(CO), as precursors
and annealing under H, environment as low as 500 °C (see
Fig. 13)."'® 1t is worth noting that supported Pt-Co IMC nano-
particles synthesized with other methods (such as the impregna-
tion method) usually need higher temperature pretreatment
which can be as up to 900 °C."**"*° Thus, this method provides

This journal is © The Royal Society of Chemistry 2025
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a much facile route for the formation of IMCs. The control of
composition is also achieved by adjusting the deposition time
with high monodispersing even within 1 at% (see Fig. 13), which
allows the significantly improved electrocatalytic activities in the
oxygen reduction reaction. Saedy et al. also discussed the synth-
esis of Pt;Co nanoparticles over CeO, via preferential CVD,
confirming the formation of pure Pt;Co IMC nanoparticles
at 550 °C under the H, environment with an average size of
1.1 nm.""” These Pt;Co IMCs with pure phase and high surface
area lead to superior catalytic activity in the preferential oxidation
of CO, which shows twice higher CO conversion rate and CO,
selectivity than those synthesized using the common impregna-
tion method (see Fig. 14). Furthermore, Komatsu et al. success-
fully used the CVD method with a two-stage reactor to produce
fine RuTi/SiO, IMC nanoparticles using the vapor of titanocene
dichloride and ruthenium.'** However, the same results were
unsuccessfully achieved using the co-impregnation method.
A similar case was observed in the production of PdFe/SiO,, where
pure PdFe could be obtained using the CVD method, but not with
the impregnation method.*® These examples indicate that IMCs
with weak covalent bonds, especially those involving PGMs and
TMs, encounter difficulties in deposition and formation when
traditional impregnation and chemical reduction methods are
used. These challenges can be addressed by using the CVD
method, which allows for precise control over the deposition
process. Therefore, this technique provides a path for the devel-
opment of new advanced materials and catalysts with tailored
properties and performance. The Komatsu group reported
the synthesis of a series of supported Ge-based IMCs (Pt + Ge/
HZSM-5, NizGe/MCM-41).>>'*> XRD analysis revealed the for-
mation of Pt + Ge IMCs at 823 K with hydrogen, and different

© Ak & PUCeO, [N —=—Pt/CeO,
% Ay > IMP nd, A * IMP
1 f W A PCVD —A—PCVD
/ ") \
5 / z”
3 / a 2
5304 f \ R \
£ £ A 3 ~
8 e 30 ~a
e e g .
P r i » S .
/ — = 3
10 / o // N S, q
| S = /‘ r""' ==
[ -
2 2

7% 100 125

Temperature ('C)

150

175

10 125 150

Temperature ('C)

17

Fig. 14 HAADF-STEM images and particle size distribution histogram
(inset) of (a) Pt/CeO, and (b) PtzCo/CeO,, and comparison of the catalytic
activity of PtzCo/CeO,—-PCVD, PtzCo/CeO,—IMP, and Pt/CeO, samples in
CO PROX (c) CO conversion and (d) CO, selectivity. The samples are
annealed at 550 °C for 6 h under a hydrogen flow.™’ Copyright 2017, Royal
Society of Chemistry.
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bulk compositions (Pt;Ge, Pt,Ge, PtGe, Pt,Ges, and PtGe;) were
achieved by varying the amount of Ge(acac),Cl,. Importantly, in
the synthesis of the Ni;Ge/MCM-41 study, hydrogen adsorption
indicated a bulk-like surface, resulting in reduced surface reactiv-
ity towards C and promoting higher ethylene selectivity than Ni.
The Onda group also achieved bulk composition control in the
synthesis of Ni + Sn/SiO, using the CVD method."*® However,
certain metals cannot be vaporized under certain conditions
which renders their reduction. As such, while this method can
be effective, it is important to account for the limitations that may
arise when dealing with these particular metals.

2.5. Irradiation-based synthesis methods

New synthesis techniques, such as irradiation-based synthesis
methods, have emerged for fabricating IMCs, which offer
unique advantages over traditional techniques compared to
conventional methods. Radiolysis has recently garnered signif-
icant attention for its simple operation and effective control
over the composition of IMC nanoparticles. As shown in Fig. 15,
during the radiosynthesis process, constituent element precur-
sors in an aqueous solution are exposed to radiation to absorb
energy. This radiation induces water radiolysis, leading to the
production of hydrated electrons and radicals. These radicals
then reduce the precursors, forming nanoparticles that are
deposited on the support by electrostatic force. Afterward, the
reduced metal atoms come together to form nuclei, which then
grow into IMC nanoparticles.

2.5.1. Formation mechanism and effect factor. The radiolysis
approach offers an easy method for producing IMCs by harnes-
sing various irradiation energy sources (like y-radiation,"**'** e-
beams,"***® and microwaves'*°). These processes can be con-
ducted at room temperature without requiring strict control of
experimental conditions or the use of reducing agents."*® For
example, Pt-Cu/Fe,O; IMC nanoparticles were synthesized via a
radiolytic process using a 4.8 MeV electron beam at room
temperature to treat the mixture solution of H,PtCls and CuSO,
precursors and Fe,0; support for several seconds.'*® As Fig. 16a-d
shows, Pt-Cu/Fe,O; IMC nanoparticles with high dispersion were
formed without high-temperature pretreatment and chemicals.
Results showed the preferential CO oxidation mechanism can be
controlled by adjusting Pt/Cu atomic ratios in a wide range from
9:1 to 1:9. Interestingly, the surface can also be manipulated by
changing the nominal precursor loading, which is difficult to
achieve by using conventional methods such as impregnation
method causing surface segregation. Similar to other methods,
the bulk composition of IMCs obtained by radiation also is
affected by the choice of support. Kugai et al. further studied
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Fig. 15 Schematic for the synthesis of supported IMCs via radiolysis
method.
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Fig. 16 TEM images of (a) and (b) PtgCu/Fe,Os; (c) and (d) PtCug/Fe,Os;
and colloidal Al-Ni nanoparticles for precursor concentration of 5 x
107> mol mL~? synthesis at a dose of (e) 60 kGy and (f) 100 kGy. (a)—(d)
are from ref. 126. Copyright 2011, Elsevier Inc. and (e) and (f) are from
ref. 132. Copyright 2012, Elsevier Inc.

the synthesis of Pt + Cu on three oxide supports (Fe,O; and two
CeO, from different sources) by electron beam irradiation and
confirmed this conclusion.'®® Over Fe,0,, CuO was observed due
to the stronger interaction between Cu and oxide support than
CeO, support, which caused a detrimental effect on the CO
oxidation activity. To promote the formation of Pt-Cu/C IMC,
they used ethylene glycol as the stabilizer to prevent Cu clusters
from oxidation reaction."®! Other researchers also used stabilizers
(such as PVP, PVA, propanol, and SDS) to solve the oxidation
issues caused by the dissolved oxygen and containing O radicals
generated during radiolysis which may hinder the production of
IMCs with uniform sizes. The AI-Ni IMC was prepared through
y-irradiation of an aqueous precursor solution containing AICl;
and NiCl, in the presence of 2-propanol."** Similarly, Au-Pt IMC
was synthesized by exposing aqueous solutions of KAuCl, and
H,PtCl, using a >C®" ion beam in the presence of PVA.'*

Some studies indicate the dose rate of irradiation plays a
crucial role in determining the rates of metal ion reduction,
nucleation, and formation during the synthesis process leading
to the control of the composition of IMCs."**'*> High dose
rates are associated with rapid reduction of metal precursors,
leading to the formation of small nanoparticles with a narrow
size distribution. Conversely, lower dose rates result in the
formation of larger particles due to faster aggregations com-
pared to the reduction process. For example, Al-Ni IMC nano-
particles synthesized by Abedini et al showed a reduced
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Fig. 17 TEM micrographs of bimetallic (a) PtAu; (b) PtCu; and (c) PtNi
grains supported on y-Fe,O3 particles.*® Copyright 2010, Elsevier Inc.

particle size from 32.7 nm at 60 kGy to 4.4 nm at 100 kGy dose
as shown in Fig. 16e and f."**

2.5.2. Examples of well-defined IMCs. By using the radi-
olysis method, many IMC nanoparticles have been synthesized.
For example, a series of PtM (M = Au, Cu, and Ni) IMCs
supported over y-Fe,O; was produced by Yamamoto et al. using
a radiolytic method with e-beam at room temperature (see
Fig. 17), which all showed higher activity in CO oxidation
reaction than metallic Pt/y-Fe,O; catalyst.*® Ni + Ce IMCs
synthesized through the radiation decomposition method were
studied by Chettibi and co-workers.””® Ni(HCOO), was
adsorbed by the ionic exchange on ceria and then irradiated
with y-source at a dose rate of 5 kGy h™" to reduce the adsorbed
Ni** ions. The irradiation preparation method results in the
formation of NiCe and Ni,Ce intermetallic phases. The high
catalytic performance of Ni + Ce/CeO, radiolytic catalyst is
attributed to the high dispersion of active sites and the pro-
moter role of the formation of Ni + Ce phases. Dougherty et al.
prepared AuPt/SiO, nanoparticles by y-source co-reduction of
the aqueous solution of HAuCl, and H,PtCls with different
ratios at a radiation dose rate of 2.2 kGy h™*."** After reduction,
the as-prepared AuPt nanoparticles were deposited on the SiO,
support by mixing and stirring for 24 hours. The formed AuPt/
SiO, particle size is as small as ~ 3.5 nm and the distribution is
narrow, which is slightly increased even after high-temperature
pretreatment. The promoted effect of AuPt/SiO, IMC in the
CO oxidation to CO, was observed compared to Au/SiO, and
Pt/SiO,. The graphene oxide-supported AuPd IMC was created
by exposing a solution of gold acetate and palladium acetyla-
cetonate to 10 hours of gamma irradiation at a dose rate of
5.8 kGy h™'. XRD analysis confirmed the formation of the AuPd
phase, which exhibited excellent electrocatalytic activity and
stability during the glucose oxidation reaction. Additionally,
Seo et al. reported the preparation of Pt—-Ru on carbon supports
using gamma irradiation."®” Pt-M (M = Ru, Ni, Co, Sn, and Au)
IMCs were also prepared through one-step gamma irradiation
in an aqueous solution at room temperature.”*® These materi-
als exhibit great potential for the development of electrodes in
direct methanol fuel cells.

The growing number of IMCs discovered through radiolysis
indicates the potential for exploring and designing new IMCs
using this method. However, some elements may be sensitive
to radiation, leading to the formation of undesired by-products
or hindering the creation of the desired compounds. This
can impact the stability and properties of the synthesized
intermetallic compounds. Additionally, conducting radiolysis
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experiments requires expensive equipment and resources, mak-
ing this method less cost-effective compared to other synthesis
techniques. As a result, controlling the irradiation process on a
large scale poses challenges, limiting industrial production. In
conclusion, these limitations hinder the selection of materials
suitable for radiolysis synthesis.

3. Manipulation of surface
composition

The surface properties of supported IMCs play a critical role in
determining their functional performance in applications such
as catalysis, energy conversion and storage, and electronics.
However, there has been limited research on manipulating and
controlling the surface composition of these materials, especially
supported IMCs. In addition, it is needed to improve how to
characterize the surface composition of IMC. Some researchers
are currently using techniques like XPS and EDS line scans,
which only give us information from the top several nanometers
of the material. It would be more appropriate to use techniques
like HS-LEIS, which are becoming more common. However,
there is still a requirement for more widespread use of these
techniques, as they can greatly enhance our understanding of
the relationship between the surface composition of IMCs and
catalytic chemistry. One commonly used approach for the con-
trol of surface composition is high-temperature annealing,
which can induce significant changes to the surface structure
and composition. During annealing, the elevated temperatures
provide the necessary energy for surface atoms to overcome
diffusion barriers and rearrange into more thermodynamically
stable configurations. This can drive the formation of new and
ordered surfaces but also with the risk of the segregation or
enrichment of specific elemental species.”®*® By carefully tuning
the annealing temperature and time, researchers have demon-
strated the ability to engineer the exposure of active sites, the
ratio of different surface species, and the extent of surface
ordering. These structural and compositional changes can
significantly impact the catalytic activity, selectivity, and stability
of the supported intermetallic compounds.

For example, the Laursen group synthesized well-defined
Ni + Ga/SiO, and Co + Ga/SiO, IMCs with pure phases using the
impregnation method.® By adjusting the reduction pretreat-
ment conditions or incorporating additional annealing pre-
treatments, the surface compositions resembling the bulk
material were achieved as characterized using high sensitivity
low energy ion scattering (HS-LEIS) (see Fig. 18a and b). HS-
LEIS of as-reduced and after-annealing samples of 3:1and 1:1
NiGa on SiO, shows the transformation from gallium-rich
surfaces of particles to a composition that more closely resem-
bles bulk after annealing at 700 °C for 12 hours. This fine-
tuning of the surface chemistry towards carbon, hydrogen, and
oxygen enabled us to achieve nearly ideal selectivity ratios of
H,/CO and H,/CO,.” Additionally, the particle size of the phase-
pure IMCs could be adjusted through an annealing pretreat-
ment, as illustrated in Fig. 18c. The as-reduced IMCs typically
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Fig. 18 Demonstration of well-defined IMCs with phase pure bulk and
controllable particle surface composition. XRD and HS-LEIS characteriza-
tions of (a) as-reduced and freeze-annealed NiGa/SiO,, and as-reduced
and direct-annealed NizGa/SiO,; (b) as-reduced and freeze-annealed
CoGa/SiO,; and (d) NisZn/SiO,; Electron micrographs of (c) as-reduced
and annealed Ni + Ga/SiO, and (e) NizZn/SiO,. (a)-(c) are from ref. 8,
Copyright 2022, Royal Society of Chemistry and (d) and (e) are from ref.
139, Copyright 2024, American Chemical Society.

had a particle size of around 2-5 nm, and this could be
increased to 4-8 nm after annealing for 12 hours at 700 °C
under an atmosphere of either pure Ar or 2% hydrogen in Ar.
The surprising stability of the IMCs against sintering is exempli-
fied as well in these results. Another example is, the Kuhn group
synthesized Ni;zZn/SiO, using the impregnation method."*® They
optimize the surface composition while retaining the bulk Ni;Zn
structure by tuning the Zn precursor concentration with high-
temperature annealing at 600 °C, which was confirmed by XRD
and HS-LEIS characterizations (see Fig. 18d). The average particle
size was around 4-6 nm (see Fig. 18e). They also reported different
activities and H,/CO ratios were achieved by tailoring the surface
composition Ni-Zn/SiO,. The study by Li et al. focused on the
Pt;Fe/C and PtFe/C and also indicated the annealing effect on the
surface composition at different temperatures (400-700 °C).'%°
Besides thermal annealing, researchers have also explored
chemical pretreatment methods such as selective leaching for
surface manipulation. Selective leaching with acids and bases
can remove certain surface components, thereby exposing
the underlying intermetallic structures and their active sites.
The choice of leaching agent, concentration, and leaching dura-
tion can be optimized to achieve the desired surface composition
and morphology, leading to enhanced catalytic performance and
improved stability under reaction conditions. For example,
Kovnir et al. used ammonia solution with different pH to
manipulate the surface of PdGa and Pd;Ga, IMCs which can
selectively etch the Ga. For both samples, XPS analysis indicates
as the pH value increased the surface concentration of Ga
decreased with the retained bulk phase, but the selectivity of
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ethylene reduced because of the generation of Pd ensembles."*
However, this technique is rarely employed in the cases of
supported IMCs. In the future, researchers should put more
effort into precise control over the surface properties of sup-
ported intermetallic compounds, enabling the optimization of
their performance in a wide range of applications, from catalysis
and energy storage to sensing and microelectronics.

In addition, it should be noted that IMCs will also encounter
oxidation issues, leading to the formation of an oxidation layer
on the surface under the atmosphere, similar to metal and alloy
nanoparticles. However, this is often not a concern when
testing their catalytic performance in situ, as the test can be
done in a controlled environment that avoids contact with
oxygen. The ordered structure and strong chemical bonding
in IMCs result in improved stability and better oxidation
resistance than pure metals."**'*' Moreover, intentionally
forming an oxidation layer at room temperature with 1% O,
through calcination can protect the catalysts and allow for easy
reduction before characterizations, if necessary (such as XPS
and LEIS for surface composition measurement) and catalytic
performance testing. Therefore, the heterogeneous catalysis
community is generally not overly worried about the oxidation
issue with IMCs, as in situ testing can bypass this problem.
However, oxidation during a reaction containing oxygen should
be a focus, as it may change the surface and bulk composition
of the IMC catalyst, leading to deactivation.

4. High performance of well-defined
IMCs in catalysis

Improving surface chemistry to selectively manipulate specific
chemical components within a complex environment is a
crucial goal in heterogeneous catalysis. Traditional catalysts
often lack the necessary surface chemistry for many catalytic
reactions, which has led to the exploration of IMCs as catalyst
materials. Understanding the relationship between the compo-
sition and surface chemistry of IMC nanocatalysts and their
catalytic performance is essential for designing effective cata-
lysts. This focus on composition-sensitive catalytic perfor-
mance in various reactions will provide valuable insights. In
this section, we will explore how the bulk and surface of IMC
nanocatalysts affect their catalytic performances such as selec-
tive hydrogenation, reforming, deoxygenation, and dehydro-
genation. Furthermore, we will delve into the underlying
reaction mechanism of IMCs and compare them with metals.
This comparison can help us understand the fundamental
reasons behind the impressive catalytic performance of IMCs,
thereby facilitating the development of next-generation cataly-
tic materials with improved activity, selectivity, and stability.

4.1. Selective hydrogenation

Hydrogenation is crucial in many industrial processes, but
controlling it can be difficult. Selective hydrogenation, as
shown in Fig. 19a, involves reducing only a specific target
functional group while leaving all other functional groups in
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the substrate unsaturated, and is particularly important. For
example, in the synthesis of fine chemicals, various functional
groups such as -C=C, -C=0, -NO,, -CN, -COOR, and -CONH,
can be selectively reduced by clean and inexpensive hydrogen to
form their corresponding alkenes, alcohols, and amines. Exten-
sive research on PGM or pure TM has shown their inability to fully
control hydrogenation, often leading to the production of satu-
rated products such as saturated alcohols or alkanes due to their
strong surface reactivity towards C—C bonds and facile hydro-
genation kinetics. For example, Pd/CNTs showed 75% selectivity
towards saturated aldehyde production in the selective hydroge-
nation of cinnamaldehyde, with a TOF of 1.0 s~ ~.'** Similarly,
Ru/CNTs exhibited 52% selectivity of saturated aldehyde in
the cinnamaldehyde hydrogenation with a TOF of 0.17 s .'*3
Additionally, Ni/C showed 36% selectivity towards saturated alco-
hol formation in the cinnamaldehyde hydrogenation.'**

In contrast, many studies have shown that IMCs with con-
trolled surface chemistry, focused on C, H, and O through the
selection of specific constituent elements, are capable of offer-
ing better control over hydrogenation processes. Specifically,
IMCs exhibit enhanced hybridization, leading to attenuated
surface reactivity towards C that facilitates limited hydrogena-
tion of C=C bonds. For example, a study from the Wei group
showed the successful synthesis of pure phase Al,O; supported
Ni + Sn IMCs with different stoichiometries including Ni;Sn,
NizSn,, and NizSn,.'" These catalysts were tested in the selective
hydrogenation of furfural and showed catalytic activity follows
Ni > NizgSn > Niz;Sn, > NizSn, while the selectivity towards
furfuryl alcohol follows NizSn, (99%) = NizSn, (99%) > NizSn
(75%) > Ni (2%) (see Fig. 20a-e). The FTIR characterizations of
furfural adsorption over Ni and Ni + Sn IMCs in Fig. 20f suggested
that Ni can activate both C—C and C—0 bonds while only C=0
activations were observed over Ni + Sn IMCs leading to improved
selectivity. The DFT calculations of furfural adsorption also con-
firmed the strong activation towards C—C and C=—O over Ni
causing overhydrogenation (see Fig. 20f)."** Similarly, Casella
group prepared Pt + Sn supported on SiO,. The results showed
that increasing the Sn concentration in the bulk of Pt + Sn IMC
compound led to enhanced selectivity towards unsaturated alco-
hol. Notably, the highest TOF was recorded for PtSn,, (0.620 s~ )
which is much higher than the performance of pure Pt catalyst
(0.067 s~ 1)."* Similarly, studies by M. Consonni also showed pure
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Fig. 20 (a) Reaction pathways in the hydrogenation of furfural: (I) furfural,
(1) furfuryl alcohol, and (ll) tetrahydrofurfuryl alcohol; (b) catalytic con-
version; (c) corresponding selectivity vs. reaction time for furfural hydro-
genation (d) a comparison of selectivity toward each product at the same
conversion (40%) over various catalysts: (@ Ni, b NizSng, ¢ NizSn,, and d
NisSny); (e) catalytic conversion and selectivity vs. recycling time over the
NizSn, catalyst; and (f) in situ FT-IR spectra of (A) furfural adsorption over
various samples: (a Ni, b NizSn;, ¢ NizSn,, and d NizSn,) recorded from
1800-1000 cm™* after a furfural flow for 15 min at 100 °C and subsequent
flushing with He for 15 min. The optimal adsorption structures of (B1) Ni
and (B2) NizSn,.1*® Copyright 2019, Royal Society of Chemistry.

phase PtZn/ZnO catalysts achieve 81% selectivity towards croton
alcohol in selective hydrogenation of crotonaldehyde.'*® Equally
noteworthy, the PdIn/Al,O; catalysts enhanced selectivity and
catalytic activity in acetylene hydrogenation reactions.®® The
selectivity towards ethylene was increased to as high as 80% using
PdIn/Al,O; with nearly 100% conversion and TOF of 0.8 s~ * while
the selectivity and TOF over pure Pd/Al,O; were 0% and 0.5 s
respectively. Additionally, a study by Chen et al. showed Ni;oIn/
SiO, and NigIn/SiO, catalysts displaying nearly 70% selectivity
toward ethylene production in the selective hydrogenation of
acetylene as well as the significantly improved stability than Ni/
Si0,.%° The TG-DTA results suggested that the deactivation of Ni
was caused by coking due to aggressive carbon affinity, which was
overcome by incorporating Sn to reduce the surface reactivity
towards C. Similarly, the introduction of Sn to NiSn/SiO, even led
to an impressive 96% selectivity towards ethylene production
due to the completely new surface chemistry than Ni.'** In
addition, Zhang et al. showed that the pure bulk phase Pt;Ti/
TiO, showed improved selectivity towards 1-phenylethanol (90%)
compared with Pt/TiO, (70%) in selective hydrogenation of
acetophenone."’” Furthermore, studies from the Ding group
illustrated that CuPd/SiO, catalysts exhibited over 90% selectivity
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towards alkene production in selective hydrogenation of acetylene
and butadiene at 100% conversion, compared with that Cu is
inactive in hydrogenation reaction and Pt run full hydrogenation,
illustrating new electronic structure formation.'*

In conclusion, the comprehensive research and diverse
catalyst compositions discussed underscore the potential for
improved control and selectivity in hydrogenation processes,
paving the way for advancements in industrial applications and
the synthesis of fine chemicals.

4.2. Reforming

The catalytic wet or dry reforming of hydrocarbons and oxyge-
nated feedstocks is crucial for producing hydrogen and synth-
esis gas (H,/CO) for the chemical industry (see Fig. 19b).
However, there is still a lack of comprehensive understanding
of the reaction mechanisms involved, which hinders the devel-
opment of advanced catalysts. The challenges in catalyst design
stem from the reactivity of the catalyst surface during the initial
activation of reactants and the subsequent surface reaction
steps that affect product selectivity and the formation of coke or
TM carbide. The reactivity of saturated hydrocarbons often
requires metal catalysts with high carbon affinity to facilitate
C-H bond activation. However, this can lead to the formation of
coke or TM carbides if the carbon species are not efficiently
coupled with the oxidizer supply or oxidation steps necessary
for CO or CO, production. The interaction with C and O on the
catalyst surface is crucial for determining CO versus CO,
selectivity and linking efforts to enhance C-H activation and
catalyst stability with overall product selectivity. For example,
Pt/Al,O; achieved 50% conversion of methane and CO, at
550 °C, with a TOF of 1.7 s~ ! in dry reforming of methane.
However, the catalyst rapidly deactivated within 10 hours
because of high surface reactivity towards C which is imbal-
anced with the oxygen supply and oxidation of carbon
species.'* Similarly, Ni/Al,O; achieved 60% methane conver-
sion and 66% CO, conversion at 700 °C showing rapid deacti-
vation due to coke formation on the surface.’*® In the study of
methanol steam reforming, the Cu catalyst achieved 90%
methanol conversion and 50% H,O conversion, with a CO/
CO, ratio greater than 9:1. However, Cu suffered from sinter-
ing issues due to the instability.">!

To address these challenges and attain superior catalytic
performance, IMCs with carefully managed the balance of surface
reactivity towards C, H, and O have proven to be capable of
controlling product distribution. Furthermore, by fine-tuning
reaction kinetics, these IMCs display improved stability. For
example, the study by the Laursen group on Ni + Ga/SiO, IMCs
(including NiGa, NizGa, and NisGa;) achieved nearly ideal selec-
tivity towards either H,/CO, and H,/CO, improved stability at
comparable catalytic activity to established catalysts by manipu-
lating TM-to-p-element ratio and surface composition.” The selec-
tivity and TOF rates of propane in propane steam reforming over
Ni + Ga/SiO, IMCs and pure metals were summarized in Table 3.
It was observed that Ni + Ga IMCs exhibited higher selectivity for
H, with comparable TOF than pure metals, even when the
reaction was carried out at lower temperatures. Then, the Laursen
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Table 3 The selectivity and TOF rates of propane in the propane steam
reforming over Ni + Ga/SiO, IMCs and pure metals’

Temp. Selectivity TOF (s %)
Catalyst (°C) (Hy)(%) (propane) Ref.
As-reduced Ni;Ga/SiO, 400 70 1.08 7
Annealed Ni;Ga/SiO, 400 72 0.43 7
As-reduced NizGa;/SiO, 400 65 0.25 7
Annealed Ni;Ga;/SiO, 400 70 0.09 7
As-reduced Ni;Gaz/SiO, 600 75 9.34 7
Annealed NisGa;/SiO, 600 70 3.37 7
As-reduced NiGa/SiO, 600 74 11.58 7
Annealed NiGa/SiO, 600 72 4.64 7
Ni/AL,O, 550 56 (37% yield) 0.65 155
Rh/Al,O; 475 61 1.27 156
Rh/CeO, 700 78 (97.5% yield) 1.7 157

group carried out a comprehensive computational surface science
study to understand the origin of this special catalytic perfor-
mance. Calculation results indicate the activation of the hydro-
carbon and oxidizer as well as hydrogenation kinetics and
oxidation kinetics could be rationally controlled as a function of
IMC bulk and surface composition. This control was the origin
of the experimentally observed control over product selectivity
(CH,4 vs. H, and CO vs. CO,). In addition, the investigation of
correlations between the d-band center and surface chemistry of
Ni + Ga IMCs illustrated the strong electronic effects that lead to
unique surface chemistry significantly different from pure
metals. In a similar vein, a study by Haghofer et al. highlighted
the significance of the bulk compositions of Pd + Ga in the
catalytic performance of methanol steam reforming reactions
(see Fig. 21).%> PdGa exhibited 75% CO, selectivity and 14%
conversion at 523 K, whereas Pd,Ga displayed notably different
performance, demonstrating 90% selectivity to CO, and 58%
conversion. It is worth noting that both PdGa and Pd,Ga
exhibited significantly improved catalytic performance com-
pared to pure Pd. Similarly, the study from the Linic group
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Fig. 21 Initial selectivity (bars) and total reaction rate (diamonds) during
methanol conversion over Pd/Ga,Oz as a function of the reduction
temperature (left). The effect of air exposure on selectivity and total rate
is shown on the right. Treaction = 523 K, mcatalyst = 20 mg, pCHzOH =
pH>O = 30 mbar, total flow = 20 mL min~*.82 Copyright 2012, Elsevier Inc.
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revealed that NiSn/YSM catalysts with a pure phase exhibited
improved stability compared to the pure Ni catalysts.'*
In addition, PdIn/In,0j, synthesized by Neumann et al for
methanol steam reforming, not only demonstrated high CO,
selectivity of up to 98% but also excellent stability for as long as
100 hours.®" However, the activity of Pd + In/SiO, IMCs decreased
as the bulk concentration indium increased (2.7, 0.22, 0.12, and
0.04 (mmol MeOH)/(mmol Pd*h) for Pd, PdIn, Pd,In;, and Pd;In,,
respectively). Similarly, the study by Fottinger showed that PdZn/
ZnO achieves a high 90% selectivity towards CO, production and
10% CO byproduct in methanol wet reforming with 36% conver-
sion at 523 K. They guessed this kind of interesting catalytic
performance of PdZn/ZnO is caused by many factors, such as
particle size effect, electronic structure, and different contribu-
tions of reaction site to reaction pathways. In the studies of dry
reforming of methane, NigoGa,o/Al,03 achieved 75% CH, conver-
sion and 85% CO, conversion at 800C with close to 1:1 H,/CO
ratio.”® In summary, the synthesis of various IMCs has yielded
promising results in bolstering catalyst stability and enhancing
product selectivity in diverse reforming reactions.

4.3. Dehydrogenation

Light olefins, such as propylene and ethylene, are extremely
important compounds in the chemical industry. They are used
as raw materials for producing a wide variety of chemicals and
crucial chemical intermediates. The demand for these funda-
mental building blocks has been steadily increasing in recent
years, with all major markets experiencing positive growth in
both demand and production. However, effectively adsorbing
and activating saturated hydrocarbons and then desorbing
olefins on the surfaces of heterogeneous catalysts remains a
challenging task. Traditional heterogeneous catalysts, such as
Pt and metal oxides, used in dehydrogenation reactions face
significant challenges. The strong interaction between metal and
alkenes can lead to over-dehydrogenation, and coking can also
occur. Because of the thermal instability at high reaction tempera-
tures, sintering of catalysts is often encountered. Additionally, these
catalysts are prone to poisoning by contaminants and are expen-
sive, especially noble metals like Pt, making them less suitable for
long-term industrial applications. For instance, studies on propane
dehydrogenation using Pt/Al,O; show that as particle size increases,
selectivity towards propylene decreases while conversion increases,
with the highest TOF of 4.4 s~ " observed at 0.05% Pt loading.
However, coke formation and sintering cause a gradual decline in
catalytic activity over time.'*® Similarly, CrO,/Al,O; initially achieved
45% selectivity towards propylene, but deactivation began within 2
hours, leading to a rapid drop to 0% conversion within 10 hours."**

In recent years, IMCs have garnered increased attention due
to their capacity for controlled surface reactivity with C and H.
This controlled surface reactivity helps to regulate dehydro-
genation kinetics and inhibits coke formation (see Fig. 19c).
The Laursen group reported that the NizGa/Al,O; catalyst has
shown excellent performance in catalyzing the dehydrogena-
tion of propane and ethane. It exhibited over 90% selectivity in
producing propene and ethylene, respectively. When compared
with established commercialized catalysts, the Ni;Ga/Al,O;
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catalyst showed comparable TOF for propane and ethane.”®
Additionally, the comparison presented in Fig. 22a illustrated
the TOF propane and selectivity of propylene over most Pd-
based IMC catalysts were higher than pure Pt.'*® Furukawa
et al. also investigated the catalytic chemistry of a series of
Pt-based IMCs supported on SiO, in the dehydrogenation of
cyclohexane and n-butane (see Fig. 22b and c)."'° The addition
of a secondary element to Pt can disrupt the ensemble of Pt
which drives hydrogenolysis and C-C breaking reaction path-
way, leading to undesirable side reactions and catalyst deacti-
vation. This modification can also alter the surface chemistry
and electronic structure of the catalyst to aid in the desorption
of the desired alkene product, helping to slow down the overall
deactivation process. Therefore, Pt;Sn/SiO, and PtGe/SiO,
showed higher selectivity of alkenes (benzene and butene) than
pure Pt and other IMCs (Pt;Zn, Pt;Co, PtCo, Pt;Tl,, and PtSn),
which is potential because of the reduced surface reactivity
towards C. They also investigated the control of catalytic
performance over Pd-based IMCs system by incorporating
different secondary elements into Pd. It was found that Pd;Bi
exhibited the highest selectivity for N-benzylidenebenzylamine
in the dehydrogenation of dibenzylamine due to surface reac-
tivity towards C, which is attributed to the ensemble effect of
large Bi element.'® The Ryoo group found that PtZn/zeolite
and PtGa/zeolite catalysts achieved over 95% selectivity and 25
hours of stability in propane dehydrogenation.’®® Similarly,
research by the Linic group indicated that PtSn/SiO, catalysts
achieved about 67% conversion with selectivity to propylene of
more than 99%."°* Additionally, Wu et al. demonstrated that
PdIn/zeolites exhibited increased selectivity towards ethylene in
the dehydrogenation of ethane, with selectivity near 100% and
TOF of 0.26 s~ *.'® In comparison, a monometallic Pd catalyst
showed a much lower dehydrogenation selectivity of 53% and a
TOF of 0.03 s~'. Takanabe group utilized NiZn/Al,O; in the
selective dehydrogenation of methylcyclohexane to toluene,
achieving nearly 100% selectivity for toluene production and
even higher TOF than Ni/Al,05."°* DFT analysis shows that the
addition of Zn primarily occupies the highly reactive sites of Ni,
like corner and edge sites, to decrease the surface reactivity
towards C, which enhances the desorption of toluene and
prevents C-C bond breaking. Lastly, the research by Yashima
et al. showed that Ni-Sn/SiO, IMCs prepared by the CVD
method with different stoichiometry exhibited high benzene
selectivity (>99%) and varying conversion rates for cyclohexane
dehydrogenation.>®

4.4. Deoxygenation

Catalytic deoxygenation is a key process in the production of
biofuels, which involves converting biomass-derived oxygenates
into hydrocarbons suitable for use as transportation fuels. This
process is crucial for upgrading bio-oils, which are typically rich
in oxygenated compounds, into hydrocarbon fuels with proper-
ties similar to conventional petroleum fuels (see Fig. 19d).
Upgrading heavily oxygenated feedstocks has become a signifi-
cant focus, requiring the design of catalytic materials that
exhibit a uniquely balanced surface chemistry towards carbon,
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Fig. 22 (a) Comparison of TOF of propane and selectivity over Pt-based
catalyst,*® Copyright 2020, American Chemical Society. Conversion and
product distribution of (b) cyclohexane dehydrogenation to benzene and
(c) n-butane dehydrogenation to butenes over Pt/SiO, and Pt—M/SiO,
catalysts.*® Copyright 2013, Elsevier Inc.

oxygen, and hydrogen. The ideal catalysts should selectively or
completely remove -OH groups while limiting C-C bond clea-
vage and preventing over-hydrogenation of valuable olefin
products. Research has shown that monometallic PGM, PGM-
derived PGM + TM alloys, and zeolites are unsuitable for
these reactions because of their limited tunability, insufficient
stability as well as high cost. In the use of reduced metal
catalysts, large selections have been investigated in glycerol,
glucose, and other polyol deoxygenation (Pt, Pd, Ru, Ir, Rh, Cu,
and Ni)."®>%” These studies highlight the inappropriate sur-
face chemistry of pure reduced metals in this catalysis, yet
isolated two metals with higher surface oxophilicity, Cu and Ru,
that were most capable in driving oxygen removal. However,
control of hydrogenation activity was poor and selectivity
towards fully saturated HC products was still dominant.'®®
Similarly, in the deoxygenation of furfural, Cu/SiO, at 300 °C
resulted in 14% selectivity for 2-methylfuran production."®
Aqueous phase reduction of glucose over a selection of metals
also showed that Ru exhibited oxophilicity appropriate to
remove all OH groups, but also favored complete hydrogena-
tion to saturated alkane products.'®” Many other metals drove
C-C cleavage and sorbitol production.'®” Similar results were
found for linear C5 and C6 polyols."®® On the other hand,
zeolites and some pure metals with high surface oxophilicity
require greatly elevated temperatures and pressure to drive
oxygen removal resulting in catastrophic breakdown of the
reactants and favored saturated HC production.'®®*”*> These
conditions can also contribute to oxidation and coke for-
mation, ultimately deactivating the catalyst. For example, the
deoxygenation of anisole for aromatic production over Ni on
different oxide supports was employed at 3 bar and 300 °C but
only achieved as high as 70% selectivity towards saturated
alkanes."”® Similarly, a series of supported Pt catalysts also
showed the production of unselective propylbenzene in the
deoxygenation of 4-propylphenol at 573 K and 20 bars."”* It is
clear that no pure reduced metals exhibit the ideally balanced
surface reactivity towards C, O, and H to drive these reactions
nor do they present the systematic tunability needed to tune
product distributions.
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On the other hand, IMCs exhibit more favorable surface
chemistry and enhanced compositional stability and seem pro-
mising in meeting this requirement. For example, the Chen group
reported the enhanced deoxygenation activity of Ni + Ga/SiO, and
Ni + Zn/SiO, compared to Ni/SiO,."”>™”7 Fig. 23a illustrates that,
at a similar anisole conversion (~31%), the selectivity to benzene
was increased from 75.2% over Ni/SiO, to 83.0% over NigGa/SiO,
and 92.6% on NizGa/SiO,, respectively. The TOF values of Ni + Ga/
Si0, (0.95 s~ for NigGa/SiO, and 15.3 s~ for Ni;Ga/SiO,) were
also much higher than Ni/SiO, (0.3 s ). As depicted in Fig. 23b,
the higher surface reactivity towards O over NigGa/SiO, and NizGa/
SiO,, in comparison to Ni, results in their preference for complete
cleavage of the C-O bond to produce benzene, while Ni generates
partially deoxygenated products (phenol). Similarly, the TOF
values of Ni + Zn/SiO, were also higher than that of Ni/SiO,
(see Fig. 23c). This study revealed a volcano trend in Fig. 23d when
examining the deoxygenation of methyl laurate over Ni + Zn/SiO,.
At 330 °C, with the decrease of the Ni/Zn ratio, the selectivity to
C11 and C12 hydrocarbons increased to the maximum (93.1%) on
NigZn,. However, it quickly decreased as the Ni/Zn ratio further
decreased. This is because the high oxophilicity and reduced
carbon affinity of Zn can facilitate the hydrodeoxygenation path-
way over Ni + Zn. Nevertheless, an excessively high concentration
of Zn leads to weak catalytic activity. On the other hand, the high
surface reactivity towards C over Ni causes the C-C breaking
leading to C6-C10 products. This phenomenon was also observed
in heptanoic acid deoxygenation over Pd and PdSn. Pd preferred
C-C cleavage, yet PdSn promoted singular OH removal to form
heptanal.®® In addition to influencing the product distribution,
the addition of Sn to Pd also enhanced the stability. This is
evident by the change of conversion and TOF at the time on
stream. The TOF of Pd/SiO, was reduced by 71% from 0.0045 s~ *
at 1.5 h t0 0.0013 TOF s~ " at 10 hours. Notably, the overall activity
over PdSn/SiO, was slightly decreased after 10 hours. These
results clearly illustrate the role of bulk composition in the surface
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chemistry of IMCs as a result of geometric and electronic effects.
The research conducted by Khalit et al. showcased the utilization
of NiZn/C in the deoxygenation of waste cooking oil, resulting
in over 90% hydrocarbon production and the highest selectivity
in C15 production.'”® Furthermore, studies by He et al. demon-
strated that the CoZn/ZnO catalyst was applied in the deoxygena-
tion of 5-hydroxymethylfurfural, resulting in near 100% conver-
sion with 90% selectivity towards 2,5-dimethylfuran (DMF)
production.'”® Furthermore, Ni;Sn,/Al,O; with pure phase synthe-
sized by Shu et al. exhibited yields of aiming alkanes reaching
about 99% in the deoxygenation of methyl octanoate and methyl
palmitate, respectively."*

5. Concluding remarks and outlook

The development of supported IMC catalysts has emerged as a
promising strategy to address the growing demand for high-
performance materials in a wide range of energy and chemical
conversion processes. The ability to precisely control the bulk
and surface compositions of these compounds with ordered
nanostructures has enabled significant improvements in cataly-
tic activity, selectivity, and stability compared to conventional
monometallic and alloy catalysts. This review examines the
remarkable progress made in developing synthetic approaches
capable of tailoring the structural and compositional features of
supported IMC catalysts. Techniques such as impregnation,
precipitation, CVD, and radiolysis synthesis have facilitated the
fabrication of supported IMC catalysts with tunable composi-
tions, leading to specific surface chemistries that can be lever-
aged in different reactions. Furthermore, the incorporation of
these IMCs into support materials like carbon, metal oxides, and
zeolites has further enhanced their catalytic performance by
improving surface area, dispersion, and stability properties.
Despite these advancements, several challenges remain to
be addressed before the widespread adoption of supported IMC
catalysts in industrial applications. Firstly, it is necessary to
develop a universal method for the supported IMC catalysts
that can be applied to all combinations of TM + TM and TM + p-
elements. This would enable the systematic exploration and
optimization of a wide range of IMC compositions, leading to
the discovery of new high-performance catalysts. Secondly,
controlling the surface composition of supported IMCs is
critical for the surface reaction. However, few studies have
focused on this aspect due to the difficulty in manipulating
the surface composition through pretreatment and the chal-
lenges in accurately characterizing the true surface structure.
Advanced in situ characterization techniques, combined with
computational modeling, can provide valuable insights into the
dynamic changes in catalyst structure and composition during
operation, as well as the underlying reaction mechanism.
Additionally, supported IMC catalysts often require complex
and costly synthesis methods, which can make it challenging to
scale up and make economically viable compared to more
traditional catalyst formulations. Developing scalable synthesis
methods for supported IMC catalysts is a major challenge, as it
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requires precise control of both the bulk and surface composi-
tions when scaling up the synthesis. Furthermore, achieving
high dispersion of small IMC nanoparticles on the support
material at larger scales is difficult, yet critical for maximizing
the active surface area for high catalytic activity. Factors to
consider in addressing these issues include the selection of
appropriate precursor materials and supports, the synthesis
techniques and pretreatment conditions, and the evaluation of
long-term stability and renewability. Careful consideration of
these parameters is necessary to develop IMC-based catalysts
that can effectively balance performance, scalability, and cost
for practical industrial applications. Equally important is the
need to improve the long-term stability of supported IMC
catalysts under harsh reaction conditions, such as high tem-
peratures, pressures, and corrosive environments. Overcoming
these challenges will be essential for realizing the full transla-
tional potential of supported IMC catalysts in large-scale
industrial applications.

Additionally, the inability to discover and develop yet com-
positionally more complex heterogeneous catalysts arises from
a lack of understanding of connections between electronic
structure and surface and catalytic chemistry, therefore, which
will be a crucial aspect of future research. This insight can
guide the rational design of next-generation supported IMC
catalysts with optimal performance from the electronic level
upwards. Continued research and development in this field are
expected to accelerate the deployment of supported IMC cata-
lysts with transformative improvements in the efficiency and
sustainability of various energy and chemical technologies. For
instance, the use of supported IMC catalysts in chemical
synthesis processes could enable more efficient and selective
transformations, reducing the energy and resource inputs
required. In photocatalytic applications, the tailored electronic
and optical properties of IMCs could enhance light harvesting
and charge separation, leading to improved solar-to-fuel con-
version efficiencies. Similarly, the incorporation of IMCs into
fuel cell and electrolysis technologies could boost the perfor-
mance and durability of these energy conversion and storage
devices, ultimately contributing to a more sustainable energy
landscape. Beyond surface and catalytic science, understanding
how to control and optimize the properties of well-defined
solids will favorably impact the materials, sensors, electronics,
and optics community.
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