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A review of the synthesis, characterization, and mechanism of
bimetallic catalysts for electrocatalytic CO, reduction
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Abstract:  The electrocatalytic CO, reduction reaction (CO,RR) is an environmentally friendly way to convert CO, into valuable

chemicals. However, CO, conversion is a complex process, which contains 2, 4, 6, 8, and 12 electron transfer processes. It is very im-
portant to develop efficient catalysts to precisely control the number of electron transfers for the chemicals required. Single-metal
catalysts have some deficiencies, including slow reaction kinetics, low product selectivity and inadequate stability. In response to
these challenges, bimetallic catalysts have received significant attention owing to their unique structure and improved performance.
The introduction of secondary metals alters the catalyst’s electronic structure, and creates novel active sites, as well as optimizing
their interaction with the intermediates. This review provides a comprehensive account of atomically distributed bimetals based on
carbon materials and non-atomic distributed bimetals such as alloys and heterostructures, including their synthesis methods, charac-
terization, and the outcomes of different catalysts. Catalytic mechanisms of different bimetallic catalysts are proposed and challenges
encountered in the CO,RR are considered.
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1 Introduction stable C=0O bond exist in the process of CO, reduc-
o o ] tion!""""*!. Additionally, a competing hydrogen evolu-
Carbon dioxide emissions resulting from the . . ] ) [14-16]
] ) ) tion reaction (HER) is also unavoidable . There-
overconsumption of fossil fuels have led to serious o o )

) ] ] fore, it is of great significance to develop efficient
climate hazards, the overarching effects of which are )
reaction

catalysts to reduction

(CO,RR)!"™¥,
Single-atom catalysts (SACs) have attracted sig-

. . oy . improve CO
often irreversible within 1 000 years'”. As a result, it P :

is imperative to either reduce CO, emissions or con-

vert it to valuable chemicals. The electroreduction of

CO, is an effective and clean strategy for CO, reduc-
tion” . CO, reduction involves a variety of reaction
paths (Table 1). Commonly there are 2, 4, 6, 8 and 12
electron transfer processes'® . The resulting products,
such as CO and syngas (CO+H,), can be used to pro-
duce hydrocarbons or oxygenates by the Fischer-
Tropsch synthesis method™'”, and other chemicals
such as methanol, formaldehyde, methane, ethanol,
and several others can also be obtained from CO, re-
duction. The products of CO, reduction are sensitive
to the practical applications and tends to produce a
variety of products, which is one of the significant
challenges in this area. On the other hand, consider-

able thermodynamic and kinetic barriers caused by the
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nificant attention in the field of CO,RR due to their
good catalytic performance. The unsaturated coordin-
ation configuration of atoms in SACs makes them
more active in many reactions. In addition, SACs al-
low for the design of active sites with well-defined
positions through the tunable coordination environ-
ment, resulting in excellent activity and selectivity for
specific reactions''* ", For instance, Yang et al.**! de-
signed a catalyst containing high dispersions of Fe-N,
moieties with a hierarchical structure, which preven-
ted the migration and aggregation of Fe’* due to the
strong binding between metal ions and nitrogen. The
porous structure of the catalyst also facilitated fast ion

transfer and allowed for sufficient exposure of active
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Table 1 The standard potentials of CO,RR at ambient

conditions
TLEEEE%;d Half electroch:;li?; Iilermodynamic E'/V(vs. SHE)

le CO,+e — CO, -1.90
CO, +2H" +2¢” — CO + H,0 —0.53

2¢ 2C0, + 2H" + 2¢” — HCOOH ~0.61
2CO, +2H" +2¢” — H,C,0, -0.91

4e” CO, +4H" + 4¢” — HCHO + H,0 —0.48
6e” CO, + 6H" + 6e- -»CH,0H + H,0 -0.38
8e CO, + 8H" + 8¢” —»CH, + 2H,0 -0.24
B 2CO, + 12H" + 12¢° —C,H, + 4H,0 -0.35
12 2C0, + 12H" + 12¢” —C,H.0H + 31,0 ~0.33
l4e” 2C0, + 14H" + 14" —C,H, + 4H,0 027
18¢ 3C0, + 18H" + 18¢” —C,H,0H + 31,0 ~031

sites, ultimately improving the selectivity of the cata-
lyst. The Faraday efficiency of CO (FE.,) achieved
by this catalyst was up to 89%. However, SAC has
only one active site and faces challenges in breaking
the linear proportional relationship between interme-
diates when more complex reactions are conducted*”.

Recent researches have shown that the synergist-
ic effect between adjacent atoms in bimetallic cata-
lysts can significantly improve catalytic performance
compared to isolated atoms. First, the introduction of
secondary metals can alter the electronic structure of
catalyst surface, thereby optimizing the adsorption
and desorption of intermediates, and ultimately im-
proving catalytic efficiency®*". For example, Gao et
al. prepared In-Ga metal-organic-frameworks with
abundant In-Ga bimetallic sites (InGa MOFs)**. The
atomic bridging between Ga and In atoms effectively
optimized the electronic structure of In, weakening In-
C hybridization and enhancing In-O hybridization.
This modification reduced the adsorption of the key
intermediate *COOH involved in the competitive CO
pathway, while enhancing the adsorption of *OCHO
(formate pathway), in the end, promoting CO, reduc-
tion to formate. Additionally, single metal catalysts
offer only one active site, restricting CO,RR to occur
on a single position and fixing the adsorption energy
of intermediates. In contrast, bimetallic catalysts offer
multiple types of adsorption sites, divide the reaction
path into several segments, and break the linear pro-

portional relationship of intermediates. For instance,

crucial intermediates like *COOH, *CHO and *CO in
the CO,RR process can be adsorbed on different act-
ive sites”’). The tandem catalysis occurs on bimetallic
catalysts by utilizing adjacent adsorption sites, in-
creasing the reaction rate and leading to the produc-
tion of high-value C,, products. Chen et al.*"
ized a CoPc@HC/Cu bimetallic catalyst, which de-
composed CO, to C,, through 2 distinct reactions:
CO, to CO and CO to C,,. The CoPc@HC exhibited

high selectivity on the reduction of CO, to CO, elev-

synthes-

ated the local CO concentration, and enhanced the
C—C coupling reaction on Cu. Thus, bimetallic cata-
lysts provide a more complex and flexible material se-
lection opportunity, enabling the design of different
active centers according to the desired outcomes™”.

The research of bimetallic catalysts is a hot topic
in CO,RR due to their excellent electrocatalytic activ-
ity and long-term stability. This paper proposes a brief
review of recent progress in the development of bi-
metallic catalysts for CO,RR. The types of bimetallic
catalysts, synthesis methods, characterization and out-
comes are comprehensively summarized, the struc-
ture-active site relationship and the synergistic effect
between metals in bimetallic catalysts are mainly fo-
cused. Finally, the future challenges and development
prospects are put forward, and the potential for fur-
ther research in this area is highlighted (Fig. 1).

2 Types of bimetallic catalysts

Bimetallic catalysts can be classified into 2 types
based on the distribution of metal atoms: Atomic and
non-atomic distributions.

The atomic-level distribution refers to double-
atom catalysts (DACs) composed of MN -M'N_ moiet-
ies, where M and M' represent metal atoms. The cata-
lytic activity of DACs is mainly attributed to the syn-
ergy between adjacent metal atoms, which is en-
hanced by introducing sub-metals that alter the elec-
tronic configuration of the active site. DACs can be
homonuclear where M and M' are the same, or hetero-

nuclear?®”

. Homonuclear DACs provide symmetric
adsorption sites for reactant molecules, which are usu-

ally more thermodynamically stable than single-atom
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Fig. 1 Overview on the categories of bimetallic electrocatalysts

catalysts due to the lower free energy of metal dimers.
For instance, Wang et al.’'! successfully synthesized
homonuclear DACs with a unique Fe,-N, configura-
tion by anchoring Fe, atoms atomically dispersed on
N-doped carbon substrates (Fig. 2a, b). This catalyst
exhibited superior intrinsic activity, CO selectivity
and stability compared to single-atom Fe,-N -C. Het-
eronuclear catalysts compose 2 or more different
types of metal atoms, offering a unique opportunity to
adjust the electronic structure of active sites through
bimetallic interactions. This electronic structure regu-
lation optimizes intermediate adsorption, reduces re-
action barriers and refines pathways, ultimately im-

proving catalytic activity. Wang et al.*”

synthesized
CuFe/N—C heteronuclear catalysts by anchoring Fe
and Cu on N-doped carbon frameworks. Here, Fe ac-
ted as the adsorption site for the intermediate, and the
addition of Cu enhanced the adsorption of the inter-
mediate *COOH, promoting the CO,RR. Further-
more, bimetallic atoms can serve as adsorption sites
for different types of atoms. Density functional the-
ory calculations showed that the 2 metal atoms acted
as carbon adsorption site and oxygen adsorption site
in CuCr/C,N and CuMn/C,N, respectively™. This en-
hanced their binding with *COOH or *CHO interme-
diates while having negligible effect on the binding of
*CO, achieving efficient reduction of CO, to CH,.
Atomic distribution is efficient to improve the utiliza-
tion efficiency of metal atoms. However, metal
monomers are prone to aggregate, so diatomic sites

must be firmly anchored on the substrate. Porous sub-

strates can be constructed to anchor metal atoms?*’.

Carbon materials have good conductivity, high sur-
face area, excellent thermal and chemical stability,
making them an excellent substrate for anchoring met-
al atoms after defect design. A larger specific surface
area increases the number of exposed active sites.
Single atoms Ni and Ag were anchored onto defect-
ive nitrogen-rich porous carbon through cascading
pyrolysis, and metal atoms were stabilized in the cata-
lyst through N bonding with the substrate”*. Double
atom site Ni-Ag reduced the adsorption capacity of Ni
atoms for *CO through the introduction of Ag atoms,
and lowered the energy barrier for the formation of
*COOH intermediates on the surface. Compared to
catalysts with adjacent bimetallic atoms, those with
randomly dispersed atoms are easier to prepare. Josh
Leverett et al.”” prepared bimetallic catalysts featur-
ing unsaturated coordination of Ni-N_ and Fe-N_ on
holey graphene (Ni-hG/Fe-hG) (Fig. 2c). Uniformly
distributed Ni and Fe atoms were observed by high-
angle annular dark-field scanning transmission elec-
tron microscope (HAADF-TEM) (Fig. 2d). By adjust-
ing the ratio of Ni-hG and Fe-hG, the researchers were
able to achieve syngas with a wide range of CO to H,
ratio. This spanned between the values obtained from
pure Ni-hG (with FECO > 90%) and pure Fe-hG (with
FEH, > 90%).

Non-atomic distribution bimetallic catalysts,
formed by core-shell structures or alloys, enable tan-
dem catalysis™®. Initially, a relatively simple CO,RR

occurs on one metal atom, such as the formation of in-
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Fig. 2 (a) Schematic of the preparation process of Fe,-N,-C and Fe,-N-C-o. Reproduced by permission of American Chemical Society”". (b) The aberration-

corrected high-angle annular dark field scanning transmission electron microscopy (AC-HAADF-STEM) image of Fe,-N-C-o. Reproduced by permission of

American Chemical Society™". (c) Schematics representing the synthesis method used to prepare undercoordinated Ni-N, and Fe-N, active sites. Reproduced by

permission of American Chemical Society®. (d) HAADF-STEM images for one-step synthesized Ni, Fe-hG. Reproduced by permission of American Chemic-
al Society™. (e, f) High-resolution TEM (HRTEM) images of Cu@Ag-2. Reproduced by permission of Wiley-VCH™". (g) FEs of CO and C, for
the Cu@Ag. Reproduced by permission of Wiley-VCH!™!

termediate *CO. After desorption, a large number of
intermediates gather nearby and then adsorb on anoth-
er metal atom to catalyze more complex reactions,
resulting in a C,, product””. Commonly, CO,RR is a
complex reaction and there is a competitive reaction
of HER, which creates a bottleneck for complex re-
duction reactions hindering the formation of more
complex chemicals. Therefore, CO and formate are
often obtained through a 2e reaction pathway. Tan-
dem catalysis allows CO,RR to enter more complex
stages to synthesize more advanced hydrocarbons and
oxygenates, thereby expanding the possibilities bey-
ond the 2e reaction pathway. Copper-based catalysts

have unique C—C coupling ability, which can con-
vert CO, into C,,. Tandem catalysis of Cu with other
metals greatly promotes the selectivity of C,,”**. For
instance, Zhang et al."” developed a Cu@Ag catalyst
with a core-shell structure to generate large amounts
of CO on the Ag shell (Fig. 2e, f). CO was diffused to
the Cu core for C—C coupling, realizing the tandem
catalysis of CO, conversion. The selectivity of C, was
also improved, with the FEC, up to 67.6% (Fig. 2g).
Non-atomic distribution bimetallic catalysts can
regulate the electronic configuration of active sites by
constructing nanoscale heterogeneous interfaces or

defect engineering, thereby optimizing the adsorption
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of intermediates. Defect engineering is an effective
strategy that can regulate the local catalytic environ-
ment and corresponding electronic structure around
adjacent atoms, alter the local density of states curve
of surface atoms, and fundamentally enhance the in-
trinsic activity of materials. For example, Yang et al."*!
generated abundant oxygen vacancies (O,) by con-
structing lattice mismatched Bi,O, and In,O;. Oxygen
vacancies weakened the activation energy of CO, and
accelerated the separation and migration of local
charges. Although non-atomically distributed bimetal-
lic catalysts are relatively easy to prepare and suitable
for industrial production (especially those composed
of precious metals), their application is often hindered
by challenges such as poor long-term stability and
delayed kinetics in the complex chemical environ-
ments of industrial processes.

A common challenge faced by bimetallic cata-
lysts is the agglomeration of the bimetallic atoms and
the difficulty in precisely controlling their sites.
Therefore, achieving precise control of the active sites
during the synthesis process is critical. In the follow-
ing section, we will introduce the commonly used
methods for synthesizing bimetallic catalysts de-
veloped in recent years.

3 Synthesis of bimetallic catalysts

According to recent research, the synthesis of bi-
metallic catalyst can be classified into top-down and
bottom-up strategies. Pyrolysis is the main top-down
approach, which is generally used to prepare bimetal-
lic catalysts with atomically dispersed MN,-M'N_ moi-
eties. Conversely, there are more bottom-up methods,
such as wet chemical synthesis (WCS), electrochem-
ical deposition (ECD), atomic layer deposition (ALD),
and chemical vapor deposition (CVD), etc. These
methods pose a challenge in accurately controlling the
position of metal atoms and are mainly used to pre-
pare bimetallic catalysts with non-atomic distribution.
Further details on these 2 methods will be discussed in
the following sections.

3.1 The top-down method for bimetallic catalysts

Since the surface free energy of metal atoms is

high, preventing the agglomeration of metal atoms is a
challenge during the synthesis and catalytic reactions
of bimetallic catalysts. Therefore, it is essential to
form covalent bond between the metal dimer and the
coordinating atoms and then confine metal atoms
through covalent bonds*”. Pyrolysis using metal or-
ganic frameworks (MOF)/zeolite imidazole ester
frameworks (ZIF) as sacrificial templates can effect-
ively solve the problem of atomic dispersion. The bi-
metallic atoms are fixed onto these templates by con-
taining specific metal atoms, which are then anchored
onto carbon-based materials through thermal decom-
position.

Chen et al."*¥ reported the synthesis of Ni/Cu-N-
C catalysts with adjacent N Ni/CuN, groups loaded on
an N-rich carbon substrate by pyrolysis of zeolitic im-
idazolate framework-8(ZIF-8). The synthesis process
of Ni/Cu is schematically outlined in Fig. 3a. In this
process, ZIF-8 acted as a molecular cage, trapping
Ni(acac), in its cavity. The material in the cavity
could further accelerate the decomposition of the con-
nections between the metal atoms and the imidazoli-
um salt, expanding the voids inside. A one-step
thermal activation removed Zn atoms and doped Cu
atoms. Finally, Cu was coordinated with N, and
Ni/Cu—N—C catalyst with atomic dispersion was ob-
tained. The electronic reconstruction of Ni induced by
adjacent CuN, sites enhanced the adsorption of
*COOH, facilitating the production of CO. The cata-
lyst with the N,Ni/CuN, group exhibited excellent
catalytic activity and selectivity, achieving a maxim-
um FE., of 99.2% at —0.79 V vs. RHE. Another ex-
ample of top-down synthesis was the synthesis of
Ni/Fe—N—C catalysts'*”). Firstly, iron (Fe) ions were
chemically bonded to organic ligands, serving as
nodes, achieving atomic-level dispersion of Fe
without agglomeration. Subsequently, nickel nitrate
was encapsulated within the ZIF-8 framework using a
dual solvent approach. Finally, the Zn material was re-
moved by pyrolysis, resulting in the production of
atomically dispersed Ni/Fe—N—C diatomic catalysts.
Scanning transmission electron microscopy (STEM)
and X-ray absorption spectroscopy (XAS) revealed

the formation of diatomic sites. The synergistic effect
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Fig.3 (a) Synthesis schematic of Ni/Cu—N—C. Reproduced by permission of American Chemical Society™*". (b) The schematic diagram of the synthesis

mechanism of CuO/Ni SAs tandem catalyst. Reproduced by permission of Elsevier®”. (c) Scheme for the synthesis of CuFe/N—C. Reproduced by permission
of Elsevier™. (d) Magnified HAADF-STEM image of CuFe/N—C. Reproduced by permission of Elsevier'®

of neighboring Ni and Fe reduced the reaction barrier
for *COOH formation and CO desorption, improving
the selectivity of CO. Zhang et al."*" prepared atomic-
dispersed CuO/Ni single atoms (SAs) tandem cata-
lysts using a pyrolysis method (Fig. 3b). Initially, they
achieved the uniform dispersion of Ni SAs by taking
advantage of the uniform coordination environment
provided by ZIF-8 and the high-density nitrogen dop-
ing defects. Subsequently, CuO was loaded onto the
catalyst, forming a close bond with Ni SAs/N—C.
The high dispersion of Ni SAs and the short distance
between bimetallic active sites not only enhanced the
efficiency of CO intermediate utilization, but also mit-
igated the impact of CO mass transfer on the rate of
C,, product generation. Similarly, Wang et al."* pre-
pared CuFe/N—C catalysts with atomic dispersion by
the pyrolysis method and the position of the bimetal-
lic atom could be observed by the HAADF-STEM im-
age (Fig. 3c, d). However, excessive dopant metals
tend to aggregate, and the precise control of many
parameters for bimetals is required, making their large
scale production challenging.

3.2 The bottom-up method for bimetallic cata-
lysts

Compared to top-down strategies, bottom-up

strategies are more repeatable. In this strategy, mono-
or polynuclear metal complexes are firstly fixed on
the support, and then the metal precursors are reduced
and confined in vacancies under high-temperature
pyrolysis'. The random location of metal introduc-
tion and weak interaction between metal and sub-
strate are the two problems of this method.

There are several bottom-up methods for prepar-
ing bimetallic catalysts, with the wet chemical meth-
od being a popular and relatively simple one. This
method is generally low cost and enables the synthes-
is of well dispersed metal atoms or metal clusters.
Typically, the preparation process involves 3 steps:
(1) introducing the metal precursor onto the carrier via
impregnation/ion exchange, coprecipitation, or depos-
ition-precipitation under suitable pH conditions;
(2) drying the resulting mixture; (3) reducing the met-
al through calcination to enhance the interaction
between the metal and carrier and prevent metals from
aggregation'”). For instance, Gong et al.** used a wet
chemical method to prepare Ni/Fe—N/O—C bimetal-
lic catalysts with ultra-low metal loading capacity
(Fig. 4a). Ni*" and Fe’" were captured and adsorbed
onto N doped activated carbon black, followed by
etching with HCI to enhance the interaction between
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the metal and the substrate, resulting in the formation
of a Ni/Fe N/O—C bimetallic catalyst. The activation
of carbon black was a crucial step, increasing the de-
gree of defects in the substrate and anchoring metal
atoms through these defects. In addition, the spherical
structure facilitated the diffusion of CO, and in-
creased the concentration of local reactants on the
electrode surface. The introduction of secondary met-
al regulated the electronic structure of the active cen-
ter, thereby synergistically reducing the energy barri-
er formed by *COOH. Similarly, Zhang et al.*” pre
pared a ZnO-Ag bimetallic catalyst from activated
carbon spheres with an ultra-high surface area. Firstly,
zinc nitrate and silver nitrate were dispersed in the
pores of the activated carbon spheres via wet impreg-
nation. Then, ZnO-Ag@UC with the “two ships in a
bottle” structure was obtained by pyrolysis (Fig. 4b).
High-resolution transmission electron microscopy
(HRTEM) images revealed that heterointerfaces were
formed between Ag and ZnO (Fig. 4c). Electron delo-
calization from Zn and Ag to O not only improved CO
selectivity by stabilizing *COOH but also inhibited
formate and H, production. In addition, HAADF-
STEM image showed that the ZnO-Ag nanoparticles
were uniformly distributed in the activated carbon
spheres (Fig. 4d), indicating that the “two ships in a

(9)

Solution

bottle” structure could achieve the uniform dispersib-
ility of bimetallic atoms, which could be applied to
preparing other bimetallic catalysts. In these ex-
amples, an active surface area is an important factor
improving the catalytic performance. The construc-
tion of defects provided anchoring points for metal
atoms, and then stabilized and prevented them from
aggregation. The wet chemical method is a versatile
technique for preparing various types of bimetallic
catalysts. Due to its wide applicability and straightfor-
ward procedure, the wet chemical method has
emerged as one of the most promising approaches for
industrial catalyst production.

Electrochemical deposition is another efficient
bottom-up method used for the preparation of bimetal-
lic catalysts. This process involves the addition of tar-
get metal-containing compounds to the electrolyte,
followed by the reduction and deposition of the metal
onto the working electrode. The electrochemical de-
position process often accompanies HER, and the hy-
drogen obtained can often be used as the soft tem-
plate to prepare advanced catalysts. For instance,
Zeng et al.”” fabricated Sn-modified porous Cu foam
(Cu-Sn foam) with a three-dimensional porous dend-
rite core-shell structure through two-step electrochem-
ical depositions, the SEM images of the obtained

b -
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Fig. 4 (a) Synthesis schematic of Ni/Fe-N/O-C. Reproduced by permission of Wiley-VCH". (b) Schematic of the synthesis route of ZnO-Ag@UC. Repro-
duced by permission of American Chemical Society'*”. (c) HRTEM image and (d) HAADF-STEM image of ZnO-Ag@UC. Reproduced by permission of

American Chemical Society™”

. (e, f) SEM images of Cu-Sn foams. Reproduced by permission of Elsevier™. (g) Schematic diagram of dynamic hydrogen

bubble template (DHBT) method. Reproduced by permission of American Chemical Society™"!
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sample are shown in Fig. 4(e, f). During the electrode-
position process, HER occurs under the applied cur-
rent, leading to the formation of H, bubbles on the
electrode surface, which acts as the template for elec-
trodeposition. The random nucleation, growth, and de-
tachment of H, bubbles during the process create a
porous foam structure. The resulting catalyst has a
high active surface area, which improves the CO,RR
catalytic performance. The Sn modified Cu foam re-
duced the adsorption of H and significantly inhibited
HER. A dendritic porous In,;Cu,@Cu catalyst was
also synthesized by a similar method”". In was depos-
ited onto Cu foils by electrochemical deposition and
foam-structured catalysts were created using the dy-
namic hydrogen bubble template (DHBT) method, as
illustrated in Fig. 4g. The introduction of In signific-
antly reduced the M —CO binding strength and dimin-
ished the C—C coupling effect of Cu. The Faraday ef-
ficiency and partial current density of In;Cu,;@Cu
catalyst were basically unchanged during the long-
term CO, electrolysis process. The catalyst’s long-
term stability was attributed to its low hydrogen form-
ation rate.

The electrodeposition method for directly depos-
iting the second metal onto the substrate is simple,
easy to operate, and offers high repeatability. It can
also be scaled up for large-scale preparation. Addi-
tionally, this method allows for the direct use of the
resulting material as a self-supporting electrode, not
only overcoming issues such as active sites being
covered by binders but also exposing a larger electro-
chemical active surface area. However, successful
electrodeposition largely depends on the selection of
an appropriate electrolyte that can effectively deposit
the metal ions onto the working electrode under ap-
plied current. Therefore, careful consideration and op-
timization of the electrolyte are critical for achieving a
successful electrodeposition process.

A well-defined catalyst structure is crucial for
understanding the relationship between the synthesis
process, catalyst structure, active sites, and catalytic
performance. This understanding can help in the

design of highly efficient catalysts according to the

desired catalytic performance. Advanced characteriza-
tion techniques are essential for in-depth research.

4  Structure characterization of bimet-
allic catalysts

Although bimetallic catalysts for CO,RR exhibit
excellent catalytic performance, it is difficult to de-
termine the fundamental reason for the improvement
due to their diverse configurations. Thus, it is a great
challenge to establish the relationship between struc-
ture and activity, advanced characterization tech-
niques are necessary. In this section, advanced tech-
niques for CO,RR are introduced to analyze the struc-
ture and deduce the catalytic mechanism of bimetallic
catalysts.

4.1

transmission electron microscope

High-angle annular dark-field scanning

Transmission electron microscopy (TEM) is a
technique used to observe the morphology and struc-
ture of catalysts. STEM is an incoherent imaging tech-
nology that shows imaging contrast®>”!, HAADF-
STEM is a widely used technology to observe single-
and double-atom catalysts. It can reach atomic scale
resolution and provide a clear view of the atomic
structure of the catalyst™. The variations in bright-
ness in HAADF-STEM images primarily result from
differences in the atomic numbers (Z) of the elements.

For instance, when observing adjacent bimetal
atoms with small Z differences, two adjacent bright
spots are observed. However, if the Z difference is
large, there will be 2 bright and dark spots. Fig. 5(a, b)
shows the HAADF-STEM image of Ag,-G and Ag,-G

B3 In Fig. Sa, the uniformly distributed

catalysts
bright spots in the red circle represent Ag of the single
atom, rather than C of the substrate material, the dif-
ferent brightness is due to the difference in Z values of
the substrate and Ag. As shown in Fig. 5b, adjacent
double bright spots were observed, representing adja-
cent Ag, diatomic sites. Since both bright spots are
Ag, the brightness is the same. HAADF-STEM has
also been used to characterize the Ni/Fe—N—C cata-
lyst and it was found that there are evenly distributed

adjacent bright spots, proving the formation of diat-
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Fig. 5 Enlarged HAADF-STEM image of (a) Ag,-G and (b)Ag,-G. Repro-
duced by permission of Elsevier™. (¢, d) Zoom-in HAADF-STEM images
of Ni/Fe-N-C. Reproduced by permission of Wiley-VCH™!

omic sites (Fig. 5c, d)*!. By combining STEM and
XAS, the generation of Ni-Fe sites was demonstrated,
which was beneficial for reducing the energy barrier
for the formation of intermediate *COOH and CO de-
sorption. Advanced HAADF-STEM technique can
provide atomic-level images, playing a crucial role in
the characterization of bimetallic catalysts with atom-
ic distribution.

4.2 X-ray absorption spectroscopy

XAS is a valuable technique for investigating the
local characteristics of specific elements. It has been
used to study the local environment of active sites and
the interaction between metal and substrate®**”. Two
major advancements in XAS are X-ray absorption
near-edge structure (XANES) and extended X-ray ab-
sorption fine structure (EXAFS). These techniques are
widely used to analyze the local chemical coordina-
tion environment of catalysts”>®.

XANES is highly sensitive to the charge states of
metals, adsorbates, and support materials, which can
provide information on the electrons and local geo-
metry around target atoms. As a result, XANES is an
important tool for studying the electronic structure of
catalytic materials™”. EXAFS has high sensitivity to
local structure and high spatial resolution, making it

the preferred technology for studying the geometric

properties of bimetallic catalysts™ °'!. These 2 tech-
niques can provide complementary information for the
same bimetallic catalyst and enable a comprehensive

understanding of the system'*”),

For example, Yang et al.[*’!

used XAS to explore
the coordination environment of Fe and Co in the p-
FeNC@CoNC catalyst. The Fe K-edge XANES spec-
trum of the catalyst, shown on the left of the refer-
ence FePc in Fig. 6a, suggested that the Fe atomic ox-
idation state was lower than that of FePc. Similarly,
the Co K-edge XANES spectrum indicated that the Co
oxidation state in p-FeNC@CoNC was
ately equal to that of CoPc (Fig. 6b). Furthermore, the

EXAFS fitting revealed that there was no metal-metal

approxim-

bonding, but Fe—N and Co—N bonding appeared, in-
dicating that Fe and Co might be separated at the
atomic level (Fig. 6¢, d). The model fitting based on
EXAFS also showed that almost all Fe and Co in the
samples were coordinated with four N atoms
(Fig. 6e, ). XAS characterization confirmed that Fe
and Co existed as single atoms in the catalyst and co-
ordinated with 4 nitrogen atoms. The synergistic ef-
fect of the nuclear Co atom and the shell Fe atom pro-
moted CO,RR. Similarly, Hu et al.'* used XANES
and EXAFS to analyze the local structure of Cu in the
a-CuTi@Cu catalyst before and after CO,RR. The
XANES spectra showed that the peak of a-CuTi@Cu
was red-shifted compared with Cu foil, indicating that
the introduction of Ti altered the electronic structure
of Cu atoms (Fig. 6g). The low electronegativity of Ti
enabled the transfer of electrons to Cu and increased
the electron density of coordination unsaturated Cu
sites, thereby promoting dimerization and trimeriza-
tion of *CO intermediates. According to the EXAFS
fitting results (Fig. 6h), the coordination number of Cu
atoms on the catalyst surface was reduced after
CO,RR, indicating that many defects, such as vacan-
cies, were generated. Combining the results of
XANES and EXAFS, it can be concluded that the
oxygen bonded with Ti and stabilized the Cu' oxide.
The valence band electrons of Cu' sites participated
in CO adsorption, which was beneficial for the dimer-

ization of C—C coupling, improving the selectivity of
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Fig. 6 (a, b) Fe and Co K-edge XANES spectra, (c, d) fit of the R-space EXAFS, and (e, f) Fourier-transform R-space fitting for the sample p-FeNC@CoNC
(denoted as FeCo), respectively. Reproduced by permission of Wiley-VCH!*!, (g) XANES and (h) EXAFS spectra of a-CuTi@Cu
before and after CO,RR. Reproduced by permission of Wiley-VCH®

C,. products. Researchers can get insights into the
structure-activity relationship of the catalyst by using
XAS to analyze the valence state change and coordin-
ation of an element in the catalyst.
4.3  In-situ/operando techniques for bimetallic
catalysts

Although the role of each metal constituting the
bimetallic catalysts can be investigated by many ad-
vanced characterizations, the reaction mechanism of
the catalyst during CO,RR is still not well understood.
Therefore, in-situ/operando techniques are necessary.
In particular, the roles of bimetallic catalysts during
CO,RR and how they act synergistically with each

other require deeper investigations by employing in-

situ/operando techniques.

Rahaman et al.”” analyzed the in-situ changes of
Pd,Cu,, during CO,RR using operando Raman spec-
troscopy. It was observed that the relevant character-
istic peaks of cuprous oxide (518 and 624 cm ') had
disappeared at 0 V (vs. RHE) (Fig. 7a), indicating that
the oxides in the Pd,Cu,, did not exist before the actu-
al start of CO,RR, reflecting the catalyst’s instability
during the reaction process. After electrochemical re-
duction, Cu,O was reduced to metallic Cu in Pd,Cu,,,
and nanoscale rich Cu and Pd domains were formed in
the catalyst. The Cu domain and Pd domain respect-
ively served as producers of *CO and C—C coupling

agents, thereby effectively improving reaction effi-
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Fig. 7 (a) Potential-dependent operando Raman spectra of the od-Pd,Cu,, foam sample. Reproduced by permission of Royal Society of Chemistry'®”. (b) In

situ Raman spectroscopy of AgI-CuO catalysts. Reproduced by permission of Wiley-VCH"®. (c) In-situ Cu K-edge XANES and corresponding first derivative
XANES. Reproduced by permission of Wiley-VCH"®. (d) In-situ Fourier-transform k*-weighted EXAFS spectra of AgI-CuO catalysts. Reproduced by permis-
sion of Wiley-VCH"®. In-situ ATR-IR spectra of (¢) Au-Cu Janus NSs and (f) Cu nanoparticles. Reproduced by permission of Wiley-VCH!®!

ciency. Yang et al.”® utilized in-situ Raman spectro-
scopy to investigate the structural evolution of Agl-
CuO (Fig. 7b). With increasing negative potential, a
characteristic peak related to CO adsorption on the
Ag’ surface appeared (460 cm '), indicating the reduc-
tion of Ag". And the peaks at 419 and 624 cm '
gested the existence of Cu,O, indicating that copper

sug-

was not completely reduced during CO,RR. Addition-
ally, in-situ XAFS was used to study the metal spe-
cies changes of Agl-CuO. In-situ Cu K-edge XANES
of the Agl-Cu showed that the absorption edge en-
ergy shifted towards lower energies as the potential
decreased, indicating a decrease in the valence of the
Cu (Fig. 7c). Meanwhile, in-situ Fourier transform A’*-
weighted EXAFS spectrum of the Agl-Cu showed
O and Cu—Cu ap-
peared at the beginning of the applied voltage

that two peaks related to Cu—

(Fig. 7d). As the electrochemical potential decreased,
the peak of Cu—Cu began to appear, indicating that
the Cu in the catalyst changed from CuO to metallic
Cu after the voltage was applied. Combined with in-

situ Raman results, it was observed that the CuO in

the catalyst was partially reduced to metallic Cu,
forming a mixed Cu’/Cu’” site after the voltage was ap-
plied. The Cu’/Cu’ interface significantly reduced the
energy barrier of C—C coupling, thus improving the
selectivity of C,, to CO,RR.

In addition to in-situ changes of the catalyst it-
self during the reaction, the changes of the intermedi-
ates and their interactions with the active sites are also
worth analyzing. Therefore, the adsorption of interme-
diates after applying potential can also be studied
through in-situ/operando techniques. In-situ attenu-
ated total reflection infrared spectroscopy (ATR-IR)
was utilized to identify changes in reaction intermedi-
ates during CO,RR of Au—Cu Janus NSs catalysts'*".
As depicted in Fig. 7(e, f), both Au—Cu Janus NSs
and Cu nanoparticles displayed a stretching band near
2050 cm', indicating the presence of the linearly
atop-bound CO intermediate (CO,,), and the peak area
in the CO,, band representing the degree of CO cover-
age on the catalyst surface. The peak area of the CO,,
band of Au—Cu Janus NSs increased significantly

compared to that of Cu nanoparticles, indicating that



- 378 - oMo ox oM R (P 39 %
the concentration of CO had increased. Additionally, @ i s "
. .. P - . e & e & 5]
the adsorption intensities of CO on Au—Cu Janus oo © N Hue Y Hve o
. L . JIIII JIIII A IIIID FIIII JIIII
NSs and Cu nanoparticles were similar, suggesting )
that the introduction of Au had little effect on the CO | 1 . -
o . . soe & ¢O Hie ¢Oy Hie Oy i
adsorption intensity. The improved performance was DODDO OUSOD OLSLE OLSLE 09990

due to the increased CO coverage on the catalyst sur-
face after the introduction of Au, which, in turn, pro-
moted C—C coupling and improved FEC,_.
In-situ/operando  characterization  techniques
provide the real-time characterization of catalysts in
electrocatalytic reduction processes, but are still in
their early stages and do not yet allow for observation
of the subtle changes that occur in catalysts and inter-
mediates during electrocatalytic reduction. More ad-
vanced method needs to be developed to probe the

synergistic effects of bimetallic catalysts in CO,RR.

5 Applications of bimetallic elec-

trocatalysts for CO, reduction

CO,RR involves a complex multi-step electron-
mass transfer process with slow electron transfer kin-
etics. CO and HCOOH are the most common ones due
to lower energy requirements and the 2e" transfer pro-
cess”). However, the side-reaction of HER with lower
energy requirement also affects the performance of
electrocatalytic CO,RR. Bimetallic catalysts can
modify the linear relationship of intermediates and en-
able multi-step electron transfer to obtain C,,
products. Therefore, it is essential to develop cata-
lysts with high selectivity and HER inhibition. Ni and
Cu SACs have excellent HER inhibition ability and
can combine with other metals to improve catalytic
out-
comes of CO,RR activated by different bimetallic
catalysts is discussed below.

activity through the synergistic effect*, the

5.1 Generation of carbon monoxide (CO)

CO is a common product of CO,RR and its reac-
tion pathway is illustrated in Fig. 8a. The oxygen
atoms in CO, adsorb onto the active sites and under-
go a proton-coupled electron transfer (PCET) reac-
tion to form an oxygen-binding intermediate
(*COOH), which is subsequently reduced to *CO and
then desorbed to form CO™. Rashid Igbal et al.'*™” de-

C:@ O:e H:o
Fig. 8 (a) The pathway diagram for the reduction of CO, to CO. (b) The
pathway diagram for the reduction of CO, to HCOOH

veloped MOF-Ni-Fe for CO,RR, which exhibited
higher CO selectivity and excellent stability com-
pared to that of MOF-Ni and MOF-Fe (Fig. 9a). The
MOF Ni-Fe had a lower Tafel slope (Fig. 9b) and a
smaller radius of the semicircle in the electrochemical
impedance spectroscopy (EIS) (Fig. 9c), indicating
that the catalyst had faster electron transfer and reac-
tion kinetics in CO,RR due to the synergistic effect
between Ni and Fe. Experimental and computational
simulations demonstrated that HER was suppressed at
the Fe and Ni sites, and the improved performance
was attributed to the synergistic effect between the bi-
metallic Ni and Fe. However, the generation of H,
during CO,RR is inevitable, and additional purifica-
tion of the product would significantly increase the

cost, hindering industrial production'”"’.

Therefore,
stable CO, adsorption and reasonable adsorption capa-
city of *CO intermediates are crucial for optimizing
reaction efficiency. Hao et al.”" proposed the synthes-
is of Au,Ni,/carbon nanofibers (CNFs) by electrospin-
ning to facilitate the conversion of CO, to CO. The
carbon nanofibers formed after polyvinyl pyrrolidone
(PVP) carbonization could restrict the growth of met-
al nanoclusters and prevent phase separation. The ab-
erration-corrected high-angle annular dark field scan-
ning transmission electron microscopy (AC-HAADF-
STEM) image of Au,Ni,/CNFs showed lattice fringes
of the (111) plane of the AuNi solid-solution alloy.
The energy dispersive X-ray spectroscopy (EDX) ele-
mental mapping images demonstrated the uniform dis-
tribution of Au and Ni elements within the carbon
nanofibers, confirming the formation of AuNi solid-
solution alloy nanoparticles in CNFs (Fig. 9(d, ¢)). In
comparison to Au/CNFs and Ni/CNFs, Au,Ni,/CNF

exhibited a significant improvement in FE_, (Fig. 9f).
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Fig. 9 (a) The FE at a fixed potential, (b) Tafel plots, and (c) Electrochemical impedance spectra (EIS) of MOF Ni-Fe, MOF-Ni and MOF-Fe. Reproduced
by permission of John Wiley & Sons'®. (d) AC-HAADF-STEM image of Au,Ni,/CNFs. Reproduced by permission of Elsevier”". (e) The corresponding fast
Fourier transform (FFT) pattern and STEM-EDX elemental mapping images of Au,Ni, NPs including the Au, Ni and the mixed Au and Ni elements. Repro-
duced by permission of Elsevier”". (f) The FE, for Aw/CNFs, Ni/CNFs and AuNi/CNFs. Reproduced by permission of Elsevier”'. (g) Normalized XANES
spectra at the Ni K-edge of the Au,Ni,/CNFs with compared to Ni and NiO reference. Reproduced by permission of Elsevier’". (h) k*-weighted Fourier trans-

form EXAFS spectra in the R space of Au,Ni,/CNFs in comparison to Ni reference. Reproduced by permission of Elsevier'". (i) Free energy diagrams for

CO,RR pathways on Au (111) and AuNi (111) model catalyst surface. Reproduced by permission of Elsevier”"!

Synchrotron radiation XAFS confirmed the coordina-
tion between Au and Ni, and the introduction of posit-
ively charged Ni altered the local electronic structure
of the AuNi
(Fig. 9g, h). Operando Raman spectroscopy demon-

homogeneous solid-solution alloy
strated that the change in electronic structure pro-
moted the activation of CO, to *COOH and enhanced
the adsorption of *COOH on AuNi (111), thus CO se-
lectivity was improved. Theoretical calculations con-
firmed that the doping of Ni on Au promoted the ad-
sorption of CO, molecules on the catalyst surface and
facilitated the desorption of *CO intermediates, in

agreement with the experimental results (Fig. 91). This

indicates that the synergistic effect of the bimetallic
catalyst enhances the CO,RR activity. At present, the
selectivity performance for CO production is close to
100%, but the long-term stability still needs to be im-
proved to meet the standards required for industrial
applications.
5.2 Generation of formic acid (HCOOH)

HCOOH is considered to be one of the most eco-
nomically viable products of CO,RR due to its high
volumetric hydrogen density and relatively conveni-

ent transportation'>"!

. It involves a 2e  transfer pro-
cess, similar to the reduction of CO, to CO, but fol-

lows a different pathway for HCOOH". It begins
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with the adsorption of the CO, to the active site by the
C atom and is followed by a PCET reaction to pro-
duce a carbon-binding intermediate (*OCHO), which
is then reduced to HCOOH as the final product
(Fig. 8b)'®*. Sn, In and Pb-based catalysts are widely
used for the conversion of CO, to HCOO ™, For ex-
ample, Li et al.” prepared a Cu,Sn, (x, y is the molar
ratio) bimetallic alloy by co-electrodeposition method.
As shown in Fig. 10a, b, the FE of H, of the Sn CC
catalyst at —0.8 V vs. RHE was less than 20%, and the
FE of HCOOH was about 70%, indicating that the
metal Sn strongly suppressed HER. However, the ex-

cellent CO,RR catalytic activity of Sn-based catalysts

@ 100
~ = Cu;Sn-CC
904 P A el ~®#=Cu,Sn-CC
ATH ~ &= CuSnyCC
80+ " e T T e
° o -L v o —¥-sn-cC
& 2% ¥ - Ve
S 70 W VY R me-owee
& 601 A
L \ \ A
% 504 L ‘\
o M
g 40+ Sy \_‘
L ey
Y 4
g x ..
- o~ - i - ‘\
20 = ~ hET
104 T
0

-1.05-1.00-0.95-0.90-0.85-0.80-0.75-0.70-0.65-0.60
Potential/(V vs. RHE)

W IngsCuys ® IngsCups A IngsCuy 5
IN;oClps @ InCups Iny,Cuys
= 34 P In;5Cugs ® In3,Cugs
p=}
s
2
Q2
o
g2 ¢ o
s o
o
2 ]  § 5
3 Eleeimcmn 0 EEmmTans S
[ [ ] * 1]
[ ] ¢ é
| § +
®
0 T T T T T
In(101)  Culn (200) CuO (111) In(OH), (200) In(OH); (220)
Crystal plane
(e) 100

In; sCugs

2 HCOoOH [l H, I co

)

FE/%

on/(MA cm™

Jue

-0.7 -0.8 -0.9 -1.0 -1.1 -1.2 -1.3 -1.4 -15
Potential/(V vs. RHE)

only occurred at high potential. The FE of the Cu/Sn
bimetallic catalyst in the range of from —0.65 to
—1.00 V vs. RHE was more prominent, indicating that
the synergistic effect of Cu and Sn was more helpful
for the conversion of CO, to HCOOH and reduced the
onset potential of the reaction. In addition, the
FE}coon can be changed by coordinating the bimetal
ratio. Wei et al."” studied the relationship between the
molar ratio of bimetallic In,Cu, nanoparticles (NPs)
(x, y is the molar ratio) and the catalytic performance,
and found that In/Cu ratio affects the growth direc-
tion of the In (101) facet of the electrocatalyst, which
can increase the FE, ooy Of the In-based material. As
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Fig. 10  (a) Faraday efficiencies for CO,RR on Cn,Sn, CC catalysts at —0.8 V vs. RHE. Reproduced by permission of Elsevier™”. (b) Faraday efficiencies for
CO,RR on Cn,Sn, CC catalysts from —0.65 to —1.00 V vs. RHE. Reproduced by permission of Elsevier™. (c) Calculation of texture coefficients based on

GIXRD data. Reproduced by permission of Elsevier””). (d) Correlation curve between texture coefficients and FE, .y in the In (101) plane at —1.2 V vs. RHE.

Reproduced by permission of Elsevier””. (e) The FE for different productions and current density for HCOOH production at selected potentials on In, (Cu

NPs. Reproduced by permission of Elsevier'””. (f) Stability of In, Cu,5 NPs in 0.1 mol L' KHCO,. Reproduced by permission of Elsevier””
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shown in Fig. 10c, d, it was found that FE, ooy Was
positively correlated with the texture coefficient of the
In (101) plane. Therefore, it could be inferred that the
In (101) surface of In,Cu, NPs was beneficial for the
reduction of CO, to HCOOH. As shown in Fig. 10e, f,
the FE ooy reached a maximum of 90% at —1.2 V vs.
RHE and the FE remained above 70% in the 5 h sta-
bility test.

Great strides have been made in the reduction of
CO, to HCOOH, but it still faces the same issue of
poor stability as in the case of CO production.
Moreover, the production of HCOOH is often accom-
panied by the production of CO and H,, which results
in decreased selectivity for HCOOH.
5.3 Generation of other CO, reduction products

In addition to CO and HCOOH, CO,RR can also
produce CH,, CH,OH and C,, chemicals. However,
the reduction of CO, to C, products, such as CH,,
HCHO and CH,OH, poses a significant challenge.
This is because the reduction process involves mul-
tiple hydrogenation steps on *CO, necessitating a
greater transfer of electrons, while simultaneously re-
quiring the inhibition of C—C coupling reactions.
When the interaction between the active site and CO
molecules is weak, it tends to favor CO desorption
over the multi-step hydrogenation process’’®”). The
generation of C,, chemicals from CO,RR is intens-
ively investigated. The process of CO,RR to C,, in-
volves a complex multi-electron/proton transfer pro-
cess. When the local concentration of CO intermedi-
ates is low, C—C coupling becomes the rate-determ-
ining step. At present, various possible routes have
been proposed, including *CO—*CO, *CO—*CHO,
*CHO—*CHO, *CO—*CH,, etc™. Among them,
the formation of bidentate *CO—*CO first requires
the stabilization of two *CO intermediates on the act-
ive sites, and dimerization occurs at 2 active sites that
are near enough. The dimerization reaction is usually
considered a key step in the formation of C—C bonds.
In addition, some researchers suggest that the PCET
accompanies the C—C coupling process. For ex-
ample, the *CO intermediate forms *CHO or *COH
after hydrogenation and undergoes C—C coupling
with *CO. Alternatively, the same hydrogenated

*CHO or *COH intermediates undergo C—C coup-
ling™".

Copper-based catalysts or tandem catalysts are
widely used to produce C,, chemicals™®. Copper has a
unique C—C coupling capability, but the poor se-
lectivity restricts its further application®”. Currently,
the selectivity of multi-carbon products is improved

B4 or the local reaction en-

by modifying the structure
vironment™! of the Cu-based catalyst. Alternatively,
bimetallic catalysts are synthesized by introducing a
second metal to achieve improved selectivity through
tandem catalysis. A second metal (such as Au, Ag, or
Pd)"**¥7 with high CO selectivity can generate a
large amount of CO, which subsequently spills onto
the Cu surface and changes the *CO concentration on
the Cu surface. The high *CO concentration on the Cu
surface enhances the kinetics of C—C coupling, thus
increasing the C,, selectivity’®™. Jia et al.™ prepared
Au—Cu Janus nanocrystals (Au—Cu JNCs) using a
seed-mediated growth method, which exhibited excel-
lent C, selectivity (Fig. 1la, b). The highest FEC,
value of the Au-Cu Janus was 46.4%, which was 4.1
times higher than that of the monometallic catalyst Cu
nanospheres (NS). The reason for the high C, selectiv-
ity of Au—Cu Janus was that the conversion of CO,
to C, was split into 2 parts. CO, first adsorbed on the
Au site to reduce to CO, and then CO overflowed onto
the Cu site for C—C coupling (Fig. 11c). At the same
time, the distance between the 2 active sites had a
non-negligible effect on the catalytic performance.
For example, the FEC, and C, product partial current
density of Au—Cu Janus were much higher than those
of the Au nanobipyramids (NBP) + Cu NS mixture
and the Au NBP@Cu core@shell catalysts (Fig. 11a,
b). This phenomenon could be attributed to the intim-
ate integration of Au and Cu domains within Au—Cu
JNCs, allowing the two metal active sites to trigger
tandem catalysis efficiently and facilitate the conver-
sion of CO, to C,. The Au NBP + Cu NS mixture was
simply mixed and lacked the establishment of chemic-
al bonds. As a result, the generated *CO intermediate
did not move quickly enough to the Cu active sites for
C—C coupling, resulting in a lower FEC,. Similarly,
the Au NBP@Cu core@shell structure achieved close
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Fig. 11 (a) FEs of C, products obtained by using different catalysts. Reproduced by permission of Wiley-VCH™". (b) C, product partial current density of dif-

ferent catalysts. Reproduced by permission of Wiley-VCH™. (c) Catalytic mechanism diagram. Reproduced by permission of Wiley-VCH™. (d) Operando

SR-FTIR spectroscopy. Reproduced by permission of American Chemical Society™. (¢) The FE of CO,RR liquid phase products for different CuAg samples at

the total current density of 10 mA/cm®. Reproduced by permission of American Chemical Society™. (f) Proposed reaction mechanisms on Cu and CuAg

samples during CO,RR. Reproduced by permission of American Chemical Society”®. (g) TEM images of Agy-Cu,5 JNS-100. Reproduced by permission of
Wiley-VCHP"., (h) Comparison of FEC,H, between Ag,s-Cu,; INS-100 and Cu NCs at different potentials. Reproduced by permission of Wiley-VCH"".
(i) Fabrication of PTF(Ni)/Cu. Reproduced by permission of John Wiley & Sons®. (j) FEs of C,H, and CH, at different potentials on
PTF(Ni)/Cu and PTF/Cu catalysts. reproduced by permission of John Wiley & Sons"®)

proximity between the Au and Cu domains, but the
Au core layer was encapsulated by Cu, reducing the
number of CO, molecules in contact with the Au sites
and consequently reducing the yield of *CO interme-
diates, which affected the selectivity of the catalyst for
C,. In addition to the influence of the distance
between 2 domains on reaction efficiency, the dis-
tance between 2 active sites within the same domain is
also important for the occurrence of C—C coupling.
Bi et al.” calculated the catalytic activity and product
selectivity of different Cu—Cu atomic distances
(dcy.cy) by constructing a Cu,O catalyst model. The
calculation results proved that a Cu atom pair with a
2.5 A increased the *CO adsorption energy and re-
duced the energy barrier of C—C coupling. Their
team prepared ultra-thin 2D Cu, Se with abundant Se
vacancies, and utilized the generation of Se vacancies

to shorten the spatial distance between the surround-

ing Cu—Cu atoms”". Through experiments and dens-
ity functional theory (DFT) calculations, it was
demonstrated that the nearby copper atoms under-
went distortion and approach each other due to Se va-
cancies, resulting in a reduction in the corresponding
Cu—Cu spacing from 4.16 to 2.51 A. The appropri-
ate distance significantly reduced the Gibbs free en-
ergy of the asymmetric *CO—*CHO coupling pro-
cess, thereby improving the selectivity of C, products.
Xu et al.B™ found that the addition of Ag to the Cu
phase inhibited the production of HCOOH during the
development of Cu,_Ag, (x = 0.05-0.2) alloys. By
operando synchrotron radiation Fourier transform in-
frared spectroscopy (SR-FTIR) analysis, it was ob-
served that the characteristic peak intensity of
O—C—O0 groups decreased after adding a certain
amount of Ag (Fig. 11d). This change was consistent
with the change in HCOOH production (Fig. 11e).
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The O—C—O group is regarded as a key intermedi-
ate in the production of HCOOH"?, indicating that Ag
entered the Cu phase and inhibited the generation of
O—C—0O groups, thereby reducing the selectivity of
HCOOH. The CO,RR pathway of Cu,_Ag  was pro-
posed
(Fig. 11f). In the Cu, Ag, alloy, Ag preferred to ad-
sorb C atoms from CO, to form M —C bonds and gen-

in combination with experimental data

erated large amounts of CO, followed by C—C coup-
ling to form C,.,. In addition, the O—C—O group was
probably formed by the adsorption of its oxygen atom
onto the metal surface to form the M—O bond. Thus,
the addition of Ag allowed the CuAg alloy to inhibit
the production of HCOOH while facilitating the con-
version of CO, to C,,.

Crystal plane engineering can effectively control
the adsorption and desorption of intermediates in-

volved in the reaction process. Wang et al.””

en-
hanced the adsorption of *CO intermediates on the
catalyst surface, promoted C—C coupling, and facilit-
ated the desorption of C,H, by adjusting the ratio of
(100) and (111) planes in Cu,N. It has been found that
different crystalline facets of metals have different se-
lectivities for CO,RR. For example, Cu (100) has high
selectivity towards C,,"”*, while Cu (111) tends to re-
duce CO, to CH,””. Ma et al.’” synthesized Ag,-
Cu,; Janus nanostructures (JNS) through the restrict-
ive growth of Cu (100) crystal planes on one of the six
faces of Ag nanocubes (Fig. 11g). Compared to pure
Cu NCs, Age-Cu;; INS demonstrated higher FE for
CH, in the
(Fig. 11h). This enhanced C,H, selectivity was attrib-

smaller negative potential range
uted to the presence of Cu (100) crystal planes and
tandem catalysis between the bimetals. On the other
hand, developing non-precious metal catalysts also at-
tracted much attention. For instance, the Ni/Cu tan-
dem catalyst was constructed to efficiently convert
CO, to C,H,” . Fig. 11i illustrates the uniform growth
of Cu nanoparticles (NPs) on the porphyrin triazine
backbone containing Ni-N sites (PTF(Ni)). It was
evident that the addition of copper in PTF(Ni)/Cu led
to the high FEC,H, with 57.3% (Fig. 11j), which was
significantly higher than that of PTF/Cu, indicating

that the synergistic effect of the bimetal improved the
selectivity of C,H,. The operando ATR-FTIR spec-
trum of PTF(Ni)/Cu showed a chemisorption peak of
CO (*CO), indicating the presence of a large number
of *CO intermediates on its surface. Additionally,
C—H bonds such as *CHO and *CHCHO, which are
key intermediates required for the conversion of CO,
to C,H,, were also observed but were not observed on
PTF/Cu. DFT calculations also demonstrated that the
enhanced catalytic performance of the bimetal cata-
lyst was due to tandem catalysis between the Ni and
Cu bimetals.

Copper-based catalysts can convert CO, into
various products, including some valuable C,,
products. However, the selectivity of single metal
copper-based catalysts is low, and the addition of a
second metal overcomes this drawback. The syner-
gistic effect of the bimetals can change the adsorption
energy of intermediates, improving the selectivity to-
wards C,, products. Despite some achievements made
in the production of C,,, the selectivity remains relat-
ively low and stability poor. The amalgamation of bi-
metallic catalysts with crystal plane engineering, de-
fect engineering, and distance design helps adjust the
electronic structure of active sites, promote C—C
coupling and facilitate the formation of multi-carbon
products. Particularly, the concept of distance design
involves studying the influence of distance on the
charge distribution of atoms, which affects the adsorp-
tion and desorption of intermediates. This can be in-
strumental in exploring the relationship between cata-
lyst atomic structure and catalytic performance in
depth. Currently some major obstacles mar the C,, re-
search. Moreover, the ultimate limit of CO,RR
products is not yet clear. This calls for more research

input in this area.

6 Conclusions

Researchers have successfully synthesized a
series of bimetallic catalysts capable of converting
CO, into valuable hydrocarbons and oxygen-contain-
ing compounds with remarkable catalytic activity and

selectivity under laboratory conditions. Nevertheless,
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several significant challenges still need to be ad-
dressed:

(1) Given that the CO, reduction process in-
volves multiple electron transfer steps, the slow reduc-
tion kinetics continue to pose a primary challenge,
resulting in reduced catalytic efficiency. Although the
synergistic effects of bimetallic materials can result in
high FE (FE>90%) for CO or formate, obtaining high-
er-value products with equivalent FE remains a for-
midable task. On the other hand, since variations in
catalysts and reaction conditions may yield multiple
products, researchers are faced with a challenge to
precisely control the exclusive formation of a specific
product.

(2) Catalysts with clear active sites are crucial for
studying catalytic mechanisms. Despite various meth-
ods available for synthesizing bimetallic catalysts, it
remains difficult to obtain catalysts with precisely loc-
ated active sites. Synthetic methods that do allow this
precise atomic positioning typically have low repeat-
ability. Therefore, there is an urgent need to develop a
synthesis process that can obtain active sites with pre-
cision while ensuring that the process is facile, in or-
der to further explore the synergistic effects between
bimetallic components.

(3) In the CO,RR process, various reaction inter-
mediates are involved, and the true reaction pathway
remains unclear. Furthermore, the catalyst undergoes
dynamic changes during the catalytic process, which
increases the challenge of identifying the sites that
genuinely contribute to catalysis. Therefore, further
research employing more robust in-situ characteriza-
tion techniques is essential to fulfill the requirement
for a deeper understanding of the catalyst’s structure.

The above challenges collectively impede the in-
dustrialization of catalysts, and these issues can be
tackled one by one through continuous research and
summarization. But, it is likely that additional chal-
lenges will be encountered in the future. More effi-
cient methods should be discovered to synthesize effi-
cient catalysts for producing more complex and valu-
able products. More works are focused on the design

of bimetallic catalysts, but further development of ad-

vanced characterization techniques should also be em-
phasized to deeply explore the intrinsic mechanisms
of CO,RR processes in practice. This includes explor-
ing the relationship between the solubility of CO, and
the reaction efficiency, as well as investigating the im-
pact of CO, diffusion and product removal during
CO,RR.
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