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Catalytic hydrogenation reactions are widely utilized in the petrochemical and fine chemical industries.
However, the complex activation mechanisms and adsorption/desorption behaviors associated with
specific reactions impose stringent requirements on catalyst composition and structure. Supported
bimetallic catalysts, which benefit from metal-metal and metal-support interactions, exhibit significant
research value and potential for hydrogenation reactions. Building upon this foundation, a systematic
comparison, analysis, and summary of the design strategies and synthetic methodologies of bimetallic
systems can serve as a valuable reference for the development of novel catalytic materials. This review
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provides a comprehensive summary of bimetallic catalytic systems applied in various hydrogenation
reactions over the past decade, focusing on their synthetic routes. The discussion encompasses nano-
DOI: 10.1039/d5cy00622h catalysts, single-atom catalysts, and the role of supports in enhancing bimetallic systems. Additionally,
existing challenges in this research area are discussed, and potential directions for future research are

rsc.li/catalysis proposed to guide advancements in bimetallic hydrogenation catalysis.
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1. Introduction

Fossil fuels have been the basis of human development in
past centuries and will continue to play an important role in
the world's energy needs, derived fuels, and a vast array of
essential petrochemicals in the years to come.' With the
aim of sustainable development, numerous technologies have
been developed to maximize the utilization of existing
chemical raw materials.” Among them, hydrogenation
reactions have been deeply investigated and play a vital role
in many fields, such as food, chemicals, petrochemicals, and
pharmaceuticals.* Hydrogenation reactions are so widely used
that it has been estimated that up to a quarter of all chemical
processes are related to at least one hydrogenation reaction.’
Based on the nature of the reactants of the hydrogenation
process, which are in the gas or liquid phase, these reactions
are driven by heterogeneous solid catalysts, which can add
hydrogen atoms to unsaturated compounds and transform
them into saturated compounds.*® For example, ethylene, a
fundamental feedstock in the petrochemical industry, is
mainly produced from cracking reactions industrially with a
global production capacity of 214 million metric tons as of
2021.” However, the conventional process for ethylene
production results in product streams with between 0.3-3%
acetylene as an impurity, whose presence quickly poisons the
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Ziegler-Natta catalyst used in the polymerization of ethylene.®
To purify the ethylene streams, the selective hydrogenation of
acetylene is a key process for the production of polymers and
fine chemicals.” Besides, the production of renewable
chemicals, such as methanol, methane, and syngas, through
the hydrogenation of carbon dioxide has great potential to
decrease the emission of greenhouse gases.'”'! For example,
the reverse water gas shift (RWGS) reaction is considered one
of the most promising hydrogenation processes with high
potential efficiency.’> And CO, as a desirable product, is an
essential building block for synthetic fuels and oxygenates via
Fischer-Tropsch or methanol synthesis reactions.'®> However,
due to the endothermic nature of RWGS and the kinetic
inertness of CO,, CO, conversion in RWGS is being
challenged by activating highly stable CO, molecules into
CO."" It has been reported that the RWGS reaction requires
over 1000 K to achieve 50% conversion of CO, under
atmospheric pressure. In addition, the methanation process
of over-hydrogenation on CO, molecules is another challenge
that restricts the CO selectivity.'> Therefore, great efforts have
been made to boost the CO, conversion rate and CO
selectivity in the CO, hydrogenation process.

For decades, with the deepening of understanding of the
catalytic hydrogenation reaction, investigations have been
conducted to improve the performance of heterogeneous
catalysts, especially for supported metal catalysts; such
investigations involve controlling the size of metal
nanoparticles,'®'” metal particles with specific crystalline
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facet exposure,'®'” the effect that different supports have on
the catalytic behavior of metallic sites,® etc. Supported metal
catalysts refer to the composites that contain ultra-small
metal particles as active surface sites and mostly inert
supports for fixing these particles as thermally stable
substrates.® The types of active metals can generally be used
as the basis for classifying supported metal catalysts. For
monometallic catalysts, ultimately, the catalytic properties
are dependent on the intrinsic activity of the particular metal,
despite the availability of the various fine-tuning approaches
mentioned above.'®*'  Applications for monometallic
catalysts are generally limited to cases when different catalyst
properties are desired, especially in case where either
untraditional feeds, extreme reaction conditions, or stringent
product stream requirements are involved.'® However, with
the addition of secondary (or tertiary) metal, bi(tri)metallic
catalysts have attracted much attention because of their
prominent catalytic performances in sustainable energy,
environment, petrochemical industries, etc.?**® Take
bimetallic systems as an example, the two active metal
species can exist in the form of alloys, intermetallic
compounds, or as a particulate mixture,>**® which provide
specific functions or superior catalytic performance to that of
their monometallic counterparts.”**

This review aims to discuss the primary methodologies
and advancements on synthesis routes of supported
bimetallic catalysts for hydrogenation reactions. The first part
will give an introduction to the properties of bimetallic
catalysts, as well as a detailed discussion on the associated
mechanisms. In this part, related bimetallic hydrogenation
catalysts will be covered based on the available literature to
aid in identifying targets for guiding the synthesis of
catalysts. Then, specific synthetic strategies will be discussed
in three main parts: controlling particle size, single-atom
catalysts, and support effects for hydrogenation catalysts.
Following this discussion, a reasonable prospect for the
development of bimetallic catalysts will be given based on
the comprehensive summary of representative research work
in recent years.

2. Bimetallic effects on hydrogenation
reactions

For hydrogenation reactions driven by supported bimetallic
catalysts, significant effort has been devoted to overcoming
three critical challenges: enhancing catalytic activity,
modifying selectivity, and improving catalyst stability under
specific reaction conditions. From a research perspective, it
is critical to build a bridge between catalytic performance
and the properties of the catalysts, including composition
and structure.”® Generally, the dramatically enhanced
performance of bimetallic catalysts is often caused by one or
more co-existing effects,"”® which can be categorized as
geometric (or ensemble) effects, electronic (or ligand) effects,
and synergistic effects."®**" As shown in Fig. 1, these effects
are intimately related to changes in the physicochemical
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Fig. 1 Schematic representing the synergistic relationship of
geometric effects, electronic effects and bifunctional effects.

properties of the catalysts, such as active site dispersion,
reactant adsorption strength, and modifications to catalytic
reaction pathways.*’ Hence, a comprehensive understanding
of these effects is crucial for guiding the rational design and
synthesis of bimetallic catalysts.

2.1 Geometric effects

In bimetallic systems, geometric effects are known as the
addition of the secondary metal, which can modify the size
of the metal's active site ensembles, changing the adsorption
geometry, which alters the -catalytic selectivity."®*® For
example, the selective hydrogenation of acetylene converts a
triple bond (CH=CH) into a double bond (CH,=CH,).
However, as shown in Fig. 2(a), this process suffers from
some unfavorable side reactions leading to wundesired
byproducts such as the over-hydrogenation product of
ethane, the reforming product of butadiene, and the
polymerization product of green oil (C4).** These side
reactions arise from several identified adsorption modes on
catalysts (Fig. 2(b) B to F), which lead to undesired reactions
through complex hydrogenation pathways because of
adjacent active sites on the catalyst surface.>® The optimal
mode of adsorption involves a m-bond interaction between
CH=CH and the catalyst surface (Fig. 2(b) A), allowing the
triple bond to be easily activated by active sites, forming
ethylene, which desorbs upon n-bond dissociation to prevent
over-hydrogenation.*® Hence, it is reasonable to believe that
the selectivity of C,H, hydrogenation can be controlled by
adjusting ensemble sizes to affect adsorption modes. As
shown in Fig. 2(c-e), Zhou et al. reported ~90% selectivity
towards C,H, and nearly 100% conversion of C,H, at 60 °C
with a PdZn intermetallic nanostructure catalyst containing
regularly arranged Pd-Zn-Pd ensembles; this regular
arrangement of Pd sites led to the moderate o-bond between
adsorbed C,H, and neighboring Pd sites, as well as the weak
n-bond between adsorbed C,H, and single Pd sites.?” Zhang
et al. found that the highly separated surface Pd sites by
dilution of Ag or Au can lead to high selectivity in C,H,
hydrogenation.®® Likewise, research work in nanoalloy
construction,®>?® atomic site regulation,>*® and ultrasmall
nanoparticles®® also reveals the importance of modifying the
size of the metal's active site ensembles in hydrogenation
reactions.
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Fig. 2 (a) Schematic of reactions in C,H, hydrogenation; (b) possible adsorption mode of C,H, on active metal sites. A: t-complex; B: di-c-
adsorbed; C: ethylidene; D: vinyl; E: ethylidyne; F: vinylidene; (c) schematic of the PdZn intermetallic nanostructure for selective hydrogenation of
C,Hy; (d) conversion and selectivity with time for selective hydrogenation of C,H, over PdZn; (e) DFT modeling of acetylene and ethylene
adsorption on PdZn(100) or Pd(111) surfaces; (f) schematic of reaction pathways in 4-nitrophenylacetylene; (g) conversion and selectivity for
selective hydrogenation of 4-nitrophenylacetylene over different Pt-based catalysts; (h and i) the proposed reaction mechanism for m-cresol
hydrodeoxygenation over Ni/SiO, and NiRe/SiO, catalysts [panels (a and b) have been reproduced with permission from ref. 33, Copyright 2007,
Elsevier. Panels (c-e) have been reproduced with permission from ref. 27, Copyright 2016, American Chemical Society. Panels (f and g) have been
reproduced with permission from ref. 41, Copyright 2019, Springer Nature. Panel (h and i) have been reproduced with permission from ref. 31,

Copyright 2020, Wiley-VCH].

Geometric effects have also been shown to alter the
reaction pathway by optimizing the recognition ability of
specific functional groups during hydrogenation reactions.’
Li et al claimed that the larger Ni ensembles favor the
cleavage of C-C bonds in biomass hydrogenolysis, while
the smaller Ni ensembles favor the cleavage of C-O
bonds.*® Wang et al also concluded that it is a
reasonable strategy to modify the adsorption mode of
specific functional groups by changing metallic ensemble
size in the selective hydrogenation of cinnamaldehyde."’

6320 | Catal Sci. Technol, 2025, 15, 6318-6352

Specifically, in the case of coexisting C—O and C=—C
groups, it is difficult to control the targeted adsorption
between C—=O0O and metal active sites, as the hydrogenation
of C=C in cinnamaldehyde is more thermodynamically
favorable.”® To improve C=O adsorption while inhibiting
C=C adsorption, Wang et al. proposed the introduction
of oxyphilic adsorption sites to favor the vertical
adsorption mode (C=O0) over the parallel adsorption mode
(C=C). Fig. 2(f and g) represents research on selective
hydrogenation = of  4-nitrophenylacetylene,  proposing
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isolating contiguous Pt atoms and forming Pt-Zn
intermetallic nanoparticles to enhance Pt selectivity
towards 4-aminophenylacetylene.”’ In contrast to other
monometallic catalysts, the Pt-Zn intermetallic surface
obtained nearly 100% conversion and selectivity. DFT
calculations reveal that the presence of Zn promotes the
adsorption of nitro groups and changes the hydrogenation
energy barriers from 239 kJ mol™' for the alkynyl group
and 117 kJ mol™ for the nitro group in Pt catalysts to
201 k] mol™ and 114 kJ mol™, respectively, in PtZn
catalysts. Thus, the selective hydrogenation process can be
stopped upon the formation of product 2a (Fig. 2(f))
instead of further over-hydrogenation.*!

It is worth noting that geometric effects are usually
accompanied by electronic effects, working together to
improve the catalyst performance.*®**™** Fig. 2(h and i)
presents the different behaviors between Ni ensembles and
NiRe ensembles on m-cresol hydrodeoxygenation (HDO).*" It
is obvious that the introduced Re atoms not only act as a
separate active site on Ni ensembles, but they also show
preferential adsorption with hydroxyl groups rather than the
electron-rich benzene ring because of its nature as an
electron-rich metal center. However, although the secondary
metal always causes a tunable coordination environment on
catalyst surfaces, there are some cases in which electronic
effects don't play a major role in the performance of the
catalyst,>*?>1¢

2.2 Electronic effects

Electronic effects, or ligand effects, are known as
modifications to the electronic structure of the active metal
species that influence the binding energies of adsorbed
species,**”*® which corresponds to improvements in
catalytic performance. Compared with the simple geometric
factors, the electronic structure of the active metal sites is
generally considered to have a bigger impact on catalytic
performance.>*® For supported bimetallic catalysts, a
reasonable explanation for the electronic effects can be
attributed to the d-band center theory.>***" It is generally
believed that the combination of two metals with different
electronegativity will induce charge transfer from the species
with lower electronegativity to the species with higher
electronegativity, reducing the d-band center of the former
because of its lower electron density.”*> Hence, the
electronic interaction between active sites and reactants is
also reduced, resulting in a decrease in the adsorption
energy of the reactants on the surface of the catalyst.
Generally, it is beneficial to increase the desorption rate of
reactants, intermediates, or products, particularly for some
selective hydrogenation reactions. Yao et al. reported a Pt-
Ni core-shell bimetallic catalyst with a strong Pt(5d)-Ni(3d)
coupling effect, resulting in enhanced catalytic stability over
the monometallic Pt catalyst.”® The electron transfer from
Ni to Pt by electronic effects affects the catalyst's ability for
H, activation, as well as enhances the catalytic stability of
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nitrobenzene hydrogenation and promotes selectivity to
p-aminophenol as desired products. Li et al. reported a
CuNi/ZrO, bimetallic catalyst with 100% conversion of C,H,
and 93% selectivity to C,H,. The electron transfer from Cu
to Ni makes the catalyst superior to most advanced non-
noble metal catalysts reported in the literature.*® Reddy
et al. also reported a Cu-Ni bimetallic catalyst with a
regulated Cu/Ni ratio for the CO, hydrogenation reaction."
Generally, Ni-based catalysts demonstrate considerable
conversion of CO, under mild conditions, but are more
selective towards CH, than CO due to
hydrogenation.”” The optimum Cu-Ni composition shows
higher selectivity than the mono Ni catalyst because the
introduced Cu can modify the electronic structure of the
nickel surface and act as the active site to enhance CO
desorption.

Another valuable discussion related to electronic effects
is that it can affect the noncovalent electronic interaction
between reactants (or reactive intermediates) and metal
active sites.”*®* %% As discussed in the above section, the
introduced secondary metal can tune the adsorption
orientation of m-cresol by altering the electron density. Xu
et al. reported an electronic regulating effect of a potassium
(K) promoter from a reactant activation perspective on
CuFe-based catalysts for producing higher alcohols (HAs)
from direct CO, hydrogenation.®® The introduced K can not
only balance the two modes of CO dissociated activation
for providing adequate intermediate species that take part
in the coupling reaction, but also selectively inhibits the
competitive reaction that is not conducive to the formation
of HAs in the coupling reaction. Moreover, for the selective
hydrogenation  of  p-chloronitrobenzene (p-CNB) to
p-chloroaniline (p-CAN), Xiao et al.®* developed a series of
bimetallic catalysts PtM/Al,O; (M = Co, Cu, Ni, Fe, Zn, Ga,
and Sn). Among them, PtCo/Al,0; and PtCu/Al,O0; were
chosen as the most representative samples as Co has the
strongest electronic interaction with Pt that can donate
electrons to Pt, while Cu is the only metal that can attract
electrons from Pt (Fig. 3(a)). Fig. 3(e and f) reveals that two
opposed electronic effects are reflected in completely
different behaviors of electronic interaction between
reaction intermediates and active sites. These opposing
electronic effects are responsible for the high conversion,
low p-CAN selectivity of PtCo/Al,O; and the low conversion,
high p-CAN selectivity of PtCu/Al,O;. The electronic effects
among Pt, Co, and Cu were also investigated in a
trimetallic catalyst, aiming to benefit from the combination
of the Pt-Ni and Pt-Cu electronic effects. As shown in
Fig. 3(b-d), as the Co/Pt molar ratios increase, the electron
transfer from Co to Pt and Cu occurs, optimizing the
electronic interactions between the three metals and the
functional groups of the reactive intermediate (Fig. 3(g)). It
is worth noting that electronic effects of supported active
sites can also act as indirect electronic modulations that
happen between loaded metals and supports, especially for
reducible metal oxides; these modulations are termed
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Fig. 3 (a) Pt 4d XPS spectra for PtM/y-Al,O3 catalysts; XPS spectra of
(b) Pt 4d, (c) Cu 2p, and (d) Co 2p for PtCuCo,/y-Al,O5 catalysts;
proposed mechanism for the selective hydrogenation of p-CNB on (e)
PtCo/y-Al;O3, (f) PtCu/y-AlOz, and (g) PtCuCo,/y-Al,Oz catalysts
[panels (a-g) have been reproduced with permission from ref. 64,
Copyright 2023, Elsevier].

“electronic metal-support interaction” (EMSI). A detailed
discussion of this part will be given in section 3.3.

2.3 Bifunctional effects

Bifunctional effects refer to the definition that each active
component in bimetallic catalysts shows a distinct function
of the corresponding monometallic catalyst simultaneously
in catalytic reactions.'®*° These effects manifest as each
metal activating different parts of an adsorbate or, in the
case of bimolecular reactions, activating different
adsorbates. For example, Han et al. explored the catalytic
HDO of lignin-derived phenolic compounds over supported
Ni-Fe nanoparticles on mesoporous carbon spheres.®® As
shown in Fig. 4(a), the HDO reaction occurs in two
sequential steps: the hydrogenation of phenol to
cyclohexanol and the following hydrogenolysis of
cyclohexanol to cyclohexane.®® In the Ni-Fe alloy system, in
addition to the enhanced adsorption of the intermediate
product cyclohexanol by the alloy sites, Fe-related sites are
responsible for the adsorption of hydroxyl species, while Ni
sites activate H,. Han et al. reported coexisting Co atom
sites and Co nanoparticle systems for the HDO and
following hydrogenation of aromatic ketones for the

6322 | Catal. Sci. Technol., 2025, 15, 6318-6352
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production of high-energy-density ring hydrocarbons.®®
Despite being a monometallic catalyst, bifunctionality still
occurs due to the presence of distinct single-atom Co sites
alongside the Co nanoparticles. Specifically, Co atoms acted
as Lewis acid sites to disturb the electron density for
activating the C=0O/C-OH bonds and aromatic ring, while
Co nanoparticles are for H, activation (Fig. 4(b)).®® The
research from Fu et al. reveals that interfacial bifunctional
effects exist in the Cu modified Fe,MgO, layered double
hydroxide catalysts for the selective hydrogenation of
C,H,.°” The bifunctional effects are reflected in the
activation of C,H, and H, that occurred on interfacial Cu
sites; meanwhile, the transferred adsorption of formed C-C
intermediates on Cu-Fe interfacial sites can make the
desorption of formed C,H, easily occur.

It is worth noting that the synergetic effect has also
been proved to be a significant effect for bimetallic
catalytic reactions. However, it is easily confused with
bifunctional effects in some cases. Synergistic effects
specifically —improve catalytic = performance through
interactions between the two kinds of active metals, rather
than from each metal contributing to separate reaction
steps.®®”° For example, as shown in Fig. 4(c—f), Gao et al.
synthesized Pd-Cu nanocubes with a Cu core and
intermetallic PdCu atomic layered shell.”! According to the
XANES spectra shown in Fig. 4(g), the electron transfer
shows that the adsorption edge of the Pd K-edge of PdCu
shifts to a lower energy than Pd foil, which means that
the electronic states of surface metals are modulated from
the synergistic effect between Pd and Cu. The formation
free energies of different reactive intermediates over
metallic surfaces are also given to show the moderate
energy position of the PdCu atomic layer, resulting in a
promising catalytic performance for C,H, hydrogenation.
In summary, the stable PdCu intermetallic atomic shell
not only achieves the isolation of single Pd atoms to
optimize the adsorption mode and anti-segregation ability
of Pd as an active center for C,H,, but also contributes to
enhanced catalytic performance through electron transfer
between Pd and Cu.

In this section, through the introduction of effects related
to bimetallic catalysts, we can conclude that modifying the
adsorption/desorption mode and activation process of
specific reactants or intermediates is the key to achieving
high-performance in catalytic hydrogenation reactions. All
properties above depend on constructing dispersion,
ensemble states, and specific interactions between active
sites on the bimetallic surface. Aiming for this, in section 3,
we will thoroughly discuss the representative research work
of the past decade, focusing on three main aspects: the
control of nanoparticle size, bimetallic catalysts on the
atomic scale, and the interaction between bimetallic active
sites and supports. It will not only provide relevant synthesis
methods of applied catalysts on hydrogenation but, more
importantly, it will also conclude with innovative ideas for
designing new bimetallic catalysts.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Schematic for the structure of Ni-Fe alloy sites and stepped hydrogenolysis process of lignin-derived phenolic compounds, with a zoomed view
of Ni-Fe alloy, Ni, FesO4 particles; (b) schematic for the structure of Co atomic sites & nanoparticles and subsequent ring hydrogenation process of aromatic
ketones; (c) structure of the Cu-Pd core-shell with an atomic intermetallic layer surface. STEM-EDX elemental mapping of (d) Cu nanocube, (e) Pd atomic
layer and (f) PdCu nanocube; (g) Pd K-edge XANES spectra of PdCu nanocubes and Pd foil, with a zoomed view of the Pd K-edge near 24355 eV; (h) standard
free formation energies and adsorption modes @298.15 K for *C,H,, *C,H,4, and *Hgy,, on Cu(100), CuPd(110), and Pd(100) surfaces [panel (a) has been
reproduced with permission from ref. 65, Copyright 2019, Elsevier. Panel (b) has been reproduced with permission from ref. 66, Copyright 2023, American
Chemical Society. Panels (c-h) have been reproduced with permission from ref. 71, Copyright 2023, American Chemical Society].

3. Synthetic strategies

3.1 Size control

As discussed above, the geometric effect in bimetallic
catalysts largely depends on the size of the active metal
particles, as it is the key in modifying adsorption and
desorption modes of reactants and intermediates during the
reaction. In addition to this, the size of the nanoparticles also
affects the distribution and utilization efficiency of the active
sites.”®” Geometrically, metal atoms at the edges and
corners are classified as low-coordination sites (LCSs), while
metal atoms in terraces and bulk are classified as high-
coordination sites (HCSs).>*° It is widely accepted that LCSs
tend to be more reactive than HCSs due to their unsaturated
coordination environment.’® In addition, the size effects are
also reflected in the electronic structure of the catalyst.
Unlike the continuous valence band of bulk metals, the band
structure of active metal sites becomes discrete energy states
when the particle size reduces to the nanoscale, acting
similarly to semiconductors.”®®® It has been proved to
interfere with the orbital hybridization and electron transfer
between the catalyst and the reactants, resulting in a
significant impact on the catalytic performances.>’®
Therefore, reducing the size of nanoparticles is a promising
approach that attracts extensive attention. Table 1 lists

This journal is © The Royal Society of Chemistry 2025

representative research work that focuses on controlling the
size of bimetallic nanoparticles for hydrogenation reactions
through various synthesis strategies, such as impregnation,
chemical reduction, deposition-precipitation,  strong
electrostatic adsorption, etc. In this section, based on the
two-component nature of bimetallic catalysts, the above
methods will be introduced as one-step deposition and two-
step deposition.

3.1.1 One-step deposition. Fig. 5 provides a summary of
the features of four major strategies of one-step deposition
methods, which are chemical reduction deposition, incipient
wetness impregnation, deposition precipitation, and strong
electrostatic adsorption. In general, the basic idea is to
anchor free metal ions on the surface of the support with
different methods or processes followed by appropriate post-
treatment to finally obtain highly dispersed metal active
sites.

Chemical reduction deposition. Chemical reduction is one
of the conventional strategies for directly depositing
nanoparticles onto supports through a liquid-phase
reaction.’® In this procedure, reduction of a metal precursor
occurs close to the surface of the support using a specific
reducing agent”™ such as NaBH,, N,H,, citric acid, oxalic
acid, methanol, or ethylene glycol, etc. As shown in Fig. 6(a),
Bharath et al. successfully synthesized Ru-Pd nanoparticles

Catal. Sci. Technol, 2025, 15, 6318-6352 | 6323
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Table 1 List of representative work with the synthetic method, particle size, and applications

Particle size

Catalyst Method (nm) Hydrogenation reaction Ref.
RuFe/Al,O; IWI/solvothermal reduction 2.3 Lignin-derived phenols to alkyl cyclohexanols 72
PdCu/C Colloidal synthesis/IWI 7.4 Butadiene to butene 73
PdCu/Al,O4 IWCI 3.3-18.6 Butadiene to butene 74
NiRu/Al, O3 LDH precursor 3-9 PyGasMF hydrogenation 75
CuRe/TiO, IWCI 0.69 Levulinic acid to y-valerolactone 76
RuCo/CoO, Solvothermal 2.5 Hydrogenolysis of 5-hydroxymethylfurfural 77
NiCu/C Solvothermal reduction 17.3 2-Acetylfuran to 2-ethylfuran 78
NiCo/SiO, MOFs precursors 0.6 Furfuryl alcohol to tetrahydrofurfuryl alcohol 79
AuCu/ZnO MOFs precursors 18.2 CO, to methanol 80
PtCu/Al,O4 Solvothermal reduction/galvanic displacement 5.2 Furfural to furfuryl alcohol 81
Pt;Co/Co(OH), Solvothermal reduction 4 o,B-Unsaturated aldehydes to o,fB-unsaturated alcohols 82
CuPd/HAP Co-impregnation 3.7 Succinic acid to 1,4-butanediol 83
FeNi/SiO, Deposition-precipitation with urea (DPU) 5 Furfural to furfuryl alcohol 84
NiCo/MO, WI 10 Fischer-Tropsch process 85
RuPd/BN Chemical reduction/microwave synthesis 2 Furfural to furfuryl alcohol 86
NiAu/Al,O3 Chemical reduction/galvanic displacement 8 1-Octyne to 1-octene 87
ReCo/TiO, IWI 1.24 Levulinic acid to y-valerolactone 88
PdPb/N-doped C  Co-impregnation 1.3 Phenylacetylene to styrene 89
PdAu/N-doped C  Chemical reduction 3.4 Nitrophenol hydrogenation 90
NiRu/SiO, Strong electrostatic adsorption 0.92 Biphenyl to cyclohexylbenzene 91
NiFe/TiO, Deposition-precipitation with urea (DPU) 6.32 1,3-Butadiene to butenes 92
CuRe/Al, O3 WI 3.7 Furfural to 2-methylfuran 93
IrRe/C Strong electrostatic adsorption 1.5 Succinic acid to tetrahydrofuran 94
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Fig. 5 Schematic representing major synthesis strategies of one-step
deposition.

on hexagonal boron nitride nanocomposites using NaBH, as
a reducing agent, and the obtained alloyed nanoparticles are
highly dispersed with particle sizes at or below 2 nm.*® Wang
et al. reported highly dispersed NiCo nanoparticles supported
on MOF/SiO, with particle sizes less than 1 nm using
NaBH,.”® Han et al. introduced r-ascorbic acid as a reducing
agent to deposit Pd-Au bimetallic nanoparticles on nitrogen-
doped carbon black through a co-reduction process.’® With a
high metal loading, the average particle size reaches 3.4 nm
with a narrow size distribution.

Some chemical reduction procedures driven by a solvent
thermal method generally use reductive solvents for reducing
metal precursors. For example, ethylene glycol is a
conventional solvent as it can be dehydrated into reductive
acetaldehyde to reduce adsorbed metal ions. This technique
has been reported for the synthesis of dispersed RuFe
bimetallic catalysts for the selective hydrodeoxygenation of
lignin-derived phenols to cyclohexanol.”* Fig. 6(b) shows the

6324 | Catal. Sci. Technol,, 2025, 15, 6318-6352

HAADF-TEM image of the synthesized Pt;Co alloy on Co(OH),
nanosheets by the one-pot method.®” A co-reduction
procedure driven by methanol as a reductive solvent obtained
uniform Pt;Co nanoparticles with particle diameters less
than 4 nm; the synthesized catalyst shows promising catalytic
performance  for the selective  hydrogenation  of
cinnamaldehyde to cinnamyl alcohol (Fig. 6(c)). It is worth
noting that the type of reducing agent has been found to
greatly affect the formed particles.”®
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Fig. 6 (a) Schematic illustration of the formation mechanism of the
RuPd cluster on boron nitride nanocomposites; (b) HAADF-TEM images
and the inserted scheme of synthesized PtzCo@Co(OH),; (c) the
stability test of PtsCo@Co(OH), for hydrogenation of cinnamaldehyde
[panel (a) has been reproduced with permission from ref. 86, Copyright
2021, Elsevier. Panels (b and c) have been reproduced with permission
from ref. 82, Copyright 2019, American Chemical Society].
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Agnihotri et al. reveals the effect of reducing agents on the
different stages of Ag particle formation from Ag".'°" At the
initial reduction stage, NaBH, induces the instant nucleation
of Ag® and trisodium citrate primarily passivates the
nanoparticles from agglomeration. In the following stage,
trisodium citrate mediated reduction plays a main role in the
growth of Ag’.

Surfactants also contribute to size control during the
chemical reduction procedure. In Fig. 6(a), the spherical-like
sodium dodecyl sulfate (SDS) micelles serve as a soft
template to lead to the formation of spherical Ru-Pd clusters
on boron nitride nanocomposites.®® Taylor et al. synthesized
ultra-dilute PtCu alloys using ethylene glycol as a reducing
solvent and polyvinylpyrrolidone (PVP) as a surfactant. Bruno
et al. reported the synergetic influence driven by the co-
existence of borane tert-butylamine (BTB), oleyl amine
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(OLAM), and oleic acid (OLAC) on the formation of reduced
Ni nanoparticles with a narrow size distribution (4.7 + 0.4
nm), which can be applied to the monometallic precursor for
preparing bimetallic catalysts via sequential deposition.®”
Incipient wetness impregnation. For the preparation of
supported metal catalysts, the impregnation method is the
most commonly used synthesis strategy.”” It can be classified
into wet impregnation and dry impregnation based on the
volume of precursor solution that is used during synthesis.
For wet impregnation, the amount of precursor solution used
is in excess of the pore volume of the support.”® However,
wet impregnation is limited by its ability to achieve precise
metal loadings. In comparison, for dry impregnation (DI),
also known as incipient wetness impregnation (IWI), the
volume of precursor solution is limited to the pore volume of
the support.”>'%* The simplicity of dry impregnation and the

(T ———————  —————— —— —— — — — — T — 3
1004 O
v g 1
1 80 180 °C 1
1
] « — 220 P
- Levmilc aad 4-alkoxypenfano|c acid R 604 et
- : 3 2 1s0°c |1
1 article sizey L hydra'.m E 1
i i 8401 i
! &) —o= Conversion of LA | |
: \’N ——Yieldof GVL | }
I Co-Re0; ¢/ TiO, ;
. ©Co @Re H '
: ¢Cc @O :
i 1
\ ”
r -~
i i
1 1
1 1
! 1
1 1
! 1
: 1
i ) i
: Crystallization Impregnation 1
: Si + Al + Template :
I 1
: 1
. . )
: Calcination !
! 1
: 1
[}
1 1
! 1
! 1 i 1
- Self-pillared Rh3*/Ru* ions absorbed on Subr ter Rh-Ru s
- zeolite nanosheets zeolite nanosheets in zeolite nanosheets H
1
1 1
1 s H
i 2(h) %° I
: g +(h) drgy =070 nm| i
1 1
i %0 i
i : X !
: & '
i 2 20 :
1 ] 1
1 2 1
! g 1
1 e 1
1 w 10 1
: 1
i
1 1
: Y |
1 0.0 0.5 1.0 15 20 1
: Particle size / nm :
g g g g g g S —— -

Fig. 7 (a) HRTEM images and size distribution of the 1 wt% CogsReq s/TiO, catalyst; (b) schematic of hydrodeoxygenation of levulinic acid over
the 1 wt% CogsReqs/TiO, catalyst; (c) time courses for hydrodeoxygenation of levulinic acid to y-valerolactone over the 1 wt% CogsReq 5/TiO,
catalyst; (d) schematic representation of the synthetic procedure of sub-nanometer RhRu clusters in self-pillared MFI nanosheets; (e-g) STEM
images and (h) particle size distribution of the prepared RhggRug>/MFI sample [panels (a-c) have been reproduced with permission from ref.
88, Copyright 2021, American Chemical Society. Panels (d-h) have been reproduced with permission from ref. 111, Copyright 2021, American

Chemical Society].
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ability for scale-up made it the most cost-effective approach
for synthesizing supported metal catalysts, in both an
industrial and academic environment, as very high
throughput can be achieved.'®'®® Generally, catalysts
prepared through IWI contain large and uneven particles
with low dispersion, as well as a weak interaction between
the active component and support.”>*> An acceptable reason
is that during the drying process, the active components
adsorbed in the pores of the support are redispersed and
migrate to the surface of the support due to capillary action,
thereby affecting the size of the metal particles on the
support.'®*'% Efforts have been made to minimize the size
of loaded active particles through optimizing synthesis
conditions and modifying support surfaces.' %%

A common strategy to control the particle size is to reduce
the weight loading of active metal.**'%® Wei et al. reported
the low loading of CoRe/TiO, for hydrodeoxygenation of
levulinic to y-valerolactone with 0.5 wt% of Co and 0.5 wt%
of Re.®® As shown in Fig. 7(a), the average particle size is
around 1.24 nm with a narrow distribution. The fine size of
alloyed nanoparticles allows more active sites to be exposed
to the substrate and leads to greater catalytic efficiency.
Simultaneously, the synergetic effect between Co and ReO,
accelerates the spillover of H dissociation and mass diffusion
of reactants (Fig. 7(b)). As a result, Co,sRe, 5s/TiO, achieved
>99% yield of y-valerolactone at 220 °C for 3 h (Fig. 7(c)).

Another strategy to control particle size is by extending
the aging time.”> In Liu's work, with conventional IWI
methods, Cu-Re bimetallic particles with diameters less than
1 nm are successfully loaded on the TiO, substrate via an
extended aging time, which is up to 24 h.”® It has been
reported that the choice of drying procedure for impregnated
samples also affects the dispersion of active metallic
particles. For instance, compared with conventional drying in
an oven, freeze drying can maintain the spatial distribution
of the active components on the support because the solution
evaporates below the freezing point under low pressure, and
no liquid phase flow occurs.'® Cao et al. found that for Pd-
Cu alloyed catalysts prepared by sequential IWI, drying under
vacuum can avoid the segregation during the reduction
process, which allows the active metal to be distributed more
evenly throughout the alloy.'%®

It has been reported that using additives during IWI can
help form well-dispersed particles because of the
coordination effect between additives and special metallic
cations. Triethanolamine has been found as an additive
reported to coordinate Cu®" in the precursor solution and
improve the dispersion of Cu.'® In Quindimil's work, glycerol
was introduced to assist in the IWI method. Compared with
conventional impregnation, the addition of glycerol leads to
an enclosing effect with Ru®*", which reduces the Ru particle
size from 11.2 nm to 5.8 nm.'® However, for Ni
monometallic particles, glycerol has the opposite effect on
particle size control. Nevertheless, Ni-Ru bimetallic particles
prepared by the glycerol-assisted IWI method show a notable
increase in performance over monometallic catalysts for CO,
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methanation, with the methane yield rising from 20% to 40%
at 300 °C.

In other cases, other well-designed supports like LDH
precursors, MOFs, and zeolites have also been reported to
show a positive effect on particle size control.>*"'"'"> As
shown in Fig. 7(d), Wang et al. successfully constructed self-
pillared MFI zeolite nanosheets with a high surface area and
abundant Si-OH groups, which makes them an ideal support
to immobilize ultrasmall Rh-Ru bimetallic nanoclusters via
the simple IWI method.""" Fig. 7(e-g) shows the STEM
images for the synthesized sample, it can be seen that the
ultrasmall nanoparticles are anchored into the MFI zeolite's
structure, and the average particle size is 0.7 nm (Fig. 7(h)).
The Rh-Ru alloy with a specific molar ratio of Rh:Ru = 0.8:
0.2 shows a superior H, generation rate (1006 moly,
MOl - Min™') from ammonia borane hydrolysis and
promising catalytic activities on cascade hydrogenation of
nitroarenes.

Deposition precipitation. Deposition-precipitation is a
method that converts soluble metal salt precursors into non-
soluble precipitates with the addition of appropriate
precipitant and immobilizes them onto the support.”> Post-
treatments are generally required to obtain activated
supported catalysts after the precipitation process."*® The key
to catalyst preparation through this method is to selectively
deposit nanoparticles on the support instead of forming in
solution.”>** In the deposition-precipitation process, metal
salt precursors in solution preferentially deposit on the
surface of the support, which acts as a nucleation site for
metal ions, resulting in a lower solubility limit at the support
surface compared to the bulk solution.”>''* To prevent
localized precipitation, the added precipitant must form
uniformly distributed OH™ species in the solution."**'"?
Sodium hydroxide,"**""” ammonium,"*®**° and urea®""*° are
commonly used as precipitants. Among these, the deposition
precipitation with urea (DPU) method has become the most
widespread strategy in recent years due to its ability to
achieve almost total metal precipitation even at high metal
weight  loadings and yields tight nanoparticle
distributions."**'*>**! The effectiveness of urea lies in its
ability to hydrolyze at temperatures above 50 °C, producing
evenly distributed OH™ species throughout the solution,
minimizing localized gradients in pH, thereby reducing the
possibility of precipitation in the bulk solution."*****

DPU is a common approach in the synthesis of supported
catalysts, although specific experimental conditions vary
between research groups. Generally, the procedure of DPU
can be operated through the following steps:'' firstly, the
suspension with support material should be heated to a
temperature where urea is stable. Then, the metal salt
precursor and urea are added to the suspension for
precipitation. The mixture usually needs to be aged under
continuous stirring in order to obtain a uniform deposition
of deposited nanoparticles, and the aging time can vary from
several hours to one day."**'*® Finally, the obtained solids
need to be washed and activated at a temperature under a

This journal is © The Royal Society of Chemistry 2025
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reductive gas flow. In this method, the synthesized
nanoparticles have particle sizes between 2 and 10 nm. Wang
et al prepared a Ni-Fe/TiO, catalyst for selective
hydrogenation of 1,3-butadiene by the CO-DPU method.”
With increases in the Ni:Fe ratio, the size of uniformly
distributed particles increases from 3.92 nm (mono-Ni) to
6.32 nm (Ni:Fe = 1:0.33). Simultaneously, the alloying
tendency of nanoparticles gradually increases as the Fe
content increases, resulting in greater catalytic performance.
For a 200 h stability test, the reported catalyst maintains a
high butadiene conversion of over 99% and the selectivity to
butene is higher than 95%, greatly outperforming the
commercial Pd/Al,O; catalyst under the same reaction
conditions. Shi et al. investigated the synthesis parameters of
Fe-Ni/SiO, for the hydrogenation of furfural.** Firstly, Ni(m)
and Fe(un) sulfate salts are used as precursors instead of
nitrate salts to eliminate the oxidizing species. After 22 h of
the DPU process, the deposited solids were activated under
H, through multi-step reduction: (1) reduction of Fe** to Fe*"
around 275 °C, (2) reduction of Ni*" to Ni above 350 °C and
(3) the deep reduction of Fe** to Fe between 500-700 °C,
which induced the diffusion of Fe atoms into the Fe-Ni alloy.
The optimized procedure resulted in homogeneous alloyed
Fe-Ni nanoparticles with an average size of 5.4 nm. Zanella
et al. deposited Au-Ni bimetallic nanoparticles on TiO, with
CO-DPU and obtained particles with particle sizes less than 3
nm."** The adjustment of the atomic ratio of Au:Ni finally
reached the optimal value of 1:0.08, which shows the best
compromise between conversion and selectivity for the
selective hydrogenation of 1,3-butadiene. The average size of
Au-Ni nanoparticles was determined to be 2.2 nm. The
results also revealed the universality of DPU for co-depositing
bimetallic particles with size control, even for poorly miscible
metals such as Au and Ni. Zanella's group also studied the
possibility of synthesizing Au-Ru bimetallic particles through
the DPU method."*° Interestingly, Janus-type nanoparticles
prepared by sequential deposition (first Au then Ru) show
completely different segregation behaviors at reduction
temperatures of 300 and 500 °C, which cause a significant
impact on their catalytic activity. In their recent research,
DPU was applied to deposit Au-Cu bimetallic particles with
an average particle size of 3.3 nm on TiO,."** It was found
that segregation during the activation process may cause
CuO, to partially migrate to the surface of bimetallic
nanoparticles. Simultaneously, the strong interaction
between Au and CuO, can anchor Au on the TiO, surface,
thereby reducing the restructuring and aggregation of Au
during the catalytic process and significantly increasing the
stability of the catalyst.

In addition, DPU can be combined with the strategy of in
situ growth method to create bimetallic particles that can be
directly reduced from precursors with a well-fabricated
structure. Yang's group reported the fabrication of Al,O;-
supported Ni-Ru bimetallic catalysts by reducing precursors
of Ni*’Ru*"AI*" that contained layered double hydroxides
(NiRuAI-LDHs) in flowing H,.”> It was found that the

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Synthetic procedure for AMS@NiICu@ANPs through
transformation of the AMS@NICuAl-LDH precursor [panel has been
reproduced with permission from ref. 126, Copyright 2019, American
Chemical Society].

existence of Ru®" in the LDH layer can promote the reduction
of Ni*" by H, spillover and significantly decrease the size of
Ni particles, as well as the formed Ni-Ru alloy particles. Liu
et al. developed an alumina microsphere (AMS) supported
Ni-Cu nanoparticles with a hierarchical flower-like structure
for catalytic transfer hydrogenation of ethyl to
y-valerolactone.”*® As shown in Fig. 8(a), the alumina
microsphere was used as a support, and DPU was introduced
to trigger an in situ growth of NiCuAl-LDH precursors on the
surface of the alumina microsphere. After the calcination/
reduction step, Ni-Cu nanoparticles can be formed on a
layered alumina sheet with an average particle size of 8.56
nm.

Strong  electrostatic  adsorption.  Strong  electrostatic
adsorption (SEA) is the method of modifying the interaction
between the support and precursor of the metal complex by
controlling the pH value during the impregnation
process.”>''* As reported, the nature of interaction between
the metal complex and oxide support is based on a
coulombic force, which can be changed with charge
variation.'®”"*® A critical concept in SEA is the point of zero
charge (PZC); the PZC is the point at which the surface of
the support is neutrally charged. For a support surface
distributed with hydroxyl groups (OH'), anionic metal
complexes (e.g., PtCl,>" (ref. 129), IrClg>" (ref. 94), AuCl,
(ref. 130), etc.) can adsorb to the surface through strong
electrostatic interactions when the surface is protonated by
lowering the pH of the solution below the PzC.”
Conversely, strong electrostatic interactions can be
established between cationic metal complexes (e.g.
Ru(NH;)*",*" PdA(NH;);>","*° etc.) by deprotonating the
surface by raising the pH of the solution above the PZC.
According to the measuring method descripted, PZC can be
determined by the DI method, and the pH of the paste
formed by the solution and support can be buffered to be
near the PZC of the support, as the number of hydroxyl
groups on the support surface is orders of magnitude
higher than the H" or OH™ in the solution."*' Once the PZC
is determined, the second step is to perform an uptake
survey to determine the maximum adsorption of the metal
complex at a certain pH value.”” A typical volcano curve
shown in Fig. 9(a) displays the trends in metal precursor
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Fig. 9 (a) Simulation of [PtClg]>” or [(NHz)4Pt]?* versus pH for various PZC materials; (b) monolayer mixture of metal precursors electrostatically
adsorbed and clusters of alloyed nanoparticles formed after H, reduction; (c) schematic of the process for the synthesis of sequential-SEA method;
(d) HAADF-STEM images of 10 types of supported bimetallic NPs synthesized by sequential-SEA [panel (a) has been reproduced with permission
from ref. 137, Copyright 2011, Elsevier. Panel (b) has been reproduced with permission from ref. 17, Copyright 2017, American Association for the
Advancement of Science. Panels (c and d) have been reproduced with permission from ref. 130, Copyright 2018, American Association for the

Advancement of Science].

uptake with the variation in the pH value of the solution. It
is worth noting that the SEA is usually performed with
limited support in excess liquid to minimize the pH shift
caused by the buffer effect. Surface loading (SLs, m* L") is
the value that is set to represent the ratio of liquid to
support, which means the area of support surface per
volume of precursor solution. In the case of the SEA
process, the requirement for a high liquid/support ratio
means SLs should be kept within the range of 500 to 2000
m?> L% Then, the catalyst sample after impregnation will

6328 | Catal. Sci Technol., 2025, 15, 6318-6352

be treated through calcination or reduction to remove the
ligands from the metal complex, resulting in a catalyst with
highly dispersed active particles."**"**

SEA is a flexible and universal approach as it can be
adapted to a variety of combinations of support and metal
species.’*>3%133  Regalbuto et al originally proved the
possibility of a rational synthesis approach for alloyed
bimetallic nanoparticles based on the co-SEA method."” In
this work, common silica (PZC = 3.6) was used as a support
to adsorb a variety of noble and base metal ammine

This journal is © The Royal Society of Chemistry 2025
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precursor pairs (Pt, Pd, Cu, Ni, and Co). Fig. 9(b) represents
an electrostatically adsorbed layer of a mixture of hydrated
metal precursors, followed by a reduction step in H, to
remove the metal ligands and reduce the metals to a zero-
valent state. The obtained bimetallic nanoparticles of ten
permutations of noble and base metals have average sizes
ranging from 0.9 to 1.4 nm and show good interactions
between metals. This generalizable approach can be extended
to other supports like alumina, titania, and carbon as long as
the metal precursors are available to be used with the specific
support that has a corresponding PZC value. Generally, for
supports with a high PZC, anionic chloride complexes can be
applied as precursors. Keels et al. successfully synthesized an
Ir-Re/C bimetallic structure by co-SEA, which is an effective
catalyst for aqueous-phase hydrogenation of succinic acid.”*
IrCle*>~ and ReO,  were chosen as the metal complex
precursors according to the PZC of activated carbon (PZC =
7). The surface loading was set as 1000 m> L', and both
precursors were impregnated simultaneously according to
the uptake survey. It was found that the bimetallic structure
consists of highly dispersed Ir particles with diameters of
around 1.5 nm, partially covered by Re due to their close
contact. Recently, Yang et al reported the selective
hydrogenation catalytic behavior of Ni-Ru/SiO, prepared by
co-SEA.”" The average diameter of Ni-Ru/SiO,-SEA particles
was 0.92 nm, which is 2.6 times smaller than that of the
sample obtained by the traditional IWI method. It has been
proved that the existence of Ru enhances the hydrogen
spillover effect, and the enforced interaction between the Ni-
Ru alloy and SiO, leads to the transfer of electrons from the
metallic Ni to SiO, surface. The synergistic effects lead to the
formation of electron-deficient Ni’" species, promoting the
selective hydrogenation of biphenyl to cyclohexylbenzene.

For bimetallic catalysts, the two metal active components
can not only be loaded through co-SEA but also by
sequential-SEA. Ding et al. reported a representative work of
sequential-SEA for various metal combinations.**® As shown
in Fig. 9(c), the support was dispersed in solution, and the
pH was adjusted to negatively charge the surface. Then, the
first cationic metal complex was introduced into the system
in a normal SEA process, followed by washing and drying.
The secondary metal anion complex was then added into the
solution, which can precisely pair with the first metal
complex through electrostatic interactions. After a reduction
in H, flow, well-defined bimetallic nanoparticles are
successfully deposited on the support. By introducing
oppositely charged complex precursors, the issue of
competitive adsorption in the general co-SEA process can be
avoided. Fig. 9(d) proved that this general approach can be
applied to a large variety of bimetallic combinations, and the
diameter of these bimetallic particles ranges from 1 to 3 nm
with narrow size distributions (+25%). Also, as the first-step
synthesis, SEA built highly dispersed particles of the first
metal as metal seeds, which are anchored on the surface of
the support. In subsequent steps, the immobilized particles
facilitate the targeted deposition of the secondary metal into

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

the coordination environment of itself by selective reduction,
galvanic deposition (GD), or electroless deposition (ED),
aiming to obtain a highly dispersed bimetallic structure.
Chen et al. reported a method for loading Pd on a reducible
ZnO support by SEA and loaded Pd induced ZnO to be
selectively reduced to Pd-Zn intermetallic compounds (IMC)
in H, atmosphere.”® The size of the uniformly distributed
Pd-Zn IMC is around 7 nm. Although it is greater than the
size of particles synthesized by the general SEA, the reported
particles tend to reduce the aggregation caused by the
Ostwald ripening effect during the reduction step. The
authors claimed that a uniform distribution of Pd and Zn
existed in the lattice of Pd-Zn, indicating that an IMC was
obtained rather than an alloy. Riyapan et al. reported the
bimetallic structure of Ag-Pd/TiO, prepared by SEA of Pd on
TiO, followed by the ED method of depositing Ag on Pd."**
Due to the SEA methodology, the formed Pd particle size is
around 2 nm with uniform distribution. Controllable
monolayer coverage of Ag through the ED method can
effectively dilute the exposed surface of Pd sites and result in
a tunable adsorption behavior of acetylene.

To emphasize, the premise of highly dispersed metal
nanoparticles obtained by SEA is the monolayer adsorption
of metallic precursors, which are in direct contact with the
support surface through electrostatic forces."'* The adsorbed
precursors not only include metal ligands but also hydration
sheaths that occupy the space around the ligands, which
limits the metal loading of the catalysts prepared through
this method by taking up space on the surface.'””"?"!3°
However, the hydration sheaths can be removed in the
subsequent pretreatment step, creating more available space
on the support surface. Hence, catalysts with higher metal
loadings can be obtained through multiple performing cycles
of SEA.™*°

3.1.2 Two-step deposition

Galvanic displacement. Galvanic displacement (GD) is a
redox reaction with an electron transfer process in which the
primary metal, immobilized on the surface of a support, acts
as a reducing agent and a sacrificial template to drive the in
situ deposition of secondary metal onto the surface of the
primary metal."®**® As shown in Fig. 10(a), the primary metal
atoms are oxidized and subsequently replaced by secondary
metal atoms, which are reduced from the aqueous solution.
Equations described in Fig. 10(a) point out that the GD
process must be driven by the thermodynamic favorability of
the paired reactions, as predicted through the standard
reduction potentials.”*®***® For example, Zhang et al. have
proved the possibility of replacing Ag atoms from supported
Ag nanoparticles by Pd>" (Pd** + 2e” = Pd°, E° = 0.915 V; Ag"
+e = Ag®, E° = 0.799 V), however, the opposite displacement
reaction can't occur.** Generally, the GD method can be used
to replace a base metal with a more reducible noble metal,
acting as the second step for preparing a bimetallic system if
a highly dispersed primary metal has already been obtained.
Since the redox reaction is only driven by the difference in
reduction potential, without any extra reducing agent,
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Fig. 10 (a) Galvanic displacement method for supported-metallic catalyst synthesis; (b) a schematic illustration for preparation of PACu-SAA-LDH;
(c) the synthesis process of the hierarchical PdNi-Ni foam catalyst; (d) a comparison of the synthesis process of the PdAg-Ti,O; catalyst [panel (b)
has been reproduced with permission from ref. 142, Copyright 2019, Springer Nature. Panel (c) has been reproduced with permission from ref.
144, Copyright 2019, Elsevier. Panel (d) has been reproduced with permission from ref. 148, Copyright 2022, Elsevier].

contamination and byproducts can be avoided in the final
product.

Zhou et al. reported a rational synthesis strategy for a
series of bimetallic catalysts RuM/TiO, (M = Fe, Co, Ni, and
Cu) that can be used in the selective hydrogenation of
benzene. In this strategy, the primary base metals are
supported by TiO, by wet impregnation-chemical reduction
and sacrificed as templates to anchor Ru atoms atop
themselves by GD. Then, an innovative acid treatment
method was used to further alter the content of the template.

6330 | Catal Sci. Technol., 2025, 15, 6318-6352

It has been proven that Ru can donate electrons to base
metals during the hydrogenation reaction, and the degree to
which Ru becomes electron-deficient corresponds positively
to the cyclohexene selectivity, which reaches a maximum at
85%.'*° Peng et al. synthesized single atoms of Pt embedded
into Ni crystals that were supported on active carbon. Ni
crystals with an average diameter of 4.4 nm were prepared in
advance, followed by GD that occurred in a hexane medium
using a Pt(acac), precursor. It was found that the formed Pt
single atoms were highly isolated on Ni crystal surfaces,

This journal is © The Royal Society of Chemistry 2025
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leading to an optimized adsorption configuration for
3-nitrostyrene that was favorable for the activation of nitro
groups, resulting in high selectivity for 3-vinylaniline."*' GD
can also be applied to the synthesis of single-atom alloy
catalysts. Zhang et al. reported a Pt-Cu/LDH single-atom
catalyst with single Pt atoms dispersed on Cu
nanoclusters."**> As shown in Fig. 10(b), Cu-LDH was
initially formed based on a structural transformation from
CuMgAI-LDH hydrotalcite precursors under a H, reduction
atmosphere; once formed, a controllable GD process was
used to load single Pt atoms onto the surface of Cu.
Compared with the corresponding monometallic catalysts
(Pd/LDH and Cu/LDH), a dramatic increase in the turnover
frequency to 2.6 x 10° mol mol™ h™ was observed for the
hydrogenolysis reaction of glycerol to 1,2-propanediol. The
increased performance resulted from the interfacial
synergistic effect between Pt single atoms and Cu, which
can decrease the activation energy during the
hydrogenolysis reaction. This preparation route has also
been extended to other metal alloy systems. Recently, Xu
et al. proposed a Pd-based single-atom alloy catalyst, Pd-Cu/
LDH based on the same routine as discussed above. The
single atom-cluster structure not only shows a high
selectivity for acetylene hydrogenation but also plays a role
in tuning the thermal effect during the catalysis reaction. It
was found that the heat generation rate over Pd was
dramatically decreased due to its ultra-small size.
Simultaneously, Cu nanoclusters that host Pd atoms can
provide a micro-environment with attractive lattice heat
capacities and phonon scattering rates, which can rapidly
transfer the heat generated on Pd sites by the reaction to
the surroundings.’*® In addition, GD can be applied to the
bimetallic catalyst system with a metallic support. Chen
et al. reported a hierarchical Pd-Ni bimetallic alloy with a
snow-like nanostructure supported on Ni foam for
nitrobenzene hydrogenation.’** As shown in Fig. 10(c), the
snow-like Ni was initially synthesized on Ni foam through a
hydrothermal method, followed by the GD method to
deposit a hierarchical Pd shell over it. During the
hydrothermal process, cetyltrimethylammonium bromide
(CTAB) is an indispensable structure-directing agent for the
formation of the snow-like Ni nanostructure, and the
specific aging temperature is key for obtaining a high
specific surface area product. Then, benefiting from the
increased BET area, the Pd loaded through the GD method
can be formed with good dispersion and strong interaction
with Ni. The unique structure of the Pd-Ni bimetallic
system ensured a large extent of active site exposure, which
resulted in better performance for the hydrogenation of
nitrobenzene. Fu et al. proposed the 2D Pd rafts confined
in (111) exposed Cu nanosheets for the selective
hydrogenation of acetylene."** In their work, Cu(111) acts
both as the support and as the primary metal for loading
Pd by the GD method. The isolated Pd-Cu coordination
environment balances the advantages of Pd for reducing the
energy barrier of semi-hydrogenation and Cu(111) for

This journal is © The Royal Society of Chemistry 2025
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weakening the adsorption of ethylene, which results in high
conversion and selectivity for the hydrogenation of
acetylene.

Furthermore, as an atom-to-atom reaction, the rate of the
GD process can be controlled by tuning the reaction
parameters for possibly pursuing secondary metal
distribution and controllable nucleation.'®'*® Zhang et al.
showed that the uptake of Pd*" in the GD bath is highly
related to the different loading of Pd(NO;),."*” Specifically,
all Pd*" can be exchanged into Pd at lower Pd*" levels,
however, only 50% of the Pd** was exchanged when the Pd
concentration reached 48 pmoles per geatalyse. It was also
found that the actual amount of Pd displacement was much
greater than the theoretical limit for the GD process, which
suggested that the large difference in the surface free
energies of Pd and Ag leads to the diffusion of Pd into the
bulk of Ag particles with Ag transferring to the exposed
surface to provide fresh Ag atoms for further galvanic
displacement. Zhang et al. reported a route for synthesizing
PdAg/Ti,O; covered by a continuous ordered Pd shell over
the surface of Ag nanoclusters.'*® Briefly, Ag was first
reduced onto the Ti,O; support surface by 1,2-propanediol as
the primary metal, and followed by an initial GD process with
a small amount of PdCl,>” to form Pd “seeds” rather than
carrying out a complete displacement. Then, in the presence
of ascorbic acid (AA), more PdCl,*>” was reduced to Pd around
the initial Pd seeds, forming an ordered Pd shell. As shown
in Fig. 10(c), unlike the complete GD process, the sequential
GD process can create the ordered deposition with a minimal
loss of primary metal to avoid the inevitable leaching of the
primary metal and uncontrollable deposition and segregation
resulting from the chemical reduction method. Most
importantly, it has been proven that the morphology and
thickness of the Pd shell over the Ag surface can be modified
by simply changing the amount of PdCl,>” precursor used,
which gives potential for this technique to be applied to the
synthesis of other bimetallic systems.

Electroless deposition. Electroless deposition (ED) is the
controllable deposition process that can deposit secondary
metal (M2) precursors on the primary metal (M1) sites that
are already loaded onto a support.'®'%* As its name suggests,
the ED process occurs without an external current, but is
driven by a reducing agent (RA) that is activated by M1 sites.
Hence, the application of ED aims to form a bimetallic
surface by selectively depositing M2 on the metallic surface
without forming isolated M2 crystallites on the catalyst
support. Fig. 11(a) shows a general ED process starting with
the mixture of RA, ions of M2, and supported M1. Firstly, RA
is activated by M1 sites, and an in situ reduction deposition
between M2 ions and the activated RA will occur to allow M2
deposition on the M1 surface, which is a catalytic process.
Furthermore, nucleated M2 can also activate RA and allow
M2 precursors to deposit on itself automatically and finally
cause the formation of the M2 cluster combined with M1,
which is an autocatalytic process. As seen from the
illustrated mechanism, it can be concluded that the ideal
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Fig. 11 (a) Electroless deposition method for supported-bimetallic catalyst synthesis with the catalytic process and autocatalytic process; (b)
schematic illustration of the continuous ED procedure [panel (b) has been reproduced with permission from ref. 153, Copyright 2019, Elsevier].

bimetallic catalyst created by ED would be getting a
partial monolayer or a few monolayers of M2 to combine
with M1 selectively and precisely, instead of forming
continuous films of M2.'"® To avoid indiscriminate
deposition, the reducible M2 precursors must display the
same charge as the surface charge of the support,
otherwise, the co-existing opposite charges will lead to an
undesirable SEA process, which forms a monometallic
surface rather than a bimetallic surface. However, it is
possible to minimize the SEA process by introducing
additional soluble salts that can shield the surface charge
of the support. Schaal et al. proved that the excess
addition of Na' during the ED process can virtually
suppress the SEA effect occurring between Ag' and Pt/
Si0,.'*° The added Na' can positively charge the SiO,
surface preferentially and stabilize the ED bath system by
shielding Ag" from the SiO, surface.

6332 | Catal Sci. Technol., 2025, 15, 6318-6352

The goal of ED also requires avoiding the unnecessary
nucleation of the second metal in the ED bath liquid. On the
one hand, although there is no metal loss during the
filtration and collection, independently nucleated M2 cannot
interact with the primary metal and fails to show effects that
can only be provided by the bimetallic system. On the other
hand, once nucleation of M2 occurs in the bath liquid,
competitive autocatalytic deposition inevitably reduces the
loading of M2 on the primary metal. In this case, to obtain
optimized bimetallic surfaces, the key is to stabilize the ED
bath system by limiting the nucleation rate of the secondary
metal. One general way for stabilizing the system is to use
specific ligands as stabilizers that can combine with M2 ions
and lower the consumption rate of M2 since the formation
constant (K;) for some metal complexes is sufficiently large
enough to resist the quick reduction of the M2 precursor,
such as [Ag(CN),]7, [Co(NH;)e]*", [Fe(EDTA)]", [Cu(CN),]*", etc.

This journal is © The Royal Society of Chemistry 2025
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For reference, detailed research given by Djoki¢ lists common
complex agents that can be used for different metal salts in
electroless deposition."°

It has been proven that the instability period in the ED
bath usually exists at the beginning of the deposition because
the RA and the reducible metal precursor are both
simultaneously at their highest concentrations, which
manifests as a rapid decrease in the concentration of
reducible M2 ions within a short period of time after the start
of ED.""'** As shown in Fig. 11(b), Tate et al. developed a
method in which the RA and reducible M2 precursors are
added separately to the ED bath using syringes with a
controlled pumping rate, denoted as the continuous ED
procedure, successfully matching the rate of ED reagent
addition with that of its consumption.'** Besides, because of
the nature of the redox reactions occurring between the
reducible M2 ions and the RA, a stable ED bath system must
include considerations for the redox potential factor, which
is highly related to the selection of a suitable RA and the pH
of the ED bath. Generally, the choice of RA always depends
on the bimetallic surface combination and sequence of
depositions, since different reducing agents show significant
preferences for different metals, even though they all have
sufficient standard oxidation potentials to reduce these
metals. Detailed research of Ohno'>* indicates the different
abilities of RAs (H,PO, , HCHO, BH, , N,H,, etc.) to combine
with group VII and group IB metals. In the case of the ED
process, the dominant catalytic process that allows M2 to
preferentially deposit on M1 will occur once the applied RA
shows a more negative redox potential with M1. For example,
for the Cu-Pd bimetallic system, HCHO can be applied as the
RA for depositing Pd on Cu, however, BH, is a more suitable
RA for the reverse example of depositing Cu onto Pd. In the
case of the pH value, based on avoiding precipitation and
keeping to the correct side of the support's PZC, the pH value
should be monitored (Fig. 11(b)) and kept stable during the
whole ED process since the standard oxidation potential of
the RA varies a lot when pH fluctuates,"> which causes
changes in the rate of deposition.'®"*?

In addition to controlling the properties of the reactants
in the ED procedure, changes in external reaction conditions
can also be applied to affect the deposition rate. For example,
by maintaining relatively mild agitation, the limited rate of
external mass transfer can effectively reduce the rate of the
ED procedure, especially when the rate of diffusion is lower
than the rate of deposition. By contrast, according to the
Arrhenius equation, limiting the deposition rate by
appropriately lowering the temperature is a more effective
approach because temperature acts on the reaction rate
constant exponentially. Research has shown that a suitable
temperature for the ED bath is a vital parameter for
balancing the stability of the ED system and the deposition
rate.153'156

It is worth noting that smaller particle sizes do not always
correlate with improved catalytic performance for various
hydrogenation  reactions."”*°  Rupprechter et al

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

demonstrated that the size distribution of Pd nanoparticles
affects the selectivity of isomerization and hydrogenation of
1-butene."”” For Pd/Al,O;, larger Pd nanoparticles dominated
by the (111) facet favored hydrogenation reactions, while
smaller Pd nanoparticles were more selective on the
isomerization of 1-butene. A recent study by de Jongh et al
showed that Cu nanoparticles in the range of 7-10 nm show
better performance than 2 nm particles for the selective
hydrogenation of 1,3-butadiene.’® In short, larger Cu
particles were ascribed to a higher fraction of kinks and step
sites, essential to activate hydrogen, as well as a stronger
preferential adsorption of diene. In the case of bimetallic
catalysts, Garcia et al demonstrated that for CO,
hydrogenation, 10 nm CoFe alloy particles are the most
selective samples for the formation of C,-C, hydrocarbons,
while smaller particles promote the formation of CO, and
larger particles increase the selectivity to CH4'®' Also,
compared to large particles, studies have proved that smaller
nanoparticles are easier to sinter, aggregate, or get active
sites covered by by-products during the reaction.'®
Therefore, reasonable regulation of particle size is necessary
and should be severely considered based on the
incorporation of the second metallic component, appropriate
synthesis strategy, and specific reaction conditions.

3.2 Single atom catalysts

Since the first report of single atom catalysts (SACs) from
Zhang et al. in 2011,'® SACs have attracted much attention
from researchers over the past decade because of their
promising potential for applications in energy conversion,
which originates from their adjustable structure and
maximum atomic utilization of catalytic metals."**'%” Based
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Fig. 12 The types of atomically dispersed bimetallic catalysts.
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Table 2 List of representative work with bimetallic single atom catalysts, synthetic method, category, and applications

Bimetallic
Catalysts sites Synthesis strategy Loading Application Ref.
PdCu/SiO, SAAs Incipient wetness co-impregnation Pd:Cu = C,H, hydrogenation 35
0.006:1
PdAu/SiO, SAAs Sequential reduction Pd:Au = Hydrogenation of 1-hexyne 163
0.004:2
FeK/Co-NC SAAs Ultrasonic-assisted melt infiltration Fe:Co=80:20 CO, hydrogenation 164
method & incipient wetness
impregnation
NiGa/MgAI-LDH SAIMs Co-precipitation Ni:Ga=1:1 C,H, hydrogenation 165
RuCo/N-doped SAAs Co-precipitation & pyrolysis Ru:Co = Levulinic acid hydrogenation 166
carbon 0.016:1
PdCu/ND DACs Sequential precipitation Pd:Cu=1:1 C,H, hydrogenation 37
PdIn/MgAIO, SAIMs Hydrothermal Pd:In=1:1 C,H, hydrogenation 167
IrMo/TiO, DACs Wet impregnation & pyrolysis Ir:Mo=1:1 Hydrogenation of 4-nitrostyrene 168
PdFe/Fe,03 DACs Wet impregnation & photochemically — C,H, hydrogenation 169
synthesis
RuNi/LDHs SAAs In situ growth method & galvanic Ru = 0.4 wt%  Hydrogenation of nitroarenes 170
displacement
PtCu/Al, O, SAAs Galvanic displacement Pt:Cu < 1:100 Hydrogenation of 1,3-butadiene 171
Pd-Mn/NC DACs Co-precipitation with hydrothermal Pd:Mn =1:2  Phenylacetylene semi-hydrogenation 172
& pyrolysis
Pd-Ru/Zr(HPO,), DACs Cross-linkage of ionic inorganic Pd:Ru=5:95 Phenylacetylene semi-hydrogenation 173
oligomers assistance
Pd-Ru/ZIF-8 DACs Co-precipitation Pd:Ru=7:3 Phenylacetylene semi-hydrogenation 174
Pt-Pt/C;N, DACs In situ precipitation — Hydrogenation of nitrobenzene 175
AgPd/SiO, SAAs Incipient wetness co-impregnation Pd:Ag =1:100 C,H, hydrogenation 176
PdAu/C SAAs Incipient wetness impregnation Pd:Au=5:95 CO, hydrogenation 177
PtZn/HNCNT SAIMs Incipient wetness impregnation — 4-Nitrophenylacetylene hydrogenation 41
& in situ reduction
CoRu/N-doped SACCs Wet impregnation & vacuum freeze Ru:Co=1:5 NH; synthesis 178
carbon dried
Pt/NiCo(OH), SACCs Co-precipitation & galvanic — Hydrogenation of nitroaromatics 179
displacement
NiRu/CeO, SAC-NPs Sequential precipitation Ru:Ni=1:5 CO, Methanation 180
NiPd/Al,O4 SAC-NP Wet co-impregnation Ni:Pd=1:1 Semi-hydrogenation of phenylacetylene 181
Ru;-Ru NP/CMF SAC-NPs Incipient wetness impregnation — Hydrogenation of levulinic acid 182
Ir;~Ir NP/CMK SAC-NPs Two step wet impregnation — Hydrogenation of quinoline 183
Pd;-Pd NP/TiO, SAC-NPs Spray pyrolysis — Selective hydrogenation of 184
ketone/aldehydes

on the advantage of SACs, the introduction of bimetallic
systems at the atomic level shows extra synergistic effects
between two active components, offering more possibilities
in structural regulation and practical usage, including in the
hydrogenation reactions discussed in this review.'®”'%8
Fig. 12 gives the five main structure modes of bimetallic
SACs, which are single atom alloys (SAAs),'®® single atom
sites-clusters (SACCs),"®”**° single atom sites & nanoparticles
(SAC-NPs),"®® dual atom catalysts (DACs),"*" and single atom
site-intermetallics (SAIMs)."®>'*> Based on the concluded
research shown in Table 2, in this section, a detailed review
will be given for the five structures of bimetallic SACs
mentioned above to develop a better understanding of the
synthesis strategies and regulation methods of these
materials.

3.2.1 Single atom alloys (SAAs). According to the definition
given by Sykes et al. in 2020, single atom alloys (SAAs) were
described as a bimetallic single-site heterogeneous catalyst in
which small amounts of one metal are atomically dispersed
on the surface of a different metal."®® A typical SAA structure

6334 | Catal. Sci. Technol., 2025, 15, 6318-6352

contains a more catalytically active metal that is alloyed onto
the surface of a more inert and catalytically selective host
metal. Generally, to ensure the formation of isolated
individual atoms in alloys, small or even trace amounts of
active metal species are used in the synthetic process of SAA
construction.'®*'?*1%* To achieve this, efforts have been
made to develop simple and effective methods for SAA
synthesis since this is a prerequisite for developing cost-
effective catalysts.

As we discussed in section 3.1.1, incipient wetness co-
impregnation is a simple, one-pot method for catalyst
preparation, which has also been widely used for SAA
synthesis. Chai et al used AgNO; and Pd(NOj;), as metal
precursors and co-impregnated them onto a pretreated Al,O;
support to obtain atomically dispersed Pd alloyed with Ag
particles loaded on Al,03."°* As shown in Fig. 13(a), KOH was
initially introduced to modify the surface of a-Al,O; to allow
better adsorption of metal cations using electrostatic effects.
Then a trace amount of Pd precursor was mixed with an Ag
precursor and added to the a-Al,O; support, followed by a

This journal is © The Royal Society of Chemistry 2025
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Fig. 13

(@) Schematic illustration of the synthesis process of the Pd,Ag/Al,Os catalyst; (b) catalytic performance distribution of the alloyed Pd

supported catalyst with different Pd/Cu atomic ratios obtained by the incipient wetness co-impregnation method; (c) catalytic performance
distribution of the Ag alloyed Pd supported catalyst with different Pd/Ag atomic ratios obtained by the incipient wetness co-impregnation method;
(d) schematic illustration of the sequential reduction method for the synthesis of SAAs [panel (a) has been reproduced with permission from ref.
193, Copyright 2023, European Chemical Societies Publishing. Panel (b) has been reproduced with permission from ref. 35, Copyright 2017,
American Chemical Society. Panel (c) has been reproduced with permission from ref. 176, Copyright 2015, American Chemical Society. Panel (d)
has been reproduced with permission from ref. 189, Copyright 2020, American Chemical Society].

post-thermal treatment for getting the dilute Pd/Ag alloy
which had an atomic ratio of Pd:Ag of 0.04:1. Due to the
highly active Pd species and its atomic level dispersion, the
reported catalysts showed over 90% of yield in a 100 h
catalyst test in the selective hydrogenation of acetylene.
Fig. 13(b) and (c) show the catalytic performance distribution
of the selective hydrogenation of acetylene over Pd-Cu/SiO,
and Pd-Ag/SiO, SAAs prepared by the incipient wetness co-
impregnation method. The best balance of conversion and
selectivity was achieved when 0.6% Pd species were diluted
in hosted Cu metal and 1% Pd for Ag, respectively. The above
results provide evidence for the possibility of synthesizing

This journal is © The Royal Society of Chemistry 2025

SAAs through a simple strategy, and the high atomic
utilization with such small metal loadings. Besides, as a
multi-step preparation strategy for SAAs, sequential reduction
can precisely control the composition and structure of
catalysts."®” In short, sequential reduction requires the seed
preparation of the first metal, while the secondary metal is
added into the seed to form SAAs with controlled loadings.
As shown in Fig. 13(d), Au nanoparticles were first prepared
by reducing an Au precursor, then NiCl, was added into the
dispersed PVP-Au NPs as a secondary metal precursor and
reduced in ethylene glycol."® Finally, the unsupported NiAu
SAAs were loaded onto the substrate by a simple
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impregnation method. Compared to the method where the
metal precursor is randomly reduced on the substrate, this
method has the advantage of having controllable alloy
formation due to the prior preparation of SAAs before
loading the active species onto the support. Furthermore,
galvanic displacement (GD) can also be used for the
preparation of SAAs due to its advantageous in situ
deposition, and no external current is required, which is
suitable for depositing secondary active metal onto the
anchored host metal. As shown in Fig. 10(b), Pt-Cu SAAs
were synthesized by the GD method using Cu particles that
were reduced in situ from CuMgAl-LDHs.'"** Liu et al
reported a Ru-Ni SAA in which Ru single atoms are anchored
onto Ni NPs in a NiAl-LDH system through the GD
method."”® The Ru weight loading was precisely controlled
(<0.4 wt% to Ni) to ensure that Ru exists on the Ni surface as
single atoms rather than as clusters. The prepared RuNi SAAs
exhibited improved activity and high selectivity towards the
selective hydrogenation of 4-nitrostyrene to 4-aminostyrene
due to the Ni-coordinated single atom Ru sites.

In addition to the above synthetic methods, other novel
strategies were also investigated for high-performance SAAs.
Zhong et al. reported a Pd-Ni SAA supported on SiO,
prepared by the atomic layer deposition (ALD) method,
aiming to overcome the difficulty that Pd active sites cannot
be exposed on the catalytic surface through conventional
impregnation methods, to further improve the atomic
utilization of SAAs.'®® Fig. 14(a) gives a comparison of
synthesized Pd-Ni/SiO, SAAs by wet co-impregnation and
ALD, respectively. It can be seen that uniform Pd sites can be
dispersed on the outermost surface of supported Ni NPs in
the ALD route instead of being distributed in a random,

Wetness co-impregnation ' reduction
Si0, s /

\““/ Calcination

(a)

PdNi/SiO(WI)

Ni(NOy)y 61,0 Calcination Outmost surface

PAALD

NiO/SiO,
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© Co*
C Ru*

Polymerization Pyrolysis

‘:: 2-Methylimidozole

Precursor mixture Ru-ZIF-67-x

Ru** SAC Ru NP+SAA Ru* SAA

Fig. 14 (a) Schematic illustration of synthesis of Pd;Ni/SiO, by
wetness co-impregnation and atomic layer deposition; (b) schematic
illustration of the synthesis process of RuCo SAAs on N-doped
carbon by pyrolysis of Ru-containing ZIF-67; (c) turnover frequency
comparison over Ru-based single atom catalysts on hydrogenation
of levulinic acid [panel (a) has been reproduced with permission from
ref. 195, Copyright 2023, Elsevier. Panels (b and c) have been
reproduced with permission from ref. 166, Copyright 2021, American
Chemical Society].
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aggregated form on the Ni NPs or the surface of the support.
Besides, Shao et al. reported a Ru-Co SAA catalyst with
precisely modulated electron-rich Ru atoms confined to the
Co lattice, prepared by pyrolysis of Ru-containing ZIF-67,
which was obtained through a one-step polymerization
synthesis (Fig. 14(b))."®® The structured ZIF-67 precursor can
confine Ru and Co, preventing aggregation during the
pyrolysis process to obtain a Ru-Co/N-doped carbon catalyst
with dispersed single atoms of Ru. Meanwhile, as shown in
Fig. 14(c), highly coordinated Ru sites in the Co lattice
resulted in a precisely regulated electronic structure on the
atomic scale, which means the electronic effect between the
two metals promotes the shift of electrons from Co to Ru
sites, greatly improving the catalytic activity of hydrogenation
from levulinic acid to y-valerolactone.

3.2.2 Single atom sites - cluster (SACCs). As a metal
particle on the sub-nanometer scale, clusters are generally
defined as a collection of several to dozens of metal atoms
with a diameter of around 1 nm."®® Clusters have received
great attention due to their diverse coordination structures,
which cause different catalytic behaviors than metal NPs and
SACs. For example,'®® for gold clusters (Au,, n is the number
of metal atoms in the cluster) with fewer than 8 Au atoms,
Au, clusters have a planar structure consisting of several
localized Au atoms with unsaturated coordination
environments, which mainly contributes to their frontier
orbitals. However, when n > 8, the geometric structure of Au,
will change in three dimensions, increasing the coordination
number of the surface atoms, leading to contributions to the
frontier orbitals from the atoms inside the particles. On the
other hand, it has been shown that when the atomicity of
metal particles is gradually reduced from NPs to sub-
nanometer clusters, the electronic structure changes from
continuous metal energy levels to split molecular

. 186,197 .
orbitals. Thus, one can reasonably expect that coupling
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nanoclusters with single atom sites as multi-active sites can
directly simplify the catalytic process for complex reactions.
Cai et al. successfully synthesized a heterogeneous catalyst
containing Au, and AugPd; clusters intercalated into
montmorillonite for CO, hydrogenation.'® Experimentally,
pre-prepared [Auo(PPh;)s]*" and [AugPd;(PPh;)s]*" complexes
were confined into the layered montmorillonite structure
through a simple wet mixing process. As shown in Fig. 15,
the central Au atom of the Auy cluster was substituted by one
Pd atom that forms AugPd; SACCs, giving the ability to
control the reaction pathway of CO, hydrogenation to
produce C,H, rather than CH,. It has been proven that the
substitution of a Pd atom for the central gold atom can
reduce the migration and rearrangement of Au during the
catalytic process, thereby significantly reducing the tendency
of structural variation caused by changes in the coordination
number of surface Au sites during the catalytic reaction. This
work shows the possibility that the transformed products of
CO, can be readily changed by altering the composition of
cluster catalysts. Zhang et al. used vacuum-freeze-drying and
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high-temperature pyrolysis methods for preparing Co-Ru/N-
doped carbon (N-C) with atomic cobalt anchored on sub-
nanometer Ru clusters, which can be applied in the process
to synthesize ammonia.'”® Precursors of Ru and Co were
mixed in DMF solvent before being added into the N-C
suspension through wet-impregnation, and this was then
followed by a pyrolysis process to remove the organic solvent.
According to the report, the spatial effect generated by the
single atom & cluster structure induces strong interelectronic
interactions between Co and Ru, which can cause the high-
surface-unoccupied Co 3d charge and obvious upshifting of
the Ru d-band center simultaneously. Furthermore, Zhu et al.
found that the ensemble of Pt single atoms and clusters can
be deposited on bimetallic hydroxide ((Ni,Co)(OH),) with a
one-step GD process."”’

3.2.3 Single atom sites - intermetallic (SAIMs). Unlike the
random distribution of dopant metals in SAAs, single atom
sites — intermetallic (SAIMs) always exist as a well-defined
atomic structure due to their fixed ratio, regular
arrangement, and homogeneous distribution of the two

~—&— PdZn-1.2@ZIF-8C
~&— PdZn-1.8@ZIF-8C
—h— PdZn-2.7/ZIF-8C
~9— PdZn-10/ZIF-8C
40 60 80 100 120 140
Reaction temperature (C)

Ethylene selectivity (%)

Fig. 16 (a) Atomic configuration and catalytic performance differences of intermetallic Pdin (110) and Pdsln (111); (b) schematic synthesis process
of PdZn-sub-2@ZIF-8 with a MOF-confined co-reduction strategy; (c) catalytic stability test over PdZn-1.2@ZIF-8 as a function of time at 115 °C
for C;H, selective hydrogenation to C,Hj4; (d) schematic synthetic process of atomic regulated PtZn intermetallic nanoparticles supported on
hollow nitrogen-doped carbon nanotubes (PtZn/HNCNT) [panel (a) has been reproduced with permission from ref. 167, Copyright 2017, American
Chemical Society. Panels (b and c) have been reproduced with permission from ref. 192, Copyright 2018, Wiley-VCH. Panel (d) has been
reproduced with permission from ref. 41, Copyright 2019, Springer Nature].
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metal elements.*®® Since the concentration of dopant atoms
in SAIMs is much greater than in SAAs, researchers prefer to
classify SAIMs as nanocatalysts instead of single-atom
catalysts."®>'%° However, in this review, a brief introduction
of SAIMs will be given due to their properties of regulating
the doped metal elements with atomic scale dispersion, even
though the overall intermetallic active sites are typically
supported nanoparticles. As shown in Fig. 16(a), Li and
colleagues compared the catalytic performance of the
supported PdIn (110) surface with single-atom Pd site
exposure and the Pd;In surface with Pd trimer site exposure
for the semi-hydrogenation of alkynes.'®” The isolated Pd
atoms of the PdIn (110) surface displayed a much higher
selectivity to C,H, than Pd;In, in accordance with the atomic
separation of their Pd sites, which was consistent with the
classic adsorption model of acetylene hydrogenation. The
study also proved that the constructed intermetallic structure
between Pd and In can effectively confine the single Pd sites
and endow the catalysts with long-term stability. For the
same hydrogenation process, Li et al. also reported ultrasmall
MOF-confined atomically ordered intermetallic PdZn
nanoparticles by impregnating the Pd precursor into the well-
defined porous structure of ZIF-8, which was followed by a
co-reduction process.'”® As shown in Fig. 16(b), the uniform
pores of ZIF-8 acted as cages to effectively restrict the
aggregation of intermetallic particles during preparation,
resulting in excellent size uniformity and thermal stability of
the sub-2 nm PdZn nanoparticles. Besides, due to the
confinement effect of the pore-structured ZIF-8, the size of
the intermetallic Pd-Zn nanoparticles can be controlled by
increasing or decreasing the amount of Pd precursor.
Fig. 16(c) shows that PdZn-sub-2@ZIF-8C remains stable
during a 12 h test at a relatively high temperature for the
C,H, semi-hydrogenation reaction. Besides, in situ reduction
can also be wused to support Pd-Zn intermetallic
nanoparticles on hollow nitrogen-doped carbon nanotubes
(HNCNT).*" As presented in Fig. 16(d), ZnO nanotubes were
synthesized as initial templates for the growth of the PDA
support. Then, Pt(OH), was deposited onto the outer surface
of PDA through the DPU route, which was then followed by a
reduction step that allowed the inner ZnO to migrate to the
outer surface and combine with Pd. Finally, the ZnO template
was sacrificed by acid wash. In PdZn/HNCNT, the original
contiguous Pd atoms were isolated with the Zn atoms doping
the lattice. As we discussed in section 2.1, the catalytic
performance  of the selective  hydrogenation  of
4-nitrophenylacetylene was greatly improved because of the
geometric effect caused by PdZn intermetallic structure.

3.2.4 Diatomic sites. In recent years, diatomic catalysts
have started to show greater research value and broader
development potential than monoatomic catalysts due to
their unique synergistic effects and electronic modulation
capabilities.’®"**° Generally, according to the interacting
structure of dual metal sites, diatomic sites can be classified
into dual-single-atom catalysts (DSACs) and dual-atom
catalysts (DACs)."®”*°° For DSACs, two types of metal atoms
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are unconnected and distributed randomly on the support
surface, while DACs contain active sites with two adjacent
atoms of differing species that interact as dual-atomic pairs
through direct bonding (M1-M2) or with heteroatom
bridging (M1-N-M2).>**

Li et al. developed mesoporous silica stabilized Pd-Ru/ZIF-
8 DSACs with isolated Pd and Ru single atomic sites for
phenylacetylene  semi-hydrogenation.'”* In a two-step
synthesis process, Pd-Ru/ZIF-8 was initially prepared by
cation substitution during the synthesis of ZIF-8, where
partial Zn atoms originally used as metal nodes were
replaced with single Pd and Ru atoms. Then, a thin layer of
ordered mesoporous silica was introduced on the surface of
Pd-Ru/ZIF-8 through the precipitation method under mild
conditions. The Pd-Ru DSAC shows 98% conversion of
phenylacetylene, 96% selectivity to styrene and a turnover
frequency of up to 25x that of its monoatomic Pd counterpart
(Pd/ZIF-8). The superior performance was attributed to the
synergistic effect of anchored dual-single-atom sites as metal
nodes in the ZIF-8 structure, where Pd can coordinate with
the benzene ring to activate phenylacetylene and Ru can
activate hydrogen for the reaction with C=C. Furthermore,
the coverage of highly ordered mesoporous silica can
improve the stability of Pd-Ru/ZIF-8 without blocking the
active sites, which allows the catalyst to maintain
performances in five test cycles. For the same hydrogenation
reaction, Sun et al. proposed an innovative idea for a Pd-Ru
DSAC system with highly dilute Pd and Ru atomic sites,
which are dispersed in an amorphous zirconium hydrogen
phosphate matrix by cross-linking ionic inorganic oligomers
(zr**, Pd**, Ru*", and PO,*")."”* The synthesis approach has
the potential for scale-up and universality to other DSAC
systems due to its rapid and mild aging process for the mixed
metal precursors and freeze-drying of the final products.
Furthermore, Fu et al. successfully synthesized DSAC Ir;Mo,/
TiO, based on the redistribution behavior of bimetallic
carbonyl clusters of Ir,Mo,(CO);4(n>-CsHs), on reducible
support surfaces after the loss of the protective ligands
during pyrolysis under an Ar atmosphere.'®® For
hydrogenation of 4-nitrostyrene to 4-vinylaniline, a clear
synergistic cooperation effect has been shown by
experimental and computational results in which Ir; sites
contribute to the activation of H, molecules while Mo, sites
are responsible for the adsorption of 4-nitrostyrene, resulting
in a great increase in performance with the prepared Ir;Mo,/
TiO, in comparison to the corresponding SACs: Ir;/TiO, and
Mo, /TiO,.

For DACs, superior catalytic performances rely more
heavily on the rationally tailored coordination environment
formed between the first and second metals. Fig. 17(a) shows
the outstanding catalytic yield of low-temperature C,H, semi-
hydrogenation over DACs with a bonded Pd;-Cu, atomic pair
anchoring on nanodiamond graphene (ND@G) fabricated by
Huang and their colleagues.’” In a sequential precipitation
process, atomic Cu sites are precipitated and deposited onto
the prepared ND@G through long-time stirring, then a highly

This journal is © The Royal Society of Chemistry 2025
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image; (d) C;H, conversion rate and C,H,4 selectivity as a function of temperature over Pd;Cu;/ND@G, Cu;/ND@G and Pd;/ND@G; (e) schematic
illustration of the synthesis process of h-Pd-Mn/NC; (f) HAADF-STEM image of h-Pd-Mn/NC (red circles: Pd-Mn atom pairs); (g) intensity profile of
sites 1, 2, and 3 in the HAADF-STEM image [panels (a-d) have been reproduced with permission from ref. 37, Copyright 2022, American Chemical
Society. Panels (e-g) have been reproduced with permission from ref. 172, Copyright 2024, American Chemical Society].

diluted Pd precursor (1.6 ppm) was added into Cu;/ND@G to
fabricate the Pd;-Cu,/ND@G sample. Fig. 17(b and c)
demonstrates the existence of well-defined Pd;-Cu; pairs
with a constant bond length of ~2.6 A. Compared to Pd,/
ND®@G and Cu,/ND@G, the prepared DAC sample displays a
much greater catalytic performance, particularly with its
ability to engage in the hydrogenation process at low
temperatures, as shown in Fig. 17(d). The enhanced activity
was attributed to the altered reaction path and reduced
reaction barrier of hydrogenation, which was caused by the
bonded atom pairs that promote the adsorption of C,H,,
facilitate H, adsorption and dissociation, and convert the

This journal is © The Royal Society of Chemistry 2025

competitive adsorption of reactant species to non-competitive
adsorption. In a single step, Gao et al applied the
photoinduced deposition method to anchor single Pd atoms
on the surface of a-Fe,O; (012) to form Pd-Fe diatomic pairs
with the capability of breaking the trade-off between catalytic
activity and  selectivity for low-temperature  semi-
hydrogenation of alkynes.'®® The strong electronic coupling
between Pd-Fe pairs leads to d-electron domination near the
Fermi level and results in an enhanced ability to adsorb and
disassociate H,, while Pd atomic sites enable the preferential
desorption of C,H, as the final product. DACs with metal
atom pair structures can also exist in a homonuclear form.
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Studies have shown that homonuclear DACs can also meet
the catalytic activity requirements of a bimetallic system. For
example, Li's research group reported a heterogeneous
catalyst with dual-atom Pt pairs (Pt,) depositing on
mesoporous graphitic carbon nitride (mpg-C;N,;), which
shows excellent catalytic performance for the selective
hydrogenation of nitrobenzene to aniline.'”®> Like the
bimetallic metal pairs discussed above, Pt, active sites also
show superior ability to disassociate H,, which results in a
higher conversion when compared to a single atom of Pt or
Pt nanoparticles. Chu et al. utilized electrostatic adsorption
between PdCl,>" and amine-modified surfaces of SiC to
prepare monodisperse Pd diatomic pairs (Pd,) for
hydrogenation of carbon-halogen bonds.***> The prepared
sample showed both high conversion and selectivity for the
cleavage of the carbon-halogen bond because of the synergistic
interaction of neighboring Pd sites, which can lower the
activation energy for hydrogenation and promote the
desorption of products. Except for dual-atomic pairs through
direct bonding (metal-metal)) DACs also include the
heteroatom coordination connected by bridging atoms.
Fig. 17(e) shows the synthesis process of DACs containing dual-
atomic Pd-Mn pairs dispersed on nitrogen carbon (Pd-Mn/NC)
proposed by Li's group.'”” Briefly, Pd-Mn/ZIF was initially
prepared through a hydrothermal route followed by an etching

View Article Online
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step with tannic acid to obtain the hollow mesoporous
structure. Then, the final Pd-Mn/NC sample was obtained
through pyrolysis of the sample from the previous step at high
temperature in an Ar atmosphere. The existence of Pd-Mn
atomic pairs was proved, and the distance between atoms was
measured as 0.23 nm (Fig. 17(f and g)). It is clear that Pd and
Mn were anchored to the framework as metal nodes connected
through a N atom (Pd-N-Mn). The strong electronic structure
of the Pd-Mn coupling originates from facilitated electron
transfer from the Mn site with weak electronegativity to the
adjacent Pd site, which enhances the d-electron advantage near
the Fermi level, not only promoting the adsorption of H,, but
also improving the adsorption of large molecular reactants on
Pd single atom sites in the hydrogenation process, such as
phenylacetylene.

3.2.5 Single atom sites with nanoparticles (SAC-NPs). For
the improvement of SACs, there is a strategy of introducing
independent metallic nanoparticles to the support as
synergistic active sites in conjunction with the single atom
sites to facilitate the reaction process.'®” However, it is a
challenge to establish heterogeneous deposition of two kinds
of active sites, one on the atomic scale and the other on the
nanoscale, simultaneously because of the existing
competition during the synthesis."®”*** Song et al. reported a
SAC-NP structure with single atom Ni-modified Pd/Al,O;
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Fig. 18 (a) Comparison of conversion and selectivity of PdNi/Al,O3 catalysts with different metal loadings; (b) the proposed synergistic
mechanism of the Ru;Niyp/CeO, catalyst for boosting CO, methanation; (c) lifetime test of catalytic performances over Ru;Niyp/CeO, at 300 °C
[panel (a) has been reproduced with permission from ref. 181, Copyright 2022, American Chemical Society. Panels (b and c) have been reproduced

with permission from ref. 180, Copyright 2023, Elsevier].
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nanoparticles for the semi-hydrogenation of phenylacetylene
at mild temperatures.'® The Ni-modified Pd/Al,O4
nanoparticles with different metal loading ratios of Pd:Ni
were synthesized via wet-impregnation and contained single
atoms of lattice-embedded Ni alongside Pd nanoparticles on
the support surface. Fig. 18(a) shows the comparison of
catalytic performances of Pd,Ni,/Al,O; SAC-NPs under mild
conditions (298 K, 0.1 MPa), and it is clear that the Pd,s-
Niy5/Al,O; sample has a favourable trade-off between
conversion and selectivity, achieving 98% and 94% of each,
respectively. The anchored Ni atoms allow the support to
receive the shifted electrons from the Pd sites and thus
make it easier for the Pd particles to adsorb the electron-
rich phenylacetylene. For the CO, hydrogenation process,
CeO, was proven as an unreactive support and with a very
limited promotion effect.>***°> However, according to the
utilized abundant oxygen vacancies and high affinity of
surface lattice oxygen atoms on the CeO, surface,”°® Zhang
et al. successfully synthesized CeO, nanorods with co-
deposition of Ru atoms and Ni nanoparticles with simple wet
impregnation for boosting CO, methanation."®® As shown in
Fig. 18(b), the dual-active-site system works synergistically
with high sensitivity of atomic Ru, for converting CO, to CO
and highly efficient Ni particles for the CO methanation step.
In a 100 h test, the prepared Ru;Ni/CeO, displayed a stable
catalytic performance with over 80% conversion and 99%
selectivity (Fig. 18(c)). Furthermore, similar to DACs with
deposition of dual active components on a single support
surface, there is also research on SAC-NPs for synthesizing
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monometallic active species with the coexistence of atomic
sites and nanoparticles.'®*™'** In Carcamo's work, multi-cycle
synthesis of wet impregnation was utilized for preparing
Pd,(SACs&NP) on carbon nanotubes with carbon defects
caused by nitric acid pretreatment, where x refers to the ratio
of Pd atomic sites and Pd nanoparticles.’®® The precisely
controlled x depended on the number of deposition cycles,
namely the trend of transformation from single atomic Pd to
assembled Pd particles. Shen et al. synthesized a mesoporous
carbon CMK-3 supported Ir;np SAC-NPs catalyst by a simple
adsorption and subsequent calcination method."®® The
synergistic effect between Ir; and Irxp was attributed to the
adsorption and activation of quinoline (reactant) by Ir; and
the boosted H, dissociation by Iryp, which offered the catalyst
a much-improved TOF of 7800 h™" over that of the Ir;/CMK or
Irnp/CMK counterpart samples.

3.3 Metal-support interaction effect (MSI)

As we discussed in the above sections, the modulation of
supports for optimizing heterogeneous catalysts is one of the
efficient tools that are able to enhance catalytic
performances.®®""'%% In recent years, the investigation of
metal-support interactions (MSI) has received much
attention based on diverse catalysts and modification
strategies.”®” The main consideration is to immobilize metal
active sites on the support to control their spatial distribution
and enhance the stability of the catalyst. The interfacial
interaction between the metal and support has been

Table 3 List of representative work of building bi(multi)metallic catalysts with different metal-support interactions, synthesis, and applications

Support effect ~ Catalysts Method Hydrogenation reaction Ref.
SMSI NiBa/anatase TiO, Sequential impregnation method & H, Guaiacol hydrodeoxygenation 211
reduction@673 K1 h
PdTi/SiO, Sequential incipient wetness impregnation Propylene hydrogenation 212
NiFeO/CeO, Deposition precipitation method CO, hydrogenation 213
PtPdCu/AlL,O; One-pot colloidal method & ligand exchange & Hydrogenation of nitrobenzene 214
low-temperature annealing
RuMo/MoO; Co-impregnation method & CO, hydrogenation 215
calcination@773 K& 4 h
EMSI NiRu/SiO, Strong electrostatic adsorption Biphenyl selective hydrogenation 91
IrTi/TiO, Colloid-deposition method & reduction@773 K Hydrogenation of acetophenone 216
NizFe/rutileTiO, Hydrothermal method & calcination and Hydrogenation of fatty acids 217
reduction@773 K
CuZn/ZnO/SiO, Single solid precursor-derived 3D nanowire CO, hydrogenation 218
networks of CuZn-silicate
PdCu/TiO, P25 Co-impregnation method CO, hydrogenation 219
PtSn/MoOy Impregnation method Hydrogenation of functionalized 220
nitroarenes
Ir/Mo-KIT6 One-pot hydrothermal method & incipient Hydrogenation of amides 221
wetness impregnation
PtPd/C Deposition-precipitation method & reduce Transfer hydrogenation of 222
in H,@573K 5 h glycerol
Structured PdCo/mesoporous SiO, One-pot ligand-protected synthesis strategy CO, hydrogenation to formates 223
supports PdAu/raspberry colloid Raspberry colloid-templating strategy Hydrogenation of 1-hexyne 224
templated SiO,
AuPd/UiO-66-NH,_, Ligand-protected synthesis CO, hydrogenation 225
PdMn/silicalite-1 zeolites Ligand-protected synthesis CO, hydrogenation 226
CuCo/carbon One-step solvothermal synthesis of Furfural hydrogenation 227

MOF & pyrolysis

This journal is © The Royal Society of Chemistry 2025
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recognized as a key factor in the resulting performance of
metal active sites.’*®?°® The concepts of strong metal-
support interactions (SMSI) and electronic metal-support
interactions (EMSI) have been extensively studied.”’° The
representative work related to the modification with SMSI
and EMSI on bimetallic hydrogenation catalysts is listed in
Table 3 with their respective synthesis methods and reaction
systems. In addition, structured supports that have geometric
or spatially constraining effects on bimetallic active sites will
also be explained in detail in this section to comprehensively
illustrate the regulatory effect of the support.

3.3.1 Strong metal-support interaction (SMSI). The
concept of SMSI originated from the observation that the H,
and CO chemisorption abilities of Pt-group metals were
reduced by interactions with TiO, after a high-temperature
reduction step due to the supported metals being
encapsulated by a reducible oxide overlayer.?*® Meanwhile,
this encapsulation phenomenon causes an immobilization
effect on the surface active sites, which results in enhancing
the stability of supported catalysts by preventing sintering
during reaction, though part of the catalytic activity will be
sacrificed due to the blocking of the active sites in some
cases.”™ Fig. 19(a) shows the supported Co-Ni bimetallic
alloy catalysts prepared through the incipient wetness co-
impregnation method, followed by calcination under N, to
partially reduce the support, where TiO, was reduced to a
TiO, layer and Nb,O; forms NbO,.*> SMSI between
encapsulated Co-Ni particles and TiO, or NbO, greatly
enhanced the catalytic stability over a sample of CoNi
supported on nonreducible a-Al,O; during a 100 h stability
test for Fischer-Tropsch synthesis as a result of preventing
particle growth. In addition, a recent study shown in
Fig. 19(b) provided a method to avoid the sintering of Ru
nanoparticles by fabricating a composite support for creating
enhanced SMSL>**° In short, the robust Ru-based catalyst
benefits from the dual-component support, which
simultaneously avoids the migration and sintering of active
sites during Fischer-Tropsch synthesis, where the
hydrophobic carbon layer contributes to hindering Ostwald
ripening, while TiO, avoids particle migration and
coalescence through the SMSI generated between Ru and
itself.

To establish SMSI, most research is based on the strategy
of inducing in situ secondary growth of reducible supports
around active sites through pyrolysis or high-temperature
reduction.>"*??°232 Generally, the partially reduced external
layer of the support binds with the active sites in the form
of an overlayer or dopant. Typically, in the study shown in
Fig. 19(c), SMSI was induced via the conditions of the CO,
hydrogenation process, which transformed the catalyst
Hy34M00;-supported Ru nanoparticles into Ru/MoO,
covered by a reduced MoO,, layer.>’® The structure of
encapsulation overlayers not only enhanced the long-term
stability of the catalyst but also switched the reaction
pathway from methanation to RWGS. More importantly, the
MoO;_, layer could be removed with oxidation treatment,
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Fig. 19 Schematic illustration of (a) CoNi bimetallic sites loaded on
reducible oxide supports with SMSI; (b) hydrophobic carbon-
encapsulated TiO,-supported Ru catalyst in Fischer-Tropsch synthesis;
(c) SMSI of Ru nanoparticles encapsulated by the partially reduced
MoOs_, overlayer in the CO, hydrogenation process; (d) catalyst
fabrication processes with in situ Ni decoration under Pt nanoparticles
on perovskite Lag s,Cap 2gNio.06Tin.9403 nanofibres; (e) SEM micrograph
of corresponding catalysts with Lags2Cag 2gNip.06Tio.0403 nanofibres;
(f) comparison of catalytic performance between PtPdCu/Al,O3
catalysts with controlled SMSI through different thermal treatments;
(g) the influence of introduced Ba sites on the Ni/TiO,-A catalyst
through controlled SMSI and hydrodeoxygenation pathways [panel (a)
has been reproduced with permission from ref. 85, Copyright 2020,
American Chemical Society. Panel (b) has been reproduced with
permission from ref. 229, Copyright 2024, American Chemical Society.
Panel (c) has been reproduced with permission from ref. 215,
Copyright 2022, American Chemical Society. Panels (d and e) have
been reproduced with permission from ref. 230, Copyright 2022,
Springer Nature. Panel (f) has been reproduced with permission from
ref. 214, Copyright 2021, American Chemical Society. Panel (g) has
been reproduced with permission from ref. 211, Copyright 2024,
American Chemical Society].

offering catalyst reusability. Another strategy is to alloy the
metal sites in situ with a reduction process to stabilize the
active sites and enhance the catalytic performance.>*>*" Xu
et al. presented an in situ approach to disperse Ni-decorated
Pt nanoparticles on perovskite Lags,Cag.2sNig 06T10.0403
nanofibers (Fig. 19(d)).>*° In a typical fabrication process, Ni
particles with diameters of ~50 nm were exsolved onto the
surface of the nanofibrous through reduction, then the Pt
precursor was added and fixed after the calcination step.
The prepared sample was subsequently reduced at high
temperature to trigger the formation of Pd-Ni bimetallic
alloy nanoparticles. As shown in Fig. 19(e), the combination
process of Ni and Pt species induced the nanoparticles to
yield smaller sizes.

It is worth noting that a large part of the research on SMSI
involving bimetallic systems is now applied to various
catalytic oxidation processes instead of

This journal is © The Royal Society of Chemistry 2025
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hydrogenation.?'*?**23%23% One reasonable explanation is
that the reducible support may be further promoted to cover
the metal sites during the hydrogenation process, thus
affecting the catalytic performance.>"’ On the other hand,
during the reduction process, the interaction between
bimetallic sites and the reducible support may cause
migration or segregation of active species in the bimetallic
system.>*>**>>3¢ In gsome cases, this phenomenon may
promote catalytic performance, but it also complicates the
characterization of the prepared sample and the explanation
of the improved activities. However, limited research shows
that it would be valuable to further investigate hydrogenation
catalysis over bi(multi)metallic systems with SMSI.>'">1%231
Lu et al. innovatively regulated the covering behavior of Al,O;
to the supported trimetallic Pt-Pd-Cu nanoparticles under
different low-temperature annealing conditions.*'* A stable
Pt-Pd-Cu nanoparticle suspension was first obtained by a
two-step synthesis, including a colloidal method step and a
ligand exchange step. The nanoparticles were then deposited
onto Al,O; and annealed under different conditions, followed
by reduction under H, to obtain the prepared sample. With
the premise of removing ligand impurities on the catalyst,
annealing at an appropriate temperature provides
controllable SMSI without preventing changes in the size and
morphology of active components. As shown in Fig. 19(f),
during the annealing step, Al,O; underwent a secondary
growth that induced SMSI between Al,O; and Pt-Pd-Cu
nanoparticles, which offered a balance between partial
coverage and optimal catalytic activity for hydrogenation
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Fig. 20 (a) Schematic illustration for fabricating Ir/Mo-KIT-6 with
EMSI to boost catalytic hydrogenation; (b) proposed mechanism of
N-acetylmorpholine hydrogenation on Ir/Mo-KIT-6; (c) stability test of
Ir/Mo-KIT-6 for five successive runs; (d) schematic diagram of the
synthesis process over NisFe/TiO, (anatase and rutile) catalysts [panels
(a-c) have been reproduced with permission from ref. 221, Copyright
2018, American Chemical Society. Panel (d) has been reproduced with
permission from ref. 217, Copyright 2023, Elsevier].
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under annealing conditions with 185 °C. Furthermore, Fang
et al. recently reported the suppressing effect of alkaline
earth metal elements as modifiers on SMSI around Ni
nanoparticles in a supported bimetallic system.*’* As shown
in Fig. 19(g), with the presence of Ba ions, the cross-
migration phenomenon caused by the SMSI effect between
Ni and anatase TiO, (TiO,-A) was effectively suppressed,
which tuned the reduced TiO, overlayer from full coverage to
partial coverage. In addition, Ba modified the surface acidity
of anatase TiO,, thereby doubling the yield of cyclohexane/
cyclohexanol by promoting the selectivity in the guaiacol
hydrodeoxygenation reaction.

3.3.2 Electronic metal-support interaction (EMSI).
Considering the complex electron transfer behavior in the
general hydrogenation process, it is worth discussing the
electronic metal-support interaction (EMSI) as it emphasizes
the chemical bonding and associated charge transfer at the
interface between the loaded metallic sites and support,
which can change the electronic properties of the active sites
for a tunable catalysis performance.*'® The occurrence of
charge transfer behavior depends on the difference in Fermi
levels between the metal sites and support, thus, the
direction of charge transfer can be either from the metal sites
to the support or in the opposite direction.”**!
Simultaneously, for the loaded metal sites on the nanoscale
or atomic scale, the behavior of the charge transfer is
strongly related to the coordination environment of the
sites.”’® Chen et al fabricated EMSI by uniformly
incorporating molybdenum into mesoporous silica (KIT-6) to
achieve strong interaction with loaded Ir sites.”*" As shown
in Fig. 20(a), through the co-assembly procedure, Mo was
first introduced to activate the interface of KIT-6 followed by
loading Ir nanoparticles to form Ir-O-Mo coordination,
which can promote the electron transfer from the modified
support to Ir sites. The EMSI caused by the Ir-O-Mo
configuration not only stabilizes the ultrafine Ir particles but
also lets Mo sites and Ir sites work synergistically to promote
the catalytic  hydrogenation of  N-acetylmorpholine
(Fig. 20(b)). This proposed mechanism was demonstrated by
the stability test on conversion and selectivity shown in
Fig. 20(c). Also, the size of the metal sites is another
important factor to be taken into account regarding
constructing EMSI. In Guo's research, the EMSI behavior of
CeO,-supported Ru single atoms, nanoclusters, and
nanoparticles was investigated, and the EMSI related to the
electronic interaction of charge transfer via Ru-O-Ce was
found to become more enhanced as the size of Ru decreased
from nanoparticles to single atoms.>*’

From the aspect of supports, reducible TiO, attracted the
most attention in EMSI-related research because of the
extensive strategies of modification on surface defects and
crystal facets of TiO, as a mature semiconductor that offers
adjustable energy states for electronic interactions with
supported metal sites.>*®**° Furthermore, the crystal phase
of TiO, was also reported to influence the formation of EMSI.
In comparison, with the one-pot hydrothermal and thermal
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post-treatment process shown in Fig. 20(d), NisFe
nanoparticles were loaded on rutile and anatase TiO,,
respectively.”'” Benefiting from the existing surface oxygen
vacancies (OVs) on rutile TiO,, the NiFe-LDH precursor
prefers to form NisFe bimetallic sites rather than Ni, during
thermal treatment, which further promotes the formation of
OVs on the TiO, surface. Then, in the hydrogenation reaction
of fatty acids for obtaining fatty alcohol products, the EMSI
formed between NizFe and OVs endows the catalyst with
bifunctional characteristics, where NisFe promotes H-H bond
dissociation while the OV sites are responsible for absorbing
the acid molecule and breaking the C—=0O bond. However, it
should be noted that strong EMSI doesn't always play a
positive role in specific catalyst systems or hydrogenation
reactions, which has been demonstrated by the research that
focused on comparing the EMSI-driven catalytic properties
with  different supports.>*®*** By contrast, although
conventional inert supports (e.g., SiO, and Al,0;) are typically
considered to form only weak EMSI with metallic sites,>*”**°
they can still achieve outstanding catalytic performance in
certain hydrogenation reactions.”'®>*° For instance, a recent
study by Yang et al. demonstrated that sub-nanometer Ni-Ru
bimetallic sites, loaded onto SiO, via the SEA method,
exhibited high conversion in the selective hydrogenation of
biphenyl to cyclohexylbenzene.”’ This performance was
attributed to the charge transfer from metallic Ni to SiO,,
which rendered the Ni sites electron-deficient, thereby
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enhancing the adsorption and activation of electron-
withdrawing aromatic groups during the reaction.

3.3.3 Structured supports. In the previous chapters, we
have discussed various strategies for improving the
dispersion of nanoparticles and immobilization of metallic
active sites in bimetallic-support systems such as diluted-
alloy, SEA, single/diatomic catalysts, metal-support
interaction, etc. Most of the strategies are commonly based
on the idea of loading active species onto the support surface
by impregnation, deposition, or immobilization procedures.
While convenient, supports used in those methods do not
play well in affording the ability to control collective
ensembles like nanoparticle properties, such as proximity,
placement, and compartmentalization.>** To overcome this,
the fabrication of structured support is considered an
effective way. For example, Li et al succeeded in
compartmentalizing Pt single-atom sites by confining them
to highly structured CeO, nanoglue islands anchored on
robust high-surface-area Si0,.>** They pointed out that the
migration of Pt sites under reaction conditions can only be
confined in the range of the CeO, islands since the
interaction between Pt and CeO, is higher than that between
Pt and SiO,, which greatly enhances the catalytic stability of
single-atom  catalysts in  high-temperature reducing

atmospheres. This section will briefly introduce the recent
research on fabricating structured supports and related
bimetallic systems.

Metal precursors within zeolites Pd-Mn clusters within zeolites
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Fig. 21 (a) Tuning the crystal-phase of the PdCu catalysts at the single-nanoparticle scale covered by porous SiO;; (b) schematic of the synthetic
procedure of bimetallic PdMn,@silicalite-1 (S-1) zeolite catalysts; (c) comparison of the formate generation rates from the CO, hydrogenation over
various catalysts; (d) recycling stability tests of the PdMngy g@S-1 catalyst for CO, hydrogenation; (e) schematic illustration of the preparation of
Pd,Co;_x@mesoporous silica nanosphere (MSN) catalysts; (f) schematic illustration of diluted Pd in Au NPs supported on RCT porous SiO, [panel (a)
has been reproduced with permission from ref. 245, Copyright 2022, Springer Nature. Panels (b-d) have been reproduced with permission from
ref. 226, Copyright 2020, WILEY. Panel (e) has been reproduced with permission from ref. 223, Copyright 2019, European Chemical Societies
Publishing. Panel (f) has been reproduced with permission from ref. 224, Copyright 2020, American Chemical Society].
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For structured supports, the most intuitive role is their
ability to spatially separate metal active sites. As discussed in
section 3.1.1, the significance of the 3D self-pillared zeolite
nanosheet structure lies in its role in forming sub-nanometer
Rh-Ru bimetallic particles. In a recent study by Zhang et al.,
3D flower-shaped Al,0; was employed as a support for
sintering-resistant Pd-Sn bimetallic catalysts.>** The excellent
spatial separation ability not only resulted in smaller
supported Pd-Sn particles during the preparation but also
significantly enhanced stability in catalytic reactions.
Furthermore, as shown in Fig. 21(a), Liu et al. used a reverse
microemulsion method to coat monodisperse Pd-Cu
colloidal particles with a silica shell, which was then
converted into permeable porous silica through post-thermal
treatment.>*® This reverse-loaded porous silica encapsulation
maintained catalytic activity for hydrogenation reactions
while spatially confining the metal particles and thus
retained its original particle size. More interestingly, the
monodisperse silica-covered Pd-Cu particles could undergo a
crystal phase transition under specific conditions, which
offers new insights into precisely controlling single-
nanoparticles and interpreting the atomic configuration of
active sites on the particle surface.

Another crucial aspect of structured supports is the
construction of supports with highly ordered porous
structures or channel-based frameworks, such as porous
silica,®*****  zeolites,*****®>*”  metal-organic frameworks
(MOFs) and their derivatives.”*>>*® A tunable porous
structure not only offers numerous loading and reaction sites
due to its high surface area but also significantly influences
metal dispersion and compartmentalization, enhances mass
transfer efficiency during catalytic reactions, and enables the
selective confinement of intermediates. Currently, the
primary strategy for synthesizing metal-loaded porous
materials is known as the one-pot crystallization process,
where metal species are homogeneously dispersed within the
precursor of the support, followed by post-thermal treatment
to obtain catalysts with nanoparticles encapsulated within
the pores.”**** To enhance metal dispersion and control
particle size, a common approach involves applying specific
ligands or surfactants during crystallization, a strategy
referred to as the ligand-protected method.*****° As shown in
Fig. 21(b), Sun et al successfully embedded sub-nanometer
Pd-Mn clusters in situ in silica-1 zeolites using the ligand-
protected method.>*® Fig. 21(c) illustrates the high reaction
rate of Pd-Mn bimetallic catalysts for CO, hydrogenation to
formates wunder an optimized Pd:Mn ratio. This
enhancement is due to the formation of sub-nanometer
clusters, facilitated by the ordered microporous framework
and the synergistic interaction between Pd and Mn.
Additionally, the structured zeolites effectively prevent the
aggregation of small clusters containing non-precious metal
species, thereby improving the thermal stability of the
bimetallic active sites (Fig. 21(d)). Using the same approach,
Sun and colleagues synthesized mesoporous silica-encaged
ultrafine Pd-CoO bimetallic nanocatalysts.>*® As shown in
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Fig. 21(e), CTAB micelles served as grafting sites during the
crystallization process to control the dispersion of the Pd and
Co precursors, yielding ~1.8 nm Pd-CoO nanoparticles after
post-thermal treatment. This simple and systematic approach
resulted in highly active and durable catalysts for CO,
hydrogenation to formates. Besides, the colloidal template
method is also a strategy to offer greater isolated control over
individual components or metal-support assemblies. The
colloidal template method can be used to either overgrow a
secondary coating around a single colloidal particle or to
infiltrate a close-packed arrangement of self-assembled
colloidal crystals.*** After template removal, the former
routine tends to generate shell-structured supports, while the
latter tends to form highly-ordered porous supports. Among
them, the raspberry colloidal templating (RCT) method
partially embeds nanoparticles within the macroporous
support, ensuring high thermal and mechanical stability
while maintaining the accessibility of active sites for
reactants. In a typical study shown in Fig. 21(f), ultrafine Pd-
Au bimetallic particles were embedded into an RCT
macroporous silica support using the above method.*** The
composite colloidal template was first prepared by mixing
pre-synthesized bimetallic nanoparticles and thiol-modified
polystyrene colloidal microspheres, followed by infiltration
with a silica precursor to backfill the interstitial spaces. The
RCT silica-encapsulated Pd-Au system was formed by
subsequent calcination to remove the template. The highly
ordered macroporous structure facilitated the mass transfer
of reactants, intermediates, and products, thereby enhancing
the sintering-resistance ability of catalysts.

It is worth noting that the metal-support interaction not
only depends on the various synthesis strategies but is also
affected by the actual reactive environment. In addition to
physical parameters such as temperature and pressure, the
dynamic changes of metal-support interaction are also
affected by the reactive gases or intermediates that are
adsorbed on the active sites in a specific reaction.**° The
adsorption behavior can change the surface energy of the
metallic sites and tends to affect the contact area of the
active sites, then further inducing the dynamic evolution of
the metal-support interface.”®” Thanks to the development of
in situ characterization technology, the dynamic change has
been generally proven to exist at the perimeter interface
between NPs and certain reducible supports,***>>* which will
provide guidance for the rational design of future supported
bimetallic catalysts in the future.

4. Summary and outlook

Hydrogenation reactions, which are central to the production
of high-value industrial materials, represent one of the most
critical processes in industrial catalysis. Given the stringent
requirements for high conversion efficiency, high selectivity,
and commercial feasibility, bimetallic catalysts have
demonstrated superior application potential compared to
traditional monometallic catalysts, owing to their unique
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geometric effects, electronic effects, and synergistic effects.
To fully exploit these advantages, the selection of an
appropriate synthesis strategy to construct bimetallic systems
with diverse structures and compositions is crucial. As
reviewed, significant progress has been made in this field,
but several major challenges remain:

(1) sSize control remains a perpetual challenge for
supported catalysts. For multiple hydrogenation reactions,
smaller active metal sites and higher dispersion typically lead
to the promotion of the above effects and improve catalytic
efficiency, and the current precise synthesis strategy on a
laboratory scale is already well established and proven.
However, as we mentioned at the end of section 3.3, nano-
scale metal particles tend to sinter, aggregate, or reconstruct
under real reaction conditions, followed by deactivation.
Thus, for synthesizing well-designed bimetallic catalysts in
the future, it is essential to take the reconstruction behaviour
of bimetallic particles under actual reaction conditions into
account—an aspect that must be evaluated with the aid of
the rapid development of in situ characterization techniques.

(2) Compared with supported heterogeneous -catalysts,
SACs exhibit advantages of their maximized atomic
utilization and homogeneous active sites with adjustable
electronic environments. However, the requirement for
precise synthesis conditions significantly limits their
scalability, confining most studies to the laboratory without
clear potential for large-scale production and commercial
applications. For hydrogenation reactions, taking the single-
atom alloys as an example, most studies aimed at achieving
atomic-level dispersion of active components by sacrificing
the loading of active metal species. In some cases, the
improved catalytic performance is still limited even when
maximized utilization of active components is achieved,
which cannot meet practical applications. Therefore, it is an
existing challenge to balance the loading of active atoms
and their aggregation behaviour to prepare high-loading
SACs. In addition, for specific hydrogenation reaction
processes, such as multi-step hydrogenation, it has been
reported that the catalytic performance of regular SACs is
not superior to heterogeneous catalysts due to the aspects
of dissociation mode of hydrogen, multi-step activation of
reactants, and competitive adsorption of dissociated
hydrogen and reactive intermediates. In this case, designing
SACs with bifunctional effects should be considered as
another valuable choice. Therefore, for the rational design
of bimetallic SACs, it is necessary to take the type of
hydrogenation reaction and actual reaction conditions into
consideration.

(3) For various bimetallic catalysts reported so far,
standardization of reaction or evaluation conditions (such as
temperature, pressure, flow rate of reactive gases, etc.) will be
able to provide uniform performance evaluation criteria for
designing catalysts more rationally. Taking the selective
hydrogenation of acetylene as an example, the reported
stream of time for catalyst stability tests varies from tens to
hundreds of hours. However, the space velocity of reactants
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varies greatly across studies, typically from thousands to tens
of thousands of h™'. Such discrepancies may cast doubt on
the actual stability of the catalysts and hinder meaningful
horizontal comparisons among catalysts. From a practical
view, it is obviously unrealistic to validate the performance of
different catalysts experimentally. ~With the rapid
development of artificial intelligence and advanced
algorithms, theoretical predictions based on the vast amount
of existing research data can be provided to support the
screening of optimal bimetallic combinations for a given
hydrogenation reaction.

(4) Although this review primarily focuses on the synthesis
strategies of bimetallic catalysts, this does not imply that the
study of catalytic mechanisms for specific hydrogenation
reactions is unimportant. To date, most research has been
dedicated to developing novel catalysts for better catalytic
performances, while insufficient attention has been given to
the fundamental study of hydrogenation reaction
mechanisms. Therefore, guidance for the rational design of
catalysts should originate from further exploration of the
relationships among activation energy barriers, adsorption/
desorption energies, and undesirable side reactions. In this
regard, valuable insights and significant support can be
offered by advancements in theoretical calculations and in
situ characterization techniques.
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