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ABSTRACT ARTICLE HISTORY
Nowadays, extensive efforts have been devoted to the fabri- Received 10 June 2023
cation and design of metalbased catalysts with high activity, Accepted 20 April 2024
selectivity, and stability. Theoretical and experimental investi- KEYWORDS

gations have empowered the construction of a variety of Bimetallic; catalysis; catalysts
techniques to tune the catalytic efficiency of catalysts by design; electrochemistry;
monitoring their size, morphology, composition, and crystal multi-metallic
structure. Multimetal catalysts (MMCs) provide a revolutionary

synergistic effect between metals, which is a promising strat-

egy to tune and enhance the catalysts’ productivity and

product selectivity. The purpose of this article is to familiarize

readers with the most uptodate information regarding the

synthesis and classification of MMCs. The key roles of MMCs
electrocatalysts in a variety of applications such as CO, con-

version via electrochemical CO, reduction reaction (ECO,RR),

H, evolution reaction (HER), O, evolution reaction (OER), O,

reduction reaction (ORR), N, reduction reaction (NRR), metha-

nol oxidation reaction (MOR), ethanol oxidation reaction

(EOR), formic acid oxidation reaction (FAOR), and urea oxida-

tion reaction (UOR) are summarized. This review also

addressed the challenges and prospects for multimetallic cat-

alyst design, characterization, and applications. This review

article will provide a clear roadmap for the research and

progress of multimetallic catalysts for electrocatalytic

applications.
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1. Introduction

The development of sustainable energy sources that could minimize our
reliance on conventional fossil fuels relies heavily on electrocatalysis."' "’
Electrocatalytic energy conversion techniques can only be applied effec-
tively if catalysts with exceptional activity, selectivity, and stability are
readily available.® ™! Catalysts based on noble metal nanoparticles (i.e.
Ru, Au, Ir, Pt, etc.,) have been extensively used in electrocatalytic processes
such as HER, CO,RR, NRR, OER, and ORR.*"'”! The weak activity, high
cost, and limited availability of these metals make it difficult to find
practical uses for them in industry. To combat these problems while
maintaining optimal performance, researchers have concentrated heavily
on creating highly efficient low-cost noble and non-noble metals-based
electrocatalysts."*2°! In this regard, monometallic catalysts have been
utilized as the backbone of catalytic processes, providing unique reactivity
depending on the type of metal used.”"! For instance, Dastafkan et al.!**
developed an interphasic synergy between Ni-N/Ni-C and Ni(OH), phases
for highly efficient alkaline HER, which decreased the energy barrier for
adsorption and desorption of hydrogen and increased the hydroxyl inter-
mediates. This resulted in the ready-to-serve Ni active sites that allocated
a considerable number of Ni d-states at the Fermi level for allowing the co-
adsorption of H,4s and OH,4, intermediates on the Ni-N/Ni-C moieties,
and promoted the charge transfer from Ni(OH), to Ni-N/Ni-C. In compar-
ison to the monophasic Ni(OH), catalyst, the Ni(OH),@Ni-N/Ni-C catalyst
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remarkably lowered the overpotentials to 102 and 113 mV to deliver —10
and —100 mA cm > current densities, respectively in alkaline electrolyte.
However, monometallic catalysts often exhibit limitations in terms of
selectivity, stability, and activity across different reaction environments.'*”’
These limitations have sparked interest into the design and fabrication of
multimetallic catalysts, that perform more effectively due to synergistic
interactions between various metals,!***"]

Recently, multimetallic catalysts received considerable research interest in
various electrocatalytic processes.'** %! Due to their distinctive physicochem-
ical features, multimetallic nanostructures could serve as cutting-edge cata-
lysts. There has been substantial advancement in recent years toward the goal
of tuning or regulating the surface strain of multimetallic nanostructures in
order to increase their catalytic activity.!'*>*! Multimetallic catalysts have
a large number of catalytic active sites that can perform in various directions
during electrocatalytic reactions, boosting the formation of the premium
product, and thereby promoting the catalyst’s performance.*®*”! Thus, com-
pared to the single metal catalysts, the incorporation of multi-metal atoms in
a single catalyst renders exceptional electrocatalytic performance toward var-
ious electrocatalytic processes such as HER,****!) OER,!"*~**) ORR,"*>**! CO,
RR,*) etc.

It is crucial to use the parameters associated with the experiments
rationally to produce multi-metallic catalysts with definite size, shape,
structure, crystal phase, and composition to improve catalytic perfor-
mance of multi-metallic catalysts significantly, because their catalytic
performance mainly depends on these structural parameters.*8~>"]
Nevertheless, the fabrication process is challenging as the synthesis
mechanism of multi-metallic particles is complex. Thus, highly compli-
cated and advanced synthesis techniques have been widely developed to
precisely control the structural features to achieve the desired proper-
ties. Generally, during the synthesis of multi-metallic catalysts, various
ligands (surface-capping agents) are used to achieve controllable shape
uniform size catalysts with good dispersion for superior electrocatalytic
processes. ¢!

As widely accepted, the performance discrepancies of catalysts could be
attributed to the difference in atomic-scale characteristics such as atomic
ordering, surface structuring, and spatial distribution of the elements. For
instance, Zhang and coworkers'®”) revealed that the ordered Pt;Mn interme-
tallic electrocatalysts exhibit exceptional ORR activity compared to their dis-
ordered counterpart’s phase. Likewise, Li and coworkers'>® demonstrated that
by altering the atomically disordered crystal phase of FePt catalyst to the
ordered phase, the electrocatalyst performance and chemical stability toward
ORR and HER processes could be considerably improved. Accordingly, it is
inappropriate to use only the word “composition” to describe multi-metallic
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catalysts. Hence, tremendous attention has been given to develop new forma-
tion protocols to modulate the multi-metallic catalysts with atomic-scale
characteristics.**’]

A number of review articles on multi-metallic catalysts for various applica-
tions can be found in the literature.!"**® Different from those reviews, this
review is the first attempt, with a primary focus on current advances in the
design, fabrication, characterization, and electrocatalytic applications of multi-
metallic catalysts, as illustrated in Figure 1. Particularly, we summarize the
most generally practiced synthesis approaches adopted in preparing multi-
metallic catalysts with well-controlled and tunable properties. In addition, we
emphasized on their standard characterization techniques and widespread
electrochemical applications, including the CO,RR, HER, OER, ORR, NRR,
ORR, and others. Finally, the existing challenges and future perspectives on

the improvement of the electrocatalytic performance of MMCs have been well
addressed.

Multimetallic Catalysts

I NRR \. MOR
EOR I FAOR l
l ] P

Reverse micelle
synthesis. .

y y
I Sol-gel method l XAS UOR

Figure 1. Multimetallic catalysts (MMCs) synthesis, characterization, and electrochemical
applications.
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2. Synthetic methods of multi-metallic catalysts

Multimetallic catalysts (MMCs) have been prepared using various synthetic
approaches. Figure 2 summarizes the primarily used synthetic methods of
MMCs.

2.1. Solvothermal method

The solvothermal method is a commonly employed method for synthesizing
multi-metallic catalysts, which play a crucial role in diverse chemical processes
and commercial applications. This technique entails the chemical transforma-
tion of metal precursors in a solvent under high temperatures and pressures,
commonly within an autoclave or an enclosed vessel. Solvothermal synthesis
offers a controlled atmosphere for producing nanoscale multi-metallic cata-
lysts with precise compositions, structures, and features.!®”! For instance, we
fabricated a multimetallic electrocatalyst (PtNs/NiTe-Ns) through solvother-
mal method by decorating platinum (Pt) on nickel telluride and utilized in
pH-universal and chloride tolerant HER.””! The solvothermal approach for
creating multi-metallic catalysts has both clear benefits and drawbacks. One
advantage of this method is that it enables meticulous regulation of reaction
conditions, leading to the formation of well-defined nanoscale structures
characterized by an even distribution of particle sizes. The flexibility of this
method allows for the specific fabrication of catalysts by utilizing numerous

s
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Figure 2. Schematic illustration of the synthetic methods of multi-metallic catalysts (MMCs).
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metals to achieve synergistic effects and enhanced stability.”"”* Solvothermal

synthesis is well-suited for both research and industrial applications due to its
capacity to produce products with high purity and uniformity, as well as its
scalability. Nevertheless, the technique entails substantial energy consumption
as a result of increased temperatures and pressures, hence reducing its envir-
onmental sustainability. The optimization of many reaction parameters, sus-
ceptibility to variations, and probable development of undesired phases pose
limitations. Despite numerous disadvantages, the solvothermal method seems
to be a useful technique to produce multi-metallic catalysts with specific
features.”>”* For instance, the preparation of PtCu; nanoparticles having
a shape of rhombic dodecahedral can be achieved by the reaction of acetyla-
cetonate precursors in a Teflon-lined autoclave in the existence of cetyltri-
methylammonium chloride (CTAC) and n-butylamine (Figure 3a, b).[7%!
Along with the solvothermal method, nanomaterials could also be synthesized
with metastable phases. The preparation of Pt - Ni multi pod structures with
metastable close-packed hexagonal by means of Ni-rich precursor and for-
maldehyde (Figure 3c, d).”®

2.2. Co-reduction method

The co-reduction method is a commonly used technique for producing multi-
metallic catalysts. It involves the simultaneous reduction of metal precursors
to produce alloyed or composites.”*! This approach has multiple benefits,
such as its simple nature, low cost, and the capacity to regulate the composi-
tion by modifying the molar ratios of the metal precursors. The co-reduction
approach frequently produces multi-metallic catalysts that exhibit improved
catalytic activity as a result of synergistic interactions among several metals. In
addition, the process generally takes place at lower temperatures in compar-
ison to other processes, resulting in less energy use.””) Nevertheless, there are
certain limitations that arise in obtaining homogeneous dispersion of metal
and controlling the size of particles. The simultaneously reduction of numer-
ous metal ions can result in phase separation or the development of undesir-
able phases, which can have an impact on the catalytic efficiency.®™ Contrary
to these drawbacks, the co-reduction approach is distinctive for its efficacy in
yielding multi-metallic catalysts with specific compositions and features for
diverse applications.[su For instance, monomers supersaturation is prompted
by the introducing suitable reducing agent, such as NaBH,, polyol, or hydra-
zine, into the provided precursor’s solution, shadowed by the growth and
nucleation methods.*® As illustrated in Figure 3e the monodispersed nano-
particles of PtFe were achieved through co-reduction of Pt(acac), (acac = acet-
ylacetonate) and FeCl, by a reducer introducing, LiBEt;H, with stabilizing
agents oleylamine and oleic acid (Figure 3f).””) Additional example is the
preparation of the Pd-derived alloy,'®* where a mixed metal solution of
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f) FeCl, + Pt(acac), + ROH + RCOOH + RNH; + Ph,0

ﬂ 200°C
ﬂ LiBEGH
ﬂ 263°C

&

Intensity (a.u.)

e e
30 40 50 60 70 80 90
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Figure 3. (a) SEM image, and (b) HAADF-STEM image and HAADF-STEM-EDS maps of a single ERD
PtCus alloy nanoparticle”®' Copyright © 2014, American Chemical Society. () SEM image, and (d)
XRD pattern of excavated PtNi nanomultipods”® Copyright © 2017, Springer nature. (e) Bright
field TEM image of a 2-D array of 4 nm FePt nanoparticles (f) Schematic representation of FePt

nanoparticle preparation””! Copyright © 2003, American Chemical Society.

acetylacetonate precursor was introduced in a heated solution comprising
a borane tertbutylamine or borane morphine reductant, that reduces the
precursor to PdCu and PdCo alloy NPs. Wang and coworkers **! prepared
Pt;Sn alloy through co-reduction of SnCl, and PtCl, in a combined solution of
oleic acid (OA) and oleylamine (OAm), using the borane tert-butylamine
which works as a strong reducing agent. Another example is the synthesis of
mixing mexene with Cu and Pd precursors followed by the reduction of the
mixture by NaBH, to yield Cu-Pd/Mxene for the efficient electroreduction of
CO, to formate."®* Similar approach was used to synthesize Pd-Sn catalyst.!"]

2.3. Incipient wetness impregnation method

The incipient wetness impregnation process, commonly used for producing
multi-metallic catalysts, entails depositing metal precursors onto a support
material by leveraging the porous nature of the support to absorb the
precursor solution.!®! This approach provides multiple benefits, including
simplicity, the ability to easily scale-up, and an affordable cost. This tech-
nique enables precise modification of the metal loading as well as distribu-
tion over the support, thereby allowing the production of uniformly
dispersed multi-metallic catalysts.’®”) The impregnation method is very
flexible, allowing for the incorporation of different types of metal and can
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be used with a diverse array of support materials. Nevertheless, a few of the
challenges that arise is the possibility of an uneven distribution of metals,
which can result in the formation of clusters or the separation of different
phases.®® In addition, the potential to achieve a high metal loading might
be regulated by the solubility of the metal precursors. Furthermore, the
impregnation process may need to be repeated multiple times in order to
adequately incorporate enough metal. Although there exist certain limita-
tions, however, the incipient wetness impregnation approach is still fre-
quently used and effective in developing multi-metallic catalysts with
specific compositions.’®®! For instance, Abrufa et al.!”®! described
a generic synthesis method for RuM (where M = Ni, Co, Fe) particles
that involved wet-impregnation of the precursor materials into a C-support
followed by calcination. Furthermore, by employing three different metals
as precursors, the approach could be expanded to the fabrication of tri-
metallic nanoparticles.®?%

2.4. Co-precipitation method

The co-precipitation method is a frequently used technique for producing
multi-metallic catalysts. It involves the simultaneous precipitation of metal
ions onto a support material to produce nanoparticles or composite.[93 I This
approach provides numerous benefits, such as its ease, economical nature, and
the ability to achieve substantial metal loadings. The procedure enables the
integration of several metals, facilitating the development of synergistic effects
in the catalyst that is produced.” The co-precipitation process is readily
applicable to larger scales and is appropriate for producing catalysts with
precise compositions and evenly distributed metal components.!*”
Nevertheless, there are issues associated with the tendency for agglomeration
or uneven distribution of metals, which might have an impact on the catalytic
efficacy. Optimal precipitation conditions are essential for attaining the appro-
priate catalyst characteristics, and subsequent post-treatment procedures, such
as calcination, may be required to improve the catalyst’s activity and
stability.”>®”!) Although there exist certain limitations, yet, the co-
precipitation method continues to be extensively used and flexible to synthe-
size multi-metallic catalysts, because in this approach, metal salts of aqueous
solutions are mixed together at a specific temperature in presence of a base,
which is works as a precipitating agent. When the critical concentration of the
solution is obtained, a burst of nucleation occurs and subsequently followed by
a growth phase.”®*'%! Zhou and coworkers'®® synthesized ultrathin Ni-Fe
layered double-hydroxides (LDH) nanosheets through the coprecipitation
method (Figure 4a). Wang and coworkers!'*" reported Zr-Doped NiO nano-
particles by using this approach (Figure 4b).
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Copyright © 2021 American Chemical Society and (b) Zr-doped NiO nanocatalysts (Ni;_,Zry,
0,.6)!"°" Copyright © 2021 American Chemical Society. (c) synthesis mechanism of uniform
bimetallic alloyed M/Au (M = Ag, Pt, Hg, Sn, and Cd) NCs and TEM images of prepared. (d) Au
NC seeds, bimetallic particle, (e) Ag/Au 0.05, (f) Pt/Au 0.2, () Hg/Au 0.25, (h) Sn/Au 0.1, and (i) Cd/
Au 0.17%? Copyright © 2015 American Chemical Society.

2.5. Seed-mediated synthesis method

The seed-mediated synthesis technique is an effective approach for producing
multi-metallic catalysts by precisely growing metallic nanoparticles on pre-
synthesized seed particles.!"® This approach has significant benefits, such as
rigorous control of particle dimensions, morphology, and composition, lead-
ing to catalysts with improved structural integrity as well as defined
characteristics."® The step-by-step inclusion of several metal precursors
enables the development of multi-metallic structures with unique composi-
tions, promoting synergistic interactions among metals. The seed-mediated
technique is very scalable and may be tuned to different support materials,
allowing for the production of catalysts with precise and tailored
characteristics.'*>'%! Nevertheless, one of the limitations is the requirement
for precise tuning of reaction conditions to avoid unregulated growth and
aggregation. The synthesis can also involve many stages, hence amplifying the
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complex nature and duration of the process. Considering these factors, the
seed-mediated synthesis approach is unique for its ability to produce extre-
mely precise and flexible multi-metallic catalysts with enhanced catalytic
efficiency. Seed-mediated synthesis approaches consist of two types: direct
secondary metals diffusion into seed particles. Core-shell nanoparticles con-
version into the random alloys."*”'%! Sun et al. prepared PdCu NPs by
adjusting the dispersion of Cu to Pd nanostructures at a 280°C.!"%! Murray
et al. fabricated a facile technique for thermal conversion of core/shell archi-
tectures to random-alloys initiated from gold particles (Figure 4c).!'%%
Interestingly, the temperature necessary for complete secondary metal (i.e.
Pt, Ag, Hg, Cd, or Sn) diffusion varies from metal to metal (Figure 4d-i).
Similarly, Au@Ag"'” and Ag@Au!"""! core@shell nanoparticles are converted
to randomly alloyed nanostructures.

2.6. Thermal decomposition

The thermal decomposition method is a flexible technique used for producing
multi-metallic catalysts. It involves heating metal precursors to high tempera-
tures, causing them to decompose and produce nanoparticles."*?! This
approach provides multiple benefits, including as simplicity, fast production,
and the possibility of reaching high levels of metal loading. This approach
enables precise adjustment of particle size and content, hence facilitating the
development of catalysts with tailored properties.!''* Thermal decomposition
can be carried out using different support materials, which provides choice in
the design of catalysts. Nevertheless, one of the drawbacks is the demand for
precise regulation of reaction conditions to avoid the clustering of particles
and to acquire an even dispersion of particles. In addition, the procedure may
require the use of inert environments to avoid undesired oxidation of metal
species."'*! Although this method has few limitations, yet, it remains to be an
appealing technique for producing multi-metallic catalysts, especially where
simplicity, speed, and variety are important factors to be considered.””) In this
method, the heat-up and hot injection processes come under the thermal
decomposition category.!''® The main difference between the methods of
these two procedures is the approach of accomplishing greater saturation of
monomers for eruption nucleation. In the heat-up technique, precursors and
other chemicals are mixed before heating up, and the continuous temperature
elevation accomplishes the supersaturated monomers. On the other side, the
rapid injection of organometallic complexes into an earlier heated reaction
solution in the hot-injection technique prompts burst nucleation. Therefore,
the hot-injection approach attributes flexibility for different preparation,
including the usage of varying precursors. In contrast, the heat up procedure
attributes accessibility by the lack of external process in the presence of
reaction. As this method needs elevated temperatures, the increased boiling
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points of organic solvents are characteristically employed. The merits in the
collection of elements in this method are the basis on the use of the high
temperature, allowing the metals use such as Fe, Co, and Ni, which possesses
comparatively inferior reduction potentials compared to the precious metals.
For example, sun’s group synthesized PtFe NPs, which was accomplished by
the disintegration of Fe(CO)s by adding it into a Pt precursor solution at
a hi[gher t]emperature and immediately reducing the Pt precursor by
lel 116-118

2.7. Microwave-assisted method

The microwave-assisted technique is an exciting methodology for producing
multi-metallic catalysts, utilizing microwave irradiation to heat reaction mix-
tures and facilitate rapid and effective synthesis.!"**) This approach has numer-
ous benefits, such as considerably reduced reaction time, improved energy
economy, and precise controlling of reaction conditions. The utilization of
microwave heating facilitates precise and controlled heating, resulting in the
production of evenly distributed and exceptionally crystalline multi-metallic
nanoparticles with specific dimensions and compositions.'?° This approach
is especially well-suited for synthesizing nanomaterials that have enhanced
catalytic activity. Nevertheless, there exist some limitations, such as the pos-
sibility of improper heating and the requirement for precise parameter adjust-
ment to avoid overheating. The microwave-assisted method’s ease and
performance render it an appealing choice for producing multi-metallic cat-
alysts, particularly in applications in which fast and strictly controlled fabrica-
tion is required."*"'??) Synthesizing inorganic nanomaterials with this
method gives larger quantum yields and more precision than the traditional
heating process alone.®” For instance, Armbruster and colleagues'®"! created
a Bi-Rh nanoplates structure with a hexagonal closed pack (hcp) arrangement
of plates. BiRh nanoplates, coated with high-strength polyetherimide, were
made in a Teflon-lined vessel heated to 250°C. The ethylene glycol suspension
was then transferred to a microwave-safe vessel and heated to 250°C after the
bismuth and rhodium acetates were added. The absence of a dispersal sub-
stance was found to cause potent aggregation. The typical size of the plate is
60 nm, and it is thinner than 20 nm, with a hexagonal closed pack assembly
(Figure 5a, b).

2.8. Galvanic replacement reaction

The Galvanic replacement reaction approach is a unique technique used for
producing multi-metallic catalysts. It involves replacing metal ions in
a sacrificial template with a different metal precursor.'*”) This approach
provides benefits such as ease, flexibility, and the capacity to control the
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structure and form of the produced catalyst. The Galvanic replacement reac-
tion enables the creation of complex structures with precisely controlled
interfaces between various metals, resulting in synergistic effects that improve
catalytic performance.'** This approach is highly advantageous for producing
catalysts that possess hierarchical or porous architectures. Nevertheless, there
exist some limitations, such as the possible challenge in attaining an even
distribution of metal and the demand for precise selection of the sacrificial
templates.!"**! Additionally, the procedure may require subsequent treatment
measures to improve the stability as well as efficiency of the catalyst.
Considering these factors, the Galvanic replacement reaction method remains
to be a viable approach to fabricating multi-metallic catalysts with tailored
features.!'*”) Interestingly, the obtained product usually achieves the shape of
the template."**"*" Li and coworkers!"**! fabricated Pd@Pt core-shell uni-
form and ultrathin nanowires (Figure 5¢) through this method which showed
excellent activity for ORR. Another example is the preparation of Ag-Au-Pt
cage like cubes, Ag@Ag-Au-Pt concave nanocubes (Figure 5d)!'**! and Au/
PtPd core/shell tri-metallic nanowires.!"*?!

(d) Ag@Ag-Au Ag@Ag-Au-Pt Ag-Au-Pt
core-frame nanocube concave nanocube cage cube (e)
(cross-section view) (cross-section view) (cross-section view)
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Figure 5. (a) Crystal structure and (b) TEM image of BiRh nanoplates.'** Copyright © 2012
American Chemical Society. (c) TEM image of Pd@Pt (21.2%) NWs.!"* Copyright © 2015
American Chemical Society (d) Schematic illustrating of Ag@Ag-Au core-frame nanocube into
Ag@Ag-Au-Pt concave cube and Ag-Au-Pt cage cube through a galvanic replacement
reaction."?*! Copyright © 2019 American Chemical Society. (e) Synthesis procedure of M-Co;0,
(M = Mg, Ca) and acetic acid etching (M-Co;04-Ac) samples.'"?®! Copyright © 2022 Elsevier Inc. All
rights reserved.
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2.9. Reverse micelle synthesis

The reverse micelle synthesis method is an excellent and scalable technique for
creating multi-metallic catalysts, which entails enclosing metal precursors
within water-in-oil microemulsions. This approach provides numerous ben-
efits, such as the capability to precisely regulate the size, shape, and composi-
tion of particles. The controlled reaction conditions within the reverse micelles
enables the development of precise nanostructures, and the procedure can be
used for various combinations of metals. Further, this approach enables the
introduction of various metals, which enhances the synergistic effects in the
catalysts.'**! Nevertheless, there are several challenges that exist, such as the
potential complexity in scaling the synthesis production, and the need for
precise fine-tuning of reaction parameters to get uniform distribution of
metals. Additionally, further process may be required to eliminate surfactants
and optimize the characteristics of the catalyst.'**! Despite these challenges,
the reverse micelle synthesis process continues to be a potent technique for
fabricating multi-metallic catalysts with precise structures and optimized
functions.'**! Likewise, nanosized metallic materials are obtained by reduc-
tion of metal precursors using reducing agent (i.e., N,H,, NaBH,).[!3¢]
Supported catalysts are prepared by mixing metal precursor with aqueous
solution and surfactant as well as reducing agent with a given oil phase
solution. It is stirred until a clear solution is obtained, which denote the reverse
micelles. To interrupt the micelles and allow adsorption to the specified
support, a metal oxide support is introduced into the solution and determined
by titration with acetone."*”! Through this technique, controlled size nano-
particles are obtained by regulating the surfactant to water ratio and amount of
reducing agent.!"**! Pt-Ni/y-Al,O5 was fabricated through this method which
revealed enhanced performance for hydrogenation of 1,3-butadiene."*®! In
another report, Abazari and coworkers!'*! also synthesized Pt/Pd/Fe trime-
tallic catalysts using this approach, which exhibited excellent performance for
reductive hydrodehalogenation of aliphatic and Aryl halides. Melo-banda and
coworkers!"*®! synthesized Ni:Co:Mo nanocatalysts through this method and
employed in hydro-processing of heavy crude oil.

2.10. Colloidal synthesis

The colloidal synthesis method is a flexible and extensively employed techni-
que for producing multi-metallic catalysts. It involves producing nanomater-
ials in a colloidal solution by reducing metal precursors."*") This approach
provides numerous benefits, such as precise regulation of particle dimensions,
morphology, and chemical makeup, leading to the development of unique
nanostructures with specific features.'*?! The utilization of the colloidal
technique enables the integration of different metal combinations, which
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promotes synergistic effects and improves catalytic performance. The proce-
dure is quite simple, and it can be readily extended for use in industrial
applications.!"**! Nevertheless, there are barriers to overcome, such as the
possibility of particles aggregating during their growth and the demand for
stabilizing materials or surfactants to avoid the aggregation of nanoparticles.
In addition, it is necessary to carry out post-synthesis steps to eliminate any
remaining stabilizers and enhance the catalyst’s efficiency. Nevertheless, the
colloidal synthesis process is a robust and efficient approach for synthesizing
multi-metallic catalysts with precisely controlled features for a wide range of
applications.!"**) It is important to mention that the stabilizing agents utilized
in this method may be surfactants, polymers and donor ligand, such as CTAC,
poly (vinyl alcohol) (PVA), and PVP, which regulate the growth and prevent
the agglomeration of nanoparticles."**! For multi-metallic synthesis, metal
precursors are mixed with a definite amount of surfactant, which form organic
metal precursor by the interaction of anions of metal precursor with cations of
surfactant in the present of aqueous solution. The solution is then stirred and
heated to specific temperature along with addition of reducing agent. After the
process is completed, the resulting product is centrifuged by washing with
ethanol and distilled water, and dried in an oven.” For instance,
Konuspayeva and coworkers''*®! synthesized AuRh NPs on titania supported
catalysts (AuRh/TiO,) via this method which were active for liquid-phase
selective hydrogenation of cinnamaldehyde.

2.11. Sol-gel method

The Sol-gel method is a widely used and flexible technique for producing
multi-metallic catalysts. It involves converting a solution or colloidal system
into a gel and then solidifying it to produce the desired material.!**”! This
approach offers multiple benefits, such as precise regulation of composition,
exceptional uniformity, and the capacity to tailor the structure of the catalyst.
The Sol-gel technique facilitates the integration of several metals, enabling the
development of catalysts with distinctive characteristics and improved cataly-
tic efficiency.!"*®! The resultant materials frequently display well-defined
structures, homogeneous dispersion of metallic elements, and enhanced sta-
bility. Nevertheless, there are certain challenges to overcome, such as the
possibility of gelation and variations in aging time, as well as the need for
precise regulation of processing parameters to prevent undesired phase
separation.!"*”) However, the sol-gel approach is still extensively utilized and
effective in producing multi-metallic catalysts with high accuracy for diverse
applications. The resultant product of sol-gel technique is calcined to achieve
the respective materials.!"*"! For instance, Zhu and coworkers!'?®! prepared
M-Co;04 (M = Mg, Ca, Co) nanostructure through citric acid sol-gel method
(Figure 5e) which was employed to activate the surface lattice oxygen and
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increase propane total oxidation. Casillas and coworkers!'>! also synthesized
Al,03-Nd,03-ZnO composites through this method which exhibited high
photocatalytic activity for degradation of phenol.

3. Common characterization techniques for multi-metallic catalysts

Characterization of MMCs is critical in the identification of their structure
which is definitely associated to the electrochemical properties. Hence, under-
standing the structure and configuration of MMCs are considerably impor-
tant. In this part of the manuscript, we will discuss some common
characterization techniques used for identification of MMCs (Figure 6).

3.1. Chemisorption of carbon monoxide

One of the major aspects of multi-metallic catalysts is the number of active
metal sites, which is usually achieved through CO chemisorption. Numerous
specialized instruments are used to measure CO uptake, but Altamira
Instruments (AMI-200ip) is a feasible choice. Investigations are accomplished
via charging a definite amount of calcinated material to a given quartz based
tube and then placed into a particular apparatus. Materials are abridged
through a chosen mixture of hydrogen-helium gas at a certain room tempera-
ture and are chilled to a particular temperature. Once the substance has cooled
to a certain temperature, a thermal conductivity detector is used to determine

Characterization | —
Techniques for
MMCs

Brunauer-
Pueuondnpay |
pawwreioryg \
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Figure 6. Characterization techniques used for identification of Multimetallic catalysts (MMCs).
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how much CO was released during the cooling process."**"*** Qi and cow-
orkers employed this method to detect the surfaces active sites of the reduced
bimetallic Pt-Ni, Pt-Cu, and Pt-Co catalysts.'>*!

3.2. Elemental analysis techniques

Two methods are generally employed for elemental concentration analysis of
the catalysts. (i) Atomic absorption spectroscopy (AAS), and (ii) inductively
coupled plasma atomic emission spectroscopy (ICP-AES) also known as
inductively coupled plasma optical emission spectroscopy (ICP-OES). The
AAS is an effective analytical method utilized for quantifying the concentra-
tion of particular elements in a sample by the measurement of the absorption
of light at specific wavelengths. The AAS involves the atomization of a sample
and its exposure to a beam of light with a particular wavelength that matches
the electronic transition of the element being analyzed. The atoms within the
sample absorb the light, and the degree of absorption is directly correlated to
the concentration of existing elements. Subsequently, a detector detects the
light that passes through, and the resultant absorption spectrum is employed
to determine the concentration of the element. AAS is extensively utilized in
different areas such as environmental science, medicine, and materials
research, owing to its exceptional sensitivity, accuracy, and specificity. The
flexibility of this device enables the examination of a broad spectrum of
elements at very low concentrations, making it a vital tool used in modern
chemical analysis.">>'*! In a typical AAS technique, a sample solution is
prepared by dissolving a supported catalyst, and it is subsequently transformed
into an aerosol using a nebulizer and isolated with a flame. The metal ions
concentration in the solution is achieved after normalizing the strength of
AAS using a reference compound.'®” For instance, Bisht et al. fabricated
a nanocomposite of the Ag-Fe-Cu tri-metal with bismuth oxybromide for
photocatalytic oxidation of alcohols under simulated sunlight and analyzed
the metals concentration via the AAS technique.!"*®

ICP-AES is a sophisticated and flexible analytical technology employed for
elemental analysis. This technique utilizes inductively coupled plasma to
atomize and activate the sample, and then measures the emitted light at
specific wavelengths associated with each element."**! The specimen, com-
monly in a liquid state, is incorporated into a high-temperature plasma
containing argon gas. The sample is subjected to high temperatures, causing
ionization and creating a high-energy environment in which atoms get
excited. When these atoms return to their ground energy state, they release
light, and the resulting spectral lines are analyzed to determine and measure
the elements that are present in the sample.!'”) ICP-AES provides numerous
benefits, such as a broad linear dynamic range, exceptional sensitivity, and the
capacity to investigate multiple elements simultaneously."®” The ICP-AES
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the technique is also used to measure the trace metals concentration within
a multi-metallic catalyst.!"®"] Although ICP-AES is a more sophisticated and
expensive equipment than AAS, its detection limit for most of the metals is
higher.!"*>'%? For instance, Ding et al. prepared Pt-Ni nanostructure on
a metal carbide (Ni;C@Pt;Ni) and used the ICP-OES characterization techni-
que to measure the Pt/Ni ratio, which is near to 3/1.'**! Zhang and
coworkers!'® used this technique to measure the molar ratio of FeCoW
(1:1.02:0.70) in gelled FeCoW oxyhydroxides catalysts.

3.3. Temperature-programmed reduction

Temperature-programmed Reduction (TPR) is employed to predict the tem-
peratures at which the catalyst is obtained by reducing metals and/or support
materials. At a subsequent calcination, a particular catalyst is retained in the
device’s reactor under H, flow and a steady ramp rate of temperature. By
increasing the temperature, the provided catalysts are reduced by H,, and
oxygen is detached from the catalyst in the form of H,O. The water concen-
tration variation can be estimated using a TCD attached to the exhaust stream
to determine the lowering temperatures. Temperature-programmed oxidation
(TPO) is analogous to TPR concept in that it estimates the amount of
deposited coke on the surface of the catalyst. During TPO estimation,
a particular catalyst is retained in the device’s reactor under O, circulation
and at a steady temperature. By increasing the temperature, the coke is
oxidized via the O, on the catalyst surface, and carbon is detached from the
catalyst in the form of CO,. The amount of surface carbon can be estimated by
connecting a TCD to the exhaust stream and monitoring its composition using
the CO, intensity area vs temperature curve. Using this technique, the strength
of the contact between the supported catalyst and the carbon surface is also
determined because the higher the temperature of oxidation, the difficult to
remove coke.!"*>*®! For example, Theofanidis and coworkers synthesized Fe-
Ni-Pd supported on MgAL, O, and performed its TRP and TPO
characterization.'*”! Friberg and coworkers reported Ba modified Pd/Al,O3
catalyst and demonstrated its TRP and TPO characterization.!'*®!

3.4. Temperature programmed desorption

It is used to estimate the active site of the catalyst surface and understand
catalytic reactions mechanisms containing adsorption, reaction and deso-
rption. In a usual Temperature Programmed Desorption (TPD) experimental
technique, catalyst of a small amount is loaded into a reactor. After the flow of
inert gas in the presence of a catalyst, some gas is adsorbed on the catalyst
surface. Then the catalyst is heated at a linear rate under a transporter gas flow.
The change in the desorbed reaction gas from the catalyst surface upon the
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given heating is measured through the downstream detector as a temperature
function.'®”! For instance, Chai and coworkers fabricated RuCo alloy
nanosheets and measured its TPD characterization.'”” Likewise,
BermejoLépez and coworkers reported Ru Na,CO;/Al,03 and Ru-CaO/Al,
O catalysts and measured its TPD characterization.!”"!

3.5. Microscopic techniques

Crystal structural morphology and elemental chemical analysis of the materi-
als are explored via the microscopic techniques such as SEM, TEM, HR-TEM,
SAED, STEM, EDX spectroscopy, and HAADF-STEM technique. SEM is
a highly effective scanning technique extensively employed in several scientific
fields to provide highly detailed visualizations of surface structures at the
micro- and nanoscale. SEM involves a focused beam of electrons for surface
analysis of a material. The interactions between the electrons and the material
create signals, which are subsequently gathered to produce specific 3-dimen-
sional images with a high level of resolution.!"”?! TEM is an advanced scanning
technique that enables the investigation of the internal structure of materials at
the nanoscale. The HRTEM produces high-resolution images by transmitting
electrons through an exceptionally thin material and interacting with its
internal structures. The morphology and crystallography of nanomaterials
can be observed via the TEM and HRTEM analysis.!'”*) SAED technique is
employed in electron microscopy to explore the crystal structure of a specific
target area in a material. The SAED pattern can be achieved by selectively
diffracting electrons through a tiny aperture, resulting in a diffraction pattern
which helps in determining the orientation and symmetry of the crystals
within the particular area. The STEM is an imaging instrument that employs
the quantum mechanical tunneling phenomenon to produce intricate, high-
resolution images of surfaces at the atomic level. This allows researchers to
explore the topography and electronic structure of nanomaterials with high
precision.!"’*) EDX is an analytical technique employed in electron micro-
scopy to identify and quantify the chemical composition and element distri-
bution of a sample."””) HAADF-STEM is an advanced imaging technique
used in electron microscopy that enhances brightness by detecting variations
in atomic number, enabling thorough analysis and imaging of the atomic
structures of nanomaterials. This approach provides valuable information
about the composition and crystallography of a material at the atomic
level."'7®! For instance, Liu and coworkers synthesized Au@PdPt porous
nanowires (Au@PdPt pNWs) catalyst and investigated its morphology by
using SEM (Figure 7a) which showed that catalyst has nanowire structures
with high nanopore surface, which is also validated by TEM (Figure 7b). The
SAED pattern corresponds to metallic face-centered cubic (fcc) crystals, indi-
cating that the catalyst is polycrystalline (Figure 7b). The HRTEM image
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showed lattice fringe and the lattice spacing of 0.23 nm, indexed to the (111)
facet of PdPt alloy (Figure 7c). The nanoporous core-shell nanowire structural
design further corroborated by the HAADF-STEM micrograph (Figure 7d).
The subsequent EDX elemental mapping photos corroborated the Au, Pd, and
Pt elemental distribution, with Au metal substantially distributed over the
innermost core area and partially into the outer area, and Pd and Pt metals
diffused around the Au metal core network in the current shell area (Figure 7e-
h). Additionally, the Au, Pd, and Pt dispersion of the EDX line profiles
thoroughly validates the core-shell nanostructure (Figure 7i).!"””!

3.6. X-ray diffraction technique

It is a valuable technique to investigate various structural aspects in given
crystalline samples. Typically, it provides attainable information about the
crystalline shape, size, composition, the nature of phase, and lattice para-
meters. The crystal size is estimated through Scherrer’s equation
(Equation 1), taking the broadening of the high intense XRD peak for
a given sample.!'”®]

100 nm

100 nm

Figure 7. (a) SEM, (b) TEM (The inset displays the SAED image), (c) HRTEM images (insets lattice
fringes and resultant FFT pattern), (d) HAADF-STEM image, (e-h) EDS mapping images, and (i) The
corresponding compositional line profiles of of Au@PdPt pNWs.['””! Copyright © 2021 Elsevier B.V.
All rights reserved.
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Dhkl = KA/Bhklcost (1)

where Dhkl represents crystallite size, hkl Miller indices, K numerical factor
such as crystallite-shape factor, A X-rays wavelength, Bhkl the diffraction
peak’s full-width at half-maximum (FWHM), and the 6 Bragg angle."'””!

The material composition can also be obtained by comparing its various
peak position and intensity with given standard-reference patterns of the
International-Center for Diffraction-Data (ICDD, previous name as Joint-
Committee on Powder-Diffraction-Standards, JCPDS) database. However,
this technique is not applicable for amorphous materials and particles with
3 nm below size give very broad peaks.!'”®! Shah and coworkers performed
X-ray diffraction (XRD) analysis for Co-SAC/RuO, catalysts to confirm their
crystal structure. The RuO, main peaks are positioned and assigned as 28°
(110), 35° (101), 40° (200), 54° (211), and 69.6° (301). The given XRD pattern
well matched with the standard RuO, (JCPDS #43-1027). However, character-
istic Peaks of cobalt nanoparticles were obtained, when a greater amount of
cobalt salt was used during the preparation.!"*"! Wang and coworkers verified
the crystal structure of prepared Three-dimensional PdAuRu nanospines
(PdAuRu NSAs) by using XRD analysis. The PdAAuRu NSAs XRD pattern
showed peaks at 40.1 (111), 46.6 (200), 68.1 (220), 82.1 (311) and 86.6° (222)
facets of fcc PdAuRu alloy structure (Figure 8a). Comparing these peaks to the
standard Pd, it is clear that they move somewhat to the higher side, confirming
lattice shrinkage due to other metal addition into Pd.""®!! Moreover, Bimetallic
Pt-Pd Symmetry-Broken Concave Nanocubes (Pt-Pd SBCNCs/C), PtPd NCs/
C, and commercial TKK-Pt/C catalysts were all structurally verified by Wu
and colleagues using XRD analysis (Figure 8b). The diffraction peak positions
of face-centered-cubic (fcc) configuration were indexed to (111), (200), (220),
(311), and (222) diffractions. The peak positions are slight shifts to a higher
degree related to commercial Pt/C, which indicate the Pt-Pd alloy
formation. 2

3.7. Infrared spectroscopy

One of the most effective characterization techniques for catalytic systems is
infrared (IR) spectroscopy. IR provides valuable information about a wide
range of catalysts and specific catalytic processes. It is used to quantify the
concentrations of specific reactants and products in the aqueous or gas phase
and to identify the reaction intermediate bonding configuration as adsorbed
on the surface of catalysts.!"*>'¢) Many types of IR spectroscopy are employed
in catalytic research. Fourier transform infrared (FTIR) spectroscopy is the
most common. Chen and coworkers''®*! reported PtBi@6.7%Pb nanoplates
for methanol oxidation reaction (MOR) and used in situ FTIR spectra to
elucidate the enhanced catalytic performance for active oxidation of CH;0H
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Figure 8. (a) XRD pattern of PdAuRu NSAs."®" Copyright © 2022 Elsevier B.V. All rights reserved.
(b) Commercial TKK-Pt/C, Pt-Pd NC and Pt-Pd SBCNC.!"®*! Copyright © 2019 Elsevier B.V. All rights
reserved. (c) The in situ FTIR spectra of PtBi@6.7%Pb nanoplates."'®*! Copyright © 2022Wiley-VCH
GmbH. (d) NiCoFe-MOF-74 and NiCoFe-MOF-74-400°C-1 h (NiCo/Fe30,/MOF-74) at 77 K ((insert:
the pores size distribution)."®" Copyright © 2018 American Chemical Society. (e) The N, adsorp-
tion/desorption curves of Pt-FeP/C at 77 K (insert: the pores size distribution).l"®*! Copyright ©
2021 Elsevier B.V. All rights reserved.

and intermediate HCOO", along with the fast liberating of adsorbed CO, to
make CO5*/HCO;". Figure 8c shows the in situ FTIR spectra of a PtBi@6.7%
Pb catalyst for MOR. In the case of PtBi@6.7%Pb nanoplates, the HCOO ~
peaks (asymmetric stretching-vibration at 1585 cm™' and twin symmetric
vibration at 1381 and 1348 cm™') appeared at —0.7 V vs SCE, which appears
to be lower than that of PtBi (0.5 V) and Pt/C catalyst (0.5 V). The vibration
peaks of CO, (=2345 cm ') and CO;* /HCO; ™ (=1376 cm™) appeared at —0.3
V that is inferior relative to the PtBi (-0.1V). Following that, the HCOO ~ peak
intensity slowly declines, while the indicated peak intensities of CO, and
CO5°"/HCO; ~ gradually increase. As the input potential rises to —0.1 V, the
CO, peak intensity rapidly declines while the CO;* /HCO; ~ peak intensity
increases, indicating the desorption of adsorbed CO, to form CO;*"/HCO;".
Because of these characteristics, PtBi@6.7%Pb nanoplates outperformed PtBi
nanoplates and Pt/C catalysts in MOR.
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3.8. Brunauer-Emmett-Teller technique

The Brunauer-Emmett-Teller (BET) approach is widely used for measuring
the surface area, pore volume, and pore size distribution of nanoscale materi-
als. It is worked on the principle of adsorption and desorption of gas molecules
(e.g, N) on a given solid surface under isothermal circumstances. Its name
was derived from initials surname of its makers, Brunauer, Emmett and Teller.
The explored materials are classed as microporous (< 2 nm pore size), meso-
porous (2-50 nm pore size), and macroporous (> 50 nm pore size).!'”*17]
Shah and coworkers used BET analysis to measure the surface area of prepared
Co-SAC/RuO, catalysts. According to the BET analysis, the specific surface
area for Co-SAC/RuO; is 50.5 m”g ", and 40.49 m’g™" for RuO, catalyst.!""!
Wang and colleagues synthesized NiCo/Fe;O, hetero-particles in MOF-74
and assessed surface area using BET analysis, revealing that the calcined
sample has a surface area of 558 m°g~" and the NiCoFe-MOF-74 precursor
has a surface area of 820 m®g ' (Figure 8g). The MOF-74 microporous
structure remained same after controlled pyrolysis (inset of Figure 8g).!'s"
Deng and colleagues also employed this method to determine the surface area
as well as the pore size of a Pt-doped FeP/C hollow nanorod, which exhibited
surface area of 148.7 cm” g~' (Figure 8f) and pore size in the range of 1.7-5 nm
(inset of Figure 8f).[185!

3.9. X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a powerful elemental-specific and
surface sensitive technique. It is employed for nanoscale material (1-10 nm)
characterization. It is useful in studying electronic structure, oxidation state
and composition of elements in a heterogeneous catalyst.""”®! It works on the
basic physical principle of photoelectric effect, when a photon of high energy
hit a material with the following releasing of photoelectrons with characteristic
energies of the given elements inside of the sample. The photoelectron kinetic
energy (Ek) is demonstrated by Einstein’s law (Equation 2).

Ek = hv —Eb (2)

Where hv is the incident radiation energy and Eb is the electron binding
energy at a certain level. When incident photon has sufficient energy, various
levels may be ionized and obtained spectrum displaying all accessible energy
levels as photoelectrons with regulated kinetic energies."®”) For example,
Chen and coworkers used XPS to present composition and valence state of
a prepared trimetallic PtNiCo hollow alloyed multipods (HAMPs). The survey
spectrum of XPS shows the co-occurrence of Ni, Co and Pt metals (Figure 9a).
The high-resolution Ni 2p XPS spectra (Figure 9b) reveals characteristic peaks
of Ni’ (i.e., 852.78 and 870.18 eV) and NiO (i.e., 856.00 and 873.75 eV).
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Moreover, Co 2p XPS spectrum (Figure 9c) represents the Co® peaks (i.e.,
778.28 and 793.33 eV) and CoO peaks (i.e., 780.93 and 796.43 eV). Figure 9d
shows PtNiCo HAMPs with binding energies of 71.17 and 74.55 eV assigned
to Pt% and 72.01 and 75.75 eV assigned to Pt*". Remarkably, the positive shift
of the Pt 4f peaks in comparison to pure Pt (70.9 eV) indicates electron
transport between Co, Ni, and Pt.[**!

3.10. X-ray absorption spectroscopy

It is a synchrotron-based working technique for describing the constrained
atomic and electronic configurations of a given catalyst specimen under
certain catalyst reaction conditions.!"*>'*") The monochromatic X-ray beam
of X-ray is used to perform X-ray Absorption Spectroscopy (XAS) measure-
ments and assemble the coefficient of absorption, y, as an X-ray energy
function. Once the instance energy (hv) focuses on the core level electron
binding energy Eo, a distinct jump in p is observed, which is referred to as the
absorption edge. The X-ray absorption near-edge structure (XANES) zone is
the scan region that commences earlier at the absorption edge and extends up
to 50-100 eV above the absorption edge.!'*>'?*! The enlarged X-ray absorp-
tion fine structure (EXAFS) area begins at 50-100 eV just above the edge (next
to the particular region of XANES) and extends up to 1000 eV above the
edge.!"? The white line is a prominent characteristic of the XANES region,
induced by a rapid increase in absorption. This characteristic exists in L-edges
due to electron excitation from lower energy p-orbitals toward higher energy
unoccupied d-states.!'**! The white line’s primary function is the oxidation
state characterization of metal in the presence and afterward H, treatment,
along with the company of catalytic reactions. For instance, a decrease in the
intensity of white light after H, treatment indicates that concern metal is
reduced. Coordination number data may also be assessed using further
XANES region analysis."*>'*") The EXAFS area is made up of fine structure
concerning the constrained coordination environment. The EXAFS region
differs from the XANES region in that the ejected photoelectron of the
EXAFS region has enough energy to scatter electrons from all nearby atoms
and then backscatter to the specific absorbing atoms.!"*”! Due to the wave-
particle duality of the expelled photoelectron, the electrons of leaving and
backscattered might interact constructively or destructively with one another,
providing information about the catalytic coordination environment. For
example, the intensity of oscillations increases as the coordination number
increases, yet the frequency of oscillations is inversely proportional to intera-
tomic distances."!! For example, Jia and colleagues!'®”! investigated the
oxidation states as well as the local chemical environments of Pd-based
catalysts using XANES and FT-EXAFS spectra. Figure 9e depicts XANES at
the Pd Kedge, where the curvature point (X) position and inset derived peak
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indicate the oxidation state of a specified catalyst. Similarly with Pd foil,
a strong oxidation state of Pd is observed for Pd/C, as evidenced by the
massive inset black line. The oxidation state of Pd was marginally decreased
due to Cu addition in the PdCu, ,/C Catalyst, indicating a metallic state of Pd
and suppression of oxidation by the creation of hydride. Furthermore, as
shown in Figure 9e, the two absorption peaks led to the transition of electrons
from the 1s to 5p and 1s to 4f, respectively, and modification in conjunction
with the addition of Cu or Pd oxidation. Figure 9f depicts the Fourier-
transformed extended X-ray absorption fine structure (FT-EXAFS) spectra
near the Pd K-edge. Pd-O, Pd-Pd, and Pd-Cu bonds are represented by peaks
A, B, and C, respectively. Pd/C is largely made up of Pd oxide, with
a prominent Pd-O peak at 2.0 A and peaks at 2.25 A representing PdCu, , and
PdCug,Hj 43 catalysts.

4, Electrocatalytic applications

MMCs have received significant attention in the catalysis field due to
their structure, size, higher surface/volume ratios, and excellent catalytic
performances. MMCs of various sizes and shapes have several advan-
tages over monometallic catalysts in terms of catalytic performance,
selectivity, and physical/chemical stability. The commonly recognized
approach is that multi-metallic catalysts provide enhanced physicochem-
ical properties developing from the synergy of the multicomponent. The
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mechanism of multifunctional, geometrical effects, electronic effects, or
lattice strains prompted owing to lattice disparity are commonly empha-
sized as the main factors beyond their synergistic effect, which displays
a more significant role in catalysis.!'*>) To Date, MMCs have been exten-
sively studied in CO, RR, HER, OER, ORR, NRR, and others. The given
part of the review will explain their applications in these fields
individually.

4.1. MMCs for CO, reduction reaction

Fossil fuel burning produces a large amount of CO,, which is primarily
responsible for air pollution and global warming.'"**"'®) Electrochemical
CO, reduction transformation to C; products (i.e., CO, HCOOH, CH,) or
C, products (i.e., C;HsOH and C,H,) is the most attractive approach to
produce renewable fuels to address the escalating environmental contam-
ination problem.!">'*?-2°") Nevertheless, because of the relatively stable
C = O chemical bond of 806 KJ mol™' and the competitive HER side
reaction, the direct production of liquid fuels from CO, reduction still has
a very low transformation efficiency.?*?! Thus, developing highly efficient
and selective catalysts to reduce CO, with high yield products and low
overpotential is urgently required. MMCs have shown promising catalytic
performance, efficiency, and selectivity for CO, reduction reaction (CO,
RR)®*! applications owing to their tunability through the synergic effects
between the metals in a catalytic complex. The mechanism of CO,RR
often relies on the synergistic interactions among various metals, with
each metal providing distinct catalytic features. MMCs offer several
advantages over single-metal catalysts, such as enhanced catalytic activity,
selectivity, and stability. The utilization of several metals enables the fine-
tuning of binding energies for key intermediates in the CO,RR, resulting
in improved overall performance.'*® For instance, Zhu and coworkers*®*!
developed an Au94Pdé6 core-shell catalyst that shown exceptional activity
for CO,RR to CO with a significant Faradaic efficiency (FE CO) of 96.7%
at —0.6 V vs RHE. At an overpotential of 390 mV, the electrocatalyst had
a maximum mass activity of 99.8 AgderAu’1 for CO production.[204] The
in situ infrared absorption spectroscopy and DFT calculations demon-
strated that the adsorption scaling relation of *COOH/*CO could be
broken on the core-shell catalyst surface, which is responsible for catalytic
performance. Recently, Cheng and coworkers*”! developed bimetallic Ni/
Cu-N-C electrocatalysts (Figure 10a) for electrocatalytic CO, conversion
(Figure 10b). The catalyst demonstrated 99.2% FEco at —0.79 V vs RHE
(Figure 10c), a partial current density (Jco) of 29.9 mA cm 2, and long-
term stability for 60 h (Figure 10d). DFT simulations demonstrated that
the synergetic effect of Ni and Cu, in which Ni centers charge
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redistribution driven by neighboring CuN, moieties increases *COOH
adsorption and facilitates CO generation, boosts *COOH adsorption,
and facilitates CO generation. Pei and Coworkers'*””! demonstrated that
N-bridged bimetallic sites Co-N-Ni anchored on N-doped porous carbon
nanosheets (Co-N-Ni/NPCNSs) had a best performance for CO genera-
tion, with an FECO of 96.4% at —0.48 V against RHE and a TOF of 2049
h™" at 370 mV. The catalyst demonstrated good stability for up to 20 h at
—0.48 V versus RHE with an FEco of more than 90%. Among the several
products of CO,RR, formate is considered as an appreciated fuel with
a greater volumetric density of hydrogen and relatively appropriate trans-
portability. Recently, Yang and coworkers!**®! reported that bimetallic
CuBi, has a high reactivity toward electroreduction of CO, to formate.
Among all the synthesized catalysts, bimetallic CuBi75 showed the highest
performance with FE¢mae 0of 100% at —0.77 V vs RHE (Figure 10e-g).
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Moreover, bimetallic CuBi75 catalysts showed long-term continuous elec-
trolysis stability for 24h. Because of the significant CO, adsorption and
charge transfer capabilities on the catalyst surface, in-situ FT-IR and DFT
measurements revealed that the HCOO* pathway was dominant. Likewise,
Chen and coworkers °! used hydrothermal method to fabricate Cu-
doped SnS, nanoflowers, which demonstrated excellent efficiency and
selectivity of the CO,RR transformation to formate with a Faradaic effi-
ciency > 80% and a potential range of —0.8 to —1.3 V versus RHE, with
the highest Faradaic efficiency of 90.5% at 1.0 VRHE with a -23.8
mA cm” partial current density. The three at.% Cu-doped SnS, demon-
strated outstanding stability with the current density of —16.5 mA c¢cm ™ at
-0.9 V vs RHE over 120 h.

The conversion of CO, via electrocatalysis into high-value multicarbon
(C,4) products offers an inspiring opportunity to liberate the current
chemical industry from its reliance on fossil-resources and, eventually,
close the anthropogenic carbon cycle, but it is severely hampered by the
lack of high-performance electrocatalysts.?*”! Xiong and coworkers®'"’
fabricated Cuj;-Ags;Au nanoframes catalyst for CO, RR to C,H,, which
exhibited high FEc,4 of 69 = 5% and 77 + 2% in the given H-cell and
flow cell, correspondingly. The catalyst demonstrated outstanding electro-
catalytic stability and durability. In-situ IR and DFT experiments revealed
that C,H, is produced by two opposing processes, with direct dimeriza-
tion of CO being the more energetically favorable. The given work
provides an example of a catalyst design that break the CO,RR linear
scaling connection toward improved C,H, production by merging defect
engineering, tandem effect, and electronic modulation. In addition, many
other MMCs have been synthesized; their catalytic performances for CO,
RR are summarized in Table 1.

Table 1. CO,RR performance of Multi-metallic catalysts.

Catalysts Electrolyte (M) Faradaic efficiency (FE) [%] Stability (h) Ref.
Pds@Augs KHCO; (0.1) 80 (FEco) >24 211
SNno.gBio.,@Bi-SNO; KHCO; (0.5) 96 (FEformate) >50 (2121
Ag-Zn dentritics CsHCO; (0.1) > 90 (FEco) >40 (2131
Au@Cu KHCO; (0.1) 47 (FEcopa) >9 2141
Cu/Ni(OH), NaHCO; (0.5) 92 (FEco) >22 (2151
diatomic Ni-Fe sites KHCO; (0.5) 98 (FEco) >30 2161
CuyZn KHCO; (0.1) 29 (FEethanol) >5 [217]
Ag/Cu,0 KHCO; (0.1) 65 (FEco.) >12 (218]
Bi@Sn Core-Shell KHCO; (0.5) 91 (FEncoon) >31 219
KOH (2.0) 92 (FEncoon) >6

Pd/Sn0, NaHCOs (0.1) 55 (FEmethanol) >24 2201
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4.2. MMCs for hydrogen evolution reaction

Hydrogen (H,) is a renewable and environmentally friendly energy
source. Electrochemical water (H,O) splitting produces hydrogen, which
is a green, efficient, and sustainable technology.'*?'**! For high purity of
H, production, the HER through the electrocatalytic process in both
acidic and alkaline mediums have recently attracted increasing considera-
tion. The HER has a 0 Vyyg equilibrium potential. The electrocatalysts
activity is evaluated by given parameters, including Tafel slope, Ejo (or
N1o), and the onset potential. During the reaction of hydrogen evolution
processes, intermediates (H*) adsorb on the active sites. Therefore, active
material for HER is selected based on the adsorption energy of hydrogen
and catalyst of zero absorption free energy H* (AGy-~) is considered as an
excellent catalyst.”*! Among the most reported materials for HER, Pt-
based electrocatalysts are accepted to be the best active catalysts for HER
with an onset overpotential of near zero. Most precious metal-free mate-
rials for HER consist of (1) W- and Mo-based materials; (2) materials are
other than hydroxides and oxides, such as chalcogenides, nitrides, and
phosphides. In this portion, we will discuss MMCs electrocatalysts for
HER. MMCs enhance the reaction kinetics and minimize overpotential in
the HER by utilizing metals with favorable features, such as hydrogen
binding strength and electronic structure. This optimization makes the
HER energetically more favorable.*! For instance, Liu and coworkers®*”]
reported a multilayered nanosheets alloy of RuNi nanostructures (RuNi
NSs) for HER (Figure 11a). The catalysts had a remarkable HER perfor-
mance in an alkaline environment, with a specific low overpotential of 15
mV at 10 mA cm™? current density and a relatively small Tafel slope of 28
mV dec™', which was significantly greater than commercial Pt/C and Ru/
C catalysts (Figure 11b, c). Furthermore, the RuNi NSs showed best
catalytic stability (Figure 11d). This high activity is attributed to the
electrochemically active high surface area of 154 m* g ', the influence
of alloying Ni atoms, which allows water dissociation and enhances water
adsorption and desorption. However, Nobel metals are recognized as the
best catalysts for enhancing the cathode dynamic process in devices
electrolysis of water. Because of their large surface areas and low coordi-
nation surface atoms, 1D nanowires, and 2D ultrathin nanosheets are
frequently studied, though stacking issues do affect their performance
and durability. Recently, Lu and coworkers>*®! synthesized three-
dimensional worm-like S-doped RhNi alloy (S-RhNi) through the hydro-
thermal method (Figure 1le), which showed excellent HER activity
(Figure 11f). This catalyst exhibited Pt liked HER performance regarding
its 0 mV overpotential, and a 24.61 mV dec™' Tafel slope in acidic
medium. Furthermore, it demonstrated outstanding stability over 1,000
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cycles (Figure 11g) and maintained a current density of —20 mA c¢cm ™ for
10 h. This enhanced activity of the catalyst is assumed to be initiated by
the combining of the S doped atoms, a worm-like alloy of RhNi, and the
present three-dimensional structure.

Transition metal phosphides (TMPs) are considered as a best catalyst for
HER, in which phosphorus atom acts as site for a proton-phile that enhances
HER activity through electron withdrawing from present transitional metals.
The H adsorption-free energy (AGy), is commonly used to define the adsorp-
tion strength of H at the present P-atom, which is further altered by doping or
alloying with another transition metals. For instance, Shin and coworkers'**’!
developed Fe, 5Ni; sP catalysts with significant HER activity, a low overpoten-
tial of 0.163 V at 50 mA cm >, a small tafel slope of 65 mV dec™', and
outstanding stability. The XPS and XANES measurements show that the
P-atom in the FeysNi; sP electrocatalyst has a high electron vacancy. The
EXAFS results demonstrated that minor distortions in metal-metal (M-M)
bonds significantly restrict charge transport from M-to-P and increase elec-
tron vacancy in the P atom, which is correlated with strong HER activity in
acidic solution media.

In addition to simple metal alloys, transition metal selenides (TMSs)
with tunable characteristics have been examined as high efficiency elec-
trocatalysts for H, generation, owing to the lower intrinsic electrical
resistance which facilitate charge transport in electrocatalysis. However,
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related to the precious metal electrocatalysts, the TMSs catalytic perfor-
mance is still needs more enhancements. Hence, Wang and
coworkers!>**! fabricated trimetallic Mo-Ni-Co selenide consisting of
nanorod arrays on Ni-Co foam treated with plasma (MoSe,-NiSe,
-CoSe,/PNCF), which exhibited high HER activity in alkaline mediums
with the low overpotential of 38 mV at 10 mA cm > The generation
amount of H, is 2.6 mmol h™', greater than other already reported
transition metals consisting electrocatalyst. Moreover, The MoSe,
-NiSe,-CoSe,/PNCF showed superior catalytic stability. Its outstanding
catalytic activity and stability are attributed to synergetic effects and the
catalysts’ tailored morphology.

Non-noble Fe, Co, and Ni metal-based catalysts have been widely
explored as promising HER electrocatalysts alternatives. But these catalysts
have some limitations, containing low performance and durability in alka-
line medium. Hence, Pt alloying with different transition metals is
a brilliant strategy to enhance HER activity as well as reduce the catalyst
cost. Hence, Zheng and coworkers!**!! developed a 1-PtNiMg-900 alloy
with a low Pt concentration of about 1% and demonstrated outstanding
HER performance in an alkaline medium. With a specific current density of
10 mA cm™?, the 1-PtNiMg catalysts had an overpotential of 22 mV and
a smaller Tafel slope of 30.9 mV dec™'. Furthermore, the 1-PtNiMg cata-
lysts shown good stability of 1-2000 mA cm™? current density after 100
h. As a result, the high HER performance of 1-PtNiMg-900 can be credited
to its highly porous 3D uniform surface, ideal Ni and Pt synergistic effect,
increased exposure of available active sites, and good conductivity.
Furthermore, some other MMCs have been published; their catalytic per-
formances for HER are given in Table 2.

Table 2. HER performance of multi-metallic catalysts.

Overpotential [mVgyelat 10

Catalysts Electrolyte(M) mA cm™? Stability Ref.
PtW NWS/C KOH (1.0) 18 10, 000 cycles 32
F-Sn0,@Pt H,50, (0.5) 42 10,000 cycles 233
RuRh, H,S0, (0.5)KOH (1.0)PBS 172412 30,000 cycles 234
(1.0)
PdCug,Hg.43/C H,50,4 (0.5) 28 5000 cycles (el
NiFelr**"LDH KOH (1) 19 80 h@500 2351
mA cm™2
Pt-MoS, H,50, (0.5) 67.4 24h @03V 9
Ru,P/CCG-800 KOH (1)PBS (1)H,S0, (0.5) 21.83113.3849.42 5000 cycles 37
2DPC-RuMo KOH (1) 18 2000 cycles 238
RuCo@NC-600 KOH (1.0)H,50, (0.5)PBS 34660 120 h@10 239
(1.0) mA cm~2
CoP@Ni,P KOH (1)PBS (1)H,S0, (0.5) 162029 48 h@500 (2401

mA cm™2
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4.3. MMCs for oxygen evolution reaction

The Oxygen Evolution Reaction (OER) is a critical anodic half-reaction
occurring in numerous energy storage and conversion devices, such as water
splitting, fuel cells, and metal-air batteries.**'**) It is now known that the
formation of O, during OER was composed of many electron/proton-coupled
stages with different reaction pathways in alkaline and acidic environments.
The OER is a slow 4-electron transfer reaction kinetics that needs a relatively
high overpotential (extra energy) to overcome the water oxidation barrier,
prompting innovative advancement of advanced MMCs.?*>?**! The process
commonly utilizes synergistic interactions among metals to enhance catalytic
activity, conductivity, and stability during the OER. MMCs offer several
benefits, such as the capacity to fine-tune electronic structures, binding ener-
gies, and reaction kinetics. This results in reduced overpotentials and
enhanced efficiency in the process of oxygen evolution.'**! For instance,
Zhang and coworkers synthesized NiO/Co;0, heterostructures (Figure 12a),
which demonstrated good performance with a 262 mV overpotential at 10
mA c¢cm ™ and a small Tafel slope of 58 mV dec™" in 1.0 M KOH electrolyte
(Figure 12b-c). DFT calculation demonstrated that NiO/Co50, catalyst shows
a definite metallic nature, and the Co d-band centers at the given interface are
shifted down, hence promoting the reaction kinetics and enhancing its OER
activity.[246]

Among various combinations, current studies expose that the Cobalt (Co)
and molybdenum (Mo) based bimetallic catalysts can significantly boost
catalytic performance, due to their superior electronic and atomic correlations.
Consequently, further increase of the exposure of active site and assist mass
transportation are carried out by the optimization of structure and morphol-
ogy. The catalysts with quasi 2D structure are recognized as ideal electrocata-
lysts. For example, Zhao and coworkers'**”! prepared quasi 2D Co-Mo-O (2:1)
ultrathin nanosheets (NSs) catalysts through ionic layer epitaxy (ILE)
approach, which exhibited ~2.5 nm uniform thickness and a quadrangle
shape. The synthesized catalysts with a 2:1 ratio of Co-to-Mo showed excellent
catalytic OER activity of 273 mV overpotential at 10 mA cm™> (Figure 12d).
Additionally, it possessed a lower Tafel slope of 69.6 mV dec ' and excellent
stability up to 12 h (Figure 12e). They revealed that the Co-Mo-O (2:1) catalyst
had the optimum OER performance due to its appropriate electronic surface
structure and asymmetric electron distribution, potentially offering the opti-
mal energy barrier for given OER intermediates. Ru is considered as
a promising electrocatalyst for OER in acidic environment. Therefore, it is
compulsory to prepare Ru-based catalysts of outstanding catalytic perfor-
mance and durability. Commonly, heteroatom doping is considered as excel-
lent approaches to decrease the cost and alter the electronic configuration to
increase the OER activity. Hence, Qiu and coworkers***! synthesized a Sn-
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doped RuO, catalyst on N-doped carbon polyhedral shape support for OER.
The catalyst demonstrated outstanding OER activity, with an overpotential of
only 178 mV at 10 mA cm > (Figure 12f), a Tafel slope of 60.6 mVdec ™', and
strong durability (Figure 12g). DFT calculations revealed that Sn doping into
the given RuO, could efficiently enhance adjacent Ru sites OER activity,
reducing the provided rate-determining steps’ Gibbs free energy.
Furthermore, analysis using the crystal-orbital Hamilton-population
(COHP) approach revealed that the incorporation of Sn lowered the binding
capacity among Ru active sites and reactive intermediate products (*O),
allowing *OOH intermediate to form easily and therefore enhancing OER
performance.

Bi-metallic NiFe catalysts were investigated for OER. Core-shell Nij
Fe/NiFe,0, dispersed on conductive polyaniline (PANI) was prepared using
benzyl alcohol (BA) as reducing agent and was utilized as efficient OER
electrocatalyst.?*! BA was also used to prepare bi metallic (NiFe) layered
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double hydroxide (NiFe-LDH) as an excellent catalyst for OER.!**"! In addi-
tional report, tri-metallic (Co, Fe and Ni) as the core-shell Co(OH)F@FeOOH
nanorod arrays on NF was also investigated for the OER.*>! Trimetallic
catalysts also show excellent catalytic performance. Huang and colleagues,
for example, developed trimetallic NiCo, (Fe,O4 nanoboxes (x = 0.117) cata-
lyst with a 274 mV overpotential at 10 mA cm™> and a small Tafel slope of 42
mVdec™" in alkaline medium, leading to the considerable electrocatalytic
activity and long-term durability for OER./**?! Solomon and coworkers
synthesized NiMoO,@Co30, catalyst through the hydrothermal method of
NiMoO, nanorods and followed Co3;0, thin layer coating, by atomic layer
deposition (ALD). The NiMoO,@Co30, catalyst demonstrated exceptional
OER activity with a modest overpotential of 120 mV at 10 mA c¢m 2, a Tafel
slope of 58 mV dec™, and exceptional stability.'*>*! Table 3 summarizes some
MMCs and their OER performances.

4.4. MMCs for oxygen reduction reaction

The Oxygen Reduction Reaction (ORR) takes place at the cathode of metal-
air batteries and fuel cells via either 4-electron (4e”) pathway where O,
molecule reduces directly to H,O or a 2-electron (2e”) pathway where the
given O, molecule first reduces to H,O, molecule and then convert to H,
0.12212%] The entire ORR process is typically combination of 4e ~ and 2e ~
reactions pathway. The 4e ~ reaction pathway is generally chosen in max-
imum cases since it is considered more efficient. The H,O, formed in the 2e
" reaction pathway may damage the different parts of the present electro-
chemical cell. Hence, the number of electron transfers is an essential
estimate the definite catalytic performance. The described ORR process
comprises of many stages of O, intermediates adsorbed on the

Table 3. OER performance of multi-metallic catalysts.

Electrolyte
Catalysts (M) Overpotential [mV vs RHE]Jat 10 mA a2 Stability Ref.
Ni;FeN-HC/NF KOH (1) 219 72 h@10 mA cm™2 4
S-RuFeO, HCIO, (0.1) 187 5000 cycles 12551
NiFe-PBA/Ni3C(B) KOH (1) 196 22 h@100 mA cm™2 %8
NiFe(OH),/(Ni,Fe)Se,/CC  KOH (1) 180 3000 cycles 2571
NiC0,0;@0MC KOH (1) 281 230 h@1.15 V (2581
CoMoP, KOH (1) 270 6000 cycles (2591
Ni/Nig Moo sN@N-C KOH (1) 260 2000 cycles (2601
Ce0,@C0S5/MoS, KOH (1) 247 12h@10 mA cm™2 (261
RuRh@(RuRh)O,NSs HCIO, (1.0) 245 8000 s@5 mA cm™2 1262
Mn-Ru0, H,S0, (0.5) 158 5000 cycles 2631
Ru@Ir-0 H,S0, (0.5) 238 40 h@10 mA cm™2 2641
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electrocatalyst binding sites. As a result, the ORR performance of catalysts
is mostly determined by the strength of the connection between the total
active sites and the O, intermediates, in other words, the adsorption
potential of the O, intermediates on the specified active sites. The adsorp-
tion energy correlates to the electron cloud of the binding sites in the
catalysts and can be adjusted by the electrocatalyst composition and struc-
tural design.!**'! Until now, great efforts have been devoted to prepare
MMCs materials to accomplish high ORR catalytic performance. MMCs
reveal several advantages such as the ability to customize electronic struc-
tures, regulate active sites, and optimize reaction pathways. This leads to
the reduced overpotentials and enhanced overall performance for ORR in
comparison to their counterparts.[39] For instance, Ge and coworkers!2®®!
reported 2H-Pd-based alloy catalysts, i.e., 2H-PdCu nanoparticles of var-
ious contents of copper (Cu), through the definite seeded path. Moreover,
the Pt incorporation into the given 2H-PdCu nanoparticles has been
accomplished through the Cu galvanic replacement, followed to the 2H-
PdCuPt NPs synthesis (Figure 13a). The 2H-Pdg,Cus; nanoparticles pos-
sessed high ORR activity compared to fcc-PdgyCusz; nanoparticles and
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Figure 13. (a) Schematic preparation, (b) ORR polarization curves, (c) Mass activity, and (d) stability
of 2H-Pd;;Cu,,Pt, nanoparticles.?*® Copyright © 2021 American Chemical Society. () Schematic
representation, (f) TEM image, (g) ORR polarization curves, (h) specific activity and mass activity, (i)
Tafel slopes of PdAuRu nanospines."®" Copyright © 2022 Elsevier B.V. All rights reserved.
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given commercial Pd/C, correspondingly. Notably, a small quantity of Pt
incorporation into the 2H-Pd,,;Cus; nanoparticles to obtain 2H-Pd,;Cu,,
Pt; catalyst could further improve their ORR activity (Figure 13b, c).
Furthermore, the obtained catalysts possessed excellent catalytic stability
(Figure 11d). Platinum (Pt)-based catalysts are regarded to be the most
efficient ORR electrocatalysts. However, Pt has serious limitations, such as
low availability in nature, high costs, and sluggish kinetics which make
limit their applications. Hence, Sanad and coworkers?®”! synthesized
CoCu bimetallic metal-organic framework (MOF) catalysts through
a hydrothermal method of Low temperature, which possessed excellent
catalytic performance for ORR in alkaline solutions. The catalyst exhibited
an onset potential (E,,se) of 1.06 Vryg, a half-wave potential (E;/,) of 0.95
Vrue, and good durability of AE;,, = 30 mV after 1000 cycles of ORR. The
XPS analysis and DFT simulations confirmed that the strong Co and Cu
electronic coupling generated an effective electron transfer process of
interatomic, which is the significant factor to showed excellent catalytic
activity for ORR. Pd-based catalysts exhibit exceptional activity and dur-
ability for ORR. Nevertheless, the incorporation of additional metals in the
Pd lattice can control the electron localization and produce lattice strain,
which improves catalytic performance.’*>'®!] For instance, Wang and
coworkers!'®!! fabricated PdAuRu nanospines assemblies for ORR
(Figure 13e, f), which displayed superior catalytic performance
(Figure 13g) and stability under an alkaline environment with specific
activity (SA) of 2.99 mA cm 2 and a Mass activity (MA) of 1.376 mA
pgpd_l (Figure 13h). The PdAuRu NSAs showed E, s of 1.0336 V, E; ),
of 0.8935 V, and Tafel slopes of 55.92 mV dec™' (Figure 13i). They dis-
covered that strong ORR activity is often caused by Au and Cu introduc-
tion, which reduces adsorption energy of O, due to Pd d-band center
downshift. Wang and coworkers!®® fabricated trimetallic PACuAu nano-
thorn through the one-step method, which possessed a highly branched

Table 4. ORR performance of multi-metallic catalysts.

Electrolyte Stability
Catalysts (M) Eonset [VRuE] Ei1/2 [VRuel (cycles) Ref.
AuPd NWs KOH (0.1) 1.01 0.90 5000 12681
Fe;Se;-NC KOH (0.1) 1.0 0.88 5000 12691
AuPd-SBg,A;;aerogels KOH (0.1) 1.067 0.970 30,000 1270l
Au@PdPt pNWs HCIO, (0.1) 1.02 0.95 5000 077
Pt;Rh,@BmimBF,/CNBs H,50, (0.5) 0.99 0.85 5000 @7
N-GT(FeCoNi) NaOH (0.1) 1.01 0.89 1000 12721
AuPd@TA LCs KOH (0.1) 1.01 0.90 5000 12731
PdNi TNWs KOH (0.1) 1.05 0.95 200,000 12741

Au@Ir CSNWs KOH (0.1) 1.038 0.883 5000 12751
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shape, self-supported structure, and superior ORR activity. The PdCuAu
NAs catalyst showed the E s of 0.96 V and E;,, of 0.86 V. the catalyst
exhibited a Tafel slope of 64 mV dec™' and outstanding catalytic stability.

Furthermore, some other types of MMCs have been demonstrated to
possess high catalytic activity for ORR, as described in Table 4.

4.5. MMCs for nitrogen reduction reaction

Nitrogen reduction reaction (NRR) via atmospheric N, conversion into
ammonia (NH;) is an important industrial conversion reaction because
ammonia shows a significant role in forming fertilizer and serves as an
alternative fuel and green energy carrier.'®*®! Currently, industrialNH; is
mostly formed through the Haber-Bosch approach using Fe-based catalysts at
high pressure of 150-200 atm and given high temperature of 300-500°C,
which carries in huge consumption of energy.'”’”) In recent times, electro-
chemical techniques applying heterogeneous catalysts at room temperature to
accomplish N, reduction and fixation have concerned increasing
attention.'?”%~2%°1 The H-type electrochemical cell is mostly an adopted reactor
for N, converting into ammonia. On the anode, H,O undergoes an oxidation
process, while on the cathode, N, is reduced to ammonia. The given reaction
process is suppressed by a high overpotential, low FE, slow N, adsorption
kinetics, sluggish N = N bond splitting, and low yield of ammonia production
is the main NRR challenges.'*’”) Developing electrocatalysts, which possess
high activity and stability, possess advantages in accomplishing high ammonia
yield, low overpotential, and high FE is of extraordinary significance.!**"
Recently, MMCs received tremendous attention and are widely utilized in
the electrochemical NRR due to its high efficiency of converting nitrogen into
ammonia by the synergistic effect of various metal components. MMCs exhibit
several advantages in NRR, such as more appealing electrocatalytic efficiency,
optimized binding for nitrogen intermediates, and exceptional durability.
Through the combination of metals having favorable features, such as diverse
electronic structures and strong affinities for binding nitrogen, these catalysts
can overcome the challenges associated with single-metal counterparts and
provide electrochemical nitrogen reduction that is both more efficient and
sustainable,!??!

Gold (Au)-based catalysts have been extensively used for NRR, owing
to their inattention for hydrogen, however they affect from unconvinced
formation of ammonia owing to their low capability for activation of
nitrogen. Modifying their morphology, size, electronic configuration and
composition is an effective technique to boost their catalytic perfor-
mance. For instance, Wang and colleagues'***! fabricated mesoporous
film of bimetallic AusRh catalyst on Ni foam (mAus;Rh/NF) via
a micelle-assisted replacement approach. In 0.1 M Na,SO, electrolyte,
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the mAu;Rh/NF demonstrated outstanding activity and stability for
NRR with a high NH; yield of 26.29 pg h™' mgcat™' and a FE of
23.84% (Figure 14a-c). Wang and coworkers demonstrated that the
superior performance and durability of the mAus;Rh/NF is due to the
synergetic effect and regular mesoporous structure. Wang and
coworkers'?** synthesized CuAu alloys with ultra-thin layers Cu skins
(CuAu@2LCS) through a one-pot solvothermal process (Figure 14d).
Particularly, the CuAu@2LCS catalysts demonstrated excellent NRR
activity, with a maximal NH; yield rate of 33.9 ug h™' mgcat™', FE of
24.1% at - 0.2 V versus RHE in 0.1 M HCI acidic solution, and long-
term stability (Figure 14e and f). Theoretical results validated that the
synergistic effect of ligand and strain engineering improved the
CuAu@2LCS electrocatalytic performance concerning NRR owing to
the stronger adsorption of N, species and inhibited Hydrogen evolution
reaction (HER). Palladium (Pd)-based materials also showed excellent
performance for NRR, However, their performance is further enhanced
by making it alloy with other metals and modulating their morphology.
Hence, Wang and coworkers?®®! fabricated nanoporous intermetallic
Pd;Bi (np-Pd;Bi) catalysts, Which had exceptional activity and stability
for NRR. In 0.05 M H,SO, medium, the np-Pd;Bi had a high NH;
production of 59.05 + 2.27 ug h™' mgcat™' and a FE of 21.52 + 0.71% at
—0.2 Vrygg- The Operando XAS and computational results revealed that
robust orbital interaction among Pd and adjacent Bi atom sites resulted
in a high electrostatic interaction in the given intermetallic Pd;Bi, low-
ering the energy barrier and stabilizing the reaction transition state for
excellent NRR.

Some oxide and sulfate based MMCs also reported, which showed high
performance for NRR. For example, Tong and coworkers'**”! fabricated Fe-
doped W;3049 nanowires on carbon fibers papers by hydrothermal
approach, which exhibited high electrocatalysis of NRR. Significantly, the
catalysts showed NHj yielding rate of 24.7 ug h™' mg., ', FE of 20.0% at
low overpotential of —0.15 Vryg, and remarkable stability. The experimen-
tal characterization and DFT calculations revealed Fe atoms interaction
doping in the W;30,9 structure, exposing higher W active sites by increas-
ing the vacancy of oxygen. Liu and coworkers®*) fabricated FeNi,S,/NiS/
CC-2 (FNS/CC-2) electrocatalysts for NRR. Notably, the catalysts per-
formed admirably, with an NHj yield of 128.398 + 1.32 ug h™' cm™,
a FE of 28.64 £ 0.18%, and exceptional stability (Figure 14g and h). The
experimental investigation and theoretical findings revealed that the
improved catalytic activity and selectivity are ascribed to D-band center
modifications and catalyst surface electronic arrangement. Additionally,
some other MMCs for NRR are have been published and exhibited good
catalytic performance, are given in Table 5.
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Table 5. NRR performance of multi-metallic catalysts.

Electrolyte NH;3 yield rate Stability

Catalysts (M) Faradaic efficiency (FE) [%] (ug h™' mge.. ") (V vs RHE) Ref.
mAu;Rh/NF Na,S0, (0.1) 23.84 26.29 20 h@ —0.1 283]
Li-TiO,(B) LiClO,4 (0.5) 182 8.7 17 h@-0.4 (2881
Au,s-Cys-Mo HCI (0.1) 26.5 345 15 h@-0.2 (289]
FeMo/NC PBS (0.1) 11.8+08 265+ 0.8 100,000 s@-0.25 ¥
RhogRuUg4 NAS/CP  Na,SO, (0.1) 3.39 57.75 12 h@-0.2 201
BCC PdCu LiCl (0.5) 115 35.7 45 h@-0.1 12921
Au-Fe;0, KOH (0.1) 10.54 2142 12 h@ -0.2 12931
Feo.aNii 6P HCl (0.1) 7.92 88.51 20 he —0.3 (254]
(a) c..rlmnmdl Working cl:clrlndc Ag/AgCl (b) i% (C)
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Figure 14. (a) Schematic representation of NRR process, (b) EF and NH; production at various
potential, (c) stability test for mAu;Rh/NF.1*®3! Copyright © 2021 Elsevier B.V. All rights reserved. (d)
Schematic synthesis, (€) NHz production and FE at various potential, (f) stability test for of
CuAu@xLCS."*®¥ Copyright © 2021 Elsevier B.V. All rights reserved. (g) NH; yield and FE at each

potential, (h) stability test FeNi,S,/NiS catalysts.®*) Copyright © 2021 Elsevier B.V. All rights
reserved.

4.6. Other applications of multi-metallic catalysts

In addition, the electrochemical applications discussed above, MMCs are
also used for some other kind of electrochemical application.***! For
example, Chen and Coworkers reported PtBi@6.7%Pb nanocatalyst for
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methanol oxidation reaction (MOR). Compared to the commercial Pt/C
in alkaline solution, the PtBi@6.7%Pb catalyst displayed 4 and 7.4-times
greater mass activity of 13.93 A mgp, ' at 30°C and 51.07 A mgp, ' at
60°C, respectively. Furthermore, it was extremely durable and resistant to
CO poisoning. DFT simulations showed that introducing Pb oxyhydroxide
on the surface boosts the efficiency of electron transport while decreasing
the poisoning impact of CO, and effective p-d coupling promotes the
PtBi@6.7%Pb electrochemical performance further toward the MOR with
a reduced energy barrier."®* Qiu and coworkers presented PdZn/
NC@ZnO catalysts for Ethanol oxidation reaction (EOR), which possessed
higher mass activity of 18.14 Amgpy ', specific activity of 54.60 mA cm >
and high catalytic stability. DFT analyses revealed that dual Pd-Zn sites
enhance ethanol and OH adsorption more than individual Pd sites and
dual Pd-Pd sites, allowing the EOR reaction path to operate more effec-
tively with lower energy constraints.*®® Luo and coworkers synthesized
Intermetallic PtSnBi Nanoplates, which exhibited excellent activity for
formic-acid oxidation reaction (FAOR). The Pt;sSn,5Bi3 nanoplates pos-
sessed ultrahigh mass activity (4394 mA mg ' Pt) and long-term stability,
which is preserved 78% activity after 4000 potential cycles and chron-
oamperometry (CA) test evaluated at 0.3 V versus SCE for 3600 s. The
enhanced FAOR activities of the Pt;sSn,sBisy nanoplates catalysts mostly
ascribed due to the synergic effect of the ternary metals.'**”! Incorporating
extra metallic components is another design method to improve Ni-based
catalysts for Urea Oxidation reaction (UOR) through bimetallic synergistic
effects which was described by Yu and coworkers.””®®! For instance, Li
et al. developed a heteroporous MoS,/NisS, catalyst that delivered 1.45 V
cell voltage to achieve 20 mA ¢cm > in an electrochemical cell with a 1 M
KOH and 0.33 M urea solution.”**) Aside from the Ni-Mo systems, other
bimetallic incorporations may also provide comparable catalytic efficiency
in urea electrolysis. For instance, NigoFeq ;O porous hollow microspheres
reported by Wu et al. demonstrated a 1.455 V cell voltage to achieve 10
mA cm 1% Likewise, Rh-Ni electrode with a 50 mA cm™? current
density at the 1.4 V cell voltage was fabricated by King et al. by electro-
depositing Rh on Ni foil.*!

5. Summary and outlook

As described in this review, multi-metal catalysts are applied for various
applications owing to their unique property and stability which can be tuned
through their particle size, shape, structure, composition, and crystal phase
that can all be precisely optimized and controlled. However, despite significant
accomplishments in several fields using MMCs, much more research and
fundamental studies are required to develop a reproducible and robust
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catalytic system. Among all, reproducibility is one of the most frequent
problems for MMC synthesis, which is necessary to advance the quality of
the current chemicals at this stage to reproduce the MMC:s.

Furthermore, because some MMC syntheses are extremely sensitive to
changes in experimental conditions, given experimental observations
can lead to incorrect or ambiguous conclusions. As a result, the main
syntheses parameters may be misinterpreted. Typically, qualitative
research evaluations are based on precise experiments in which one or
two given parameters in previous MMCs synthesis reports are purpose-
fully varied. In certain practical syntheses, separating each parameter’s
effects on the product can be challenging, leading to speculative con-
clusions about the preparation mechanism. Therefore, in terms of qua-
litative research evaluation, the emphasis is shifting toward more
accurate and reliable quantitative estimation in order to achieve signifi-
cant success in MMCs synthesis.

Although significant research struggles have been dedicated to the
preparation and electrochemical applications, the improvement of
MMC s is quiet in its early stages. There is no uncertainty that the novel
synthetic approaches perform a critical part in the development of MMCs
from basics to applications, mainly depend on the developments in nano-
materials and given nanotechnologies. When it originates to the synthesis
and design of highly active and efficient electrocatalysts, increasing the
number of active sites, improving the active sites’ reactivity, controlling
the composition and increasing stability are our last goals that we all
search for. These approaches should be focused into concerns for the
synthesis of advanced MMCs (Figure 15). Moreover, future research
must include emphasis on the overwhelming giving challenges in the
advancement of MMCs electrocatalysts.

Novel synthetic Increasing number
strategies and reactivity
T of Active site
LATELEE) Controlled the size,
characterization -
shape, and composition
techniques /
Theoretical study S~ — Increasing corrosion
resistance and stability

Figure 15. Development approaches of advanced MMCs and challenges with the synthesis,
characterization and theoretical study.
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1-The composition, active sites, and electronic structure must be precisely
controlled.Optimizing the catalytic synthesis conditions and novel prepara-
tion methods are needed to obtain well-controlled composition/morphology/
active sites.

2-More advanced experimental and situ/operando studies require to
explicate the catalyticphysicochemical properties. During the electroca-
talysis, the active species and electronic configuration of Catalysts
undergo vigorous changes; the observing of these given changes will
be useful for organizing the exact structure-property-relationship
performance.

3-Combination with advanced techniques for characterization, theoretical
modeling is required for deeper understanding of the MMCs nature. theore-
tical DFT measurements has conveyedunprecedented visions into the active
sites identification and given electrocatalytic mechanism.Meanwhile, the
supremacy of the theoretical calculation also lies in their valuable estimation
in terms of catalytic activity in the definite electrochemical system, permitting
for the manufacture of targeted MMCs.

4-The performance requires further improvement. Most of MMCs have
exhibited superior performance compared to mono-metallic catalysts.
However, the MMCs corrosion resistance requires to be increased to improve
their cycling stability for long time, which is additional needfor their wide-
spread application.

5-Future commercial uses typically require MMCs on the kg scale, which is
frequently required. To achieve a high yield, new synthetic techniques must be
developed. In general, the majority of current methods for making MMCs
involve milligram-scale production and a reaction volume range of 1-100 mL.
Yields cannot be enhanced simply by raising the volume of the reaction
solution while keeping the equivalent molar ratios of all the reagents constant.
To accomplish this, modern technologies based on droplet-based reaction
processes and continuous flow have been established. In comparison to the
current traditional batch methods, these methods have the ability to identify
mechanization, achieve accurate product quality control, and considerably
lower overall costs. It still needs to be done more research on reliability
production’s rational application of the experimental reaction parameters.
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