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As a clean and sustainable technology, electrocatalytic carbon dioxide reduction reaction (ECO,RR)
occupies a central position in the global energy transformation and climate change strategy. Compared
with single metallic catalysts, bimetallic catalysts have many advantages, such as the synergistic effect
between bimetals, enhanced CO, adsorption capacity, and lower reaction energy barriers, which make
them widely used in the CO,RR for the generation of multi-carbon products. This review systematically
summarizes the latest advances in bimetallic effects for the CO,RR. In this paper, we start with
a classified introduction on the CO,RR mechanisms, followed by a comprehensive discussion of the
structure—activity relationships of various bimetallic catalysts, including regulation of metal centers,
regulation of the distance between metal sites, regulation of the coordination environment, interface
engineering, and strain engineering. Next, we showcase the advantages of bimetallic catalysts in the

CO,RR. Then, the research progress of typical bimetallic catalysts for the ECO,RR is discussed, including
Received 24th January 2025

Accepted 4th March 2025 diatomic catalysts, bimetallic alloys, bimetallic MOFs and bimetallic COFs. Finally, we summarize the

challenges faced today from the five aspects of product selectivity, catalyst stability, product purification,
DOI: 10.1039/d55c00670h . . . L N . . .
theoretical simulations and in situ characterization techniques and put forward the research direction to

rsc.li/chemical-science promote the industrialization process of CO,RR.
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excessive emission of carbon dioxide has become a difficult
Climate problems such as the greenhouse effect caused by problem.”” Since the ‘double carbon’ target was proposed in
excessive exploitation and utilization of fossil fuels have seriously 2020, researchers have been committed to developing green,
environmentally friendly and efficient CO, conversion technolo-
gies. Nowadays, the electrochemical CO, reduction method is
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products for industrial production, which can effectively alleviate
the climate crisis while realizing resource utilization.”* The main
problems hindering the development of electrocatalytic reduc-
tion of CO, are the high potential required for the reaction and
low product selectivity,'>** which are due to high thermodynamic
stability of CO, and complex proton electron transfer pathways in
the conversion process. Among a variety of CO, reduction prod-
ucts, CO generation has low overpotential and high Faraday
efficiency and has great development potential in the future.'**
In addition, CO can be further converted into high-value indus-
trial raw materials such as methane, methanol, and ethanol,
thereby achieving a high carbon cycle. However, these processes
still need to be achieved with the assistance of catalysts. The
competition of the hydrogen evolution side reaction caused by
the reactivity and structural diversity of catalytic materials will
further affect the product selectivity of the main reaction of CO,
reduction. Therefore, the development of efficient electro-
catalysts to promote the CO, reduction process is a key issue that
needs to be solved.

Nowadays, no matter what type of metal catalyst, the reduction
process is basically carried out through the steps of CO, adsorp-
tion on the catalyst surface, electron transfer and final product
desorption.**"” Due to the difference in the adsorption capacity of
different atoms, different reaction products (C,, C,, and Cs) are
generated. The adsorption behaviour of metal elements on
different intermediates determines the type of final product.
Metal elements such as Au, Ag and Zn tend to generate CO.'®"
Metal element-based catalysts such as Hg, In and Sn mainly
generate HCOO /HCOOH, while Cu is the most efficient C,.
product catalyst reported so far.**** Metals such as Ni, Fe and Pt
show low catalytic activity for CO, reduction, mainly generating
H,. In addition, the binding strength between *CO and metal-
based catalysts also affects the product selectivity.®** Weak
adsorption tends to produce low electron transfer products, while
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strong adsorption will produce hydrocarbon products. Through
continuous exploration, great achievements have been made in
electrochemical CO, reduction in recent years. Among them,
bimetallic-based catalysts show higher catalytic performance for
CO,RR than single-metal catalysts.”? The synergistic effect
between two metals can effectively regulate the selectivity of the
reaction and reduce the occurrence of the HER, thereby obtaining
higher selectivity of the target product.®**** In addition, bimetallic
systems are more stable than single metal catalysts, which effec-
tively alleviates the deactivation or degradation of the catalysts
during the reaction. At present, the types of bimetallic catalysts
mainly include diatomic catalysts, bimetallic alloys, bimetallic
MOFs and bimetallic COFs. The synergistic effect of bimetallic
sites can effectively promote the rapid movement of CO, mole-
cules and accelerate the formation of key intermediates, thereby
accelerating the CO,RR process.*”** The adjustability of the elec-
tronic structure of two adjacent metal active centers helps
enhance the CO,RR kinetics and has an important influence on
the product selectivity. Compared with single metal catalysts,
bimetallic catalysts can adjust the d-band center through the
interaction of electronic orbitals, thereby adjusting the binding
energy of reaction intermediates and accelerating the reaction
rate.*** Therefore, bimetallic catalysts have received a lot of
attention in the electrochemical CO,RR recently as shown in
Fig. 1.

In this review, we introduced the reaction mechanism of
CO,RR in detail and focused on the structure-activity relation-
ship of bimetallic catalysts. Subsequently, we summarized four
frontier catalysts, including diatomic catalysts, bimetallic alloy
catalysts, bimetallic MOFs and bimetallic COFs, and discussed
the catalytic activity and CO,RR mechanism in detail. Finally,
we summarized the challenges faced by bimetallic catalysts in
the CO,RR process and put forward substantive suggestions,
pointing out the direction for future research.
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Fig. 1 Research progress of electrochemical CO,RR on bimetallic catalysts. Reproduced with permission.3¢ Copyright 2014, Springer Nature.
Reproduced with permission.®” Copyright 2015, Wiley-VCH. Reproduced with permission.®® Copyright 2019, American Chemical Society.
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Table 1 Thermodynamic analysis of electrochemical CO, reduction products

Acidic medium

Basic medium

Equation E (V) Equation E (V)
2H" +2e~ — H, 0.000 2H,0 +2e~ — H, + 20H" —0.828
CO, +2H" +2¢~ — CO + H,O —0.104 CO, + H,O +2¢~ — CO + 20H" —0.932
CO, + 2H" + 2~ — HCOOH —0.171 CO, + H,0 +2e~ — HCOO™ + OH™ —0.639
CO, + 4H" + 4e” — HCHO + H,0 —0.142 CO, + 3H,0 + 4¢° — HCHO + 40H —0.970
CO, + 6H' + 66~ — CH;0H + H,0 0.016 CO, + 5H,0 + 6e” — CH;OH + 60H " —0.812
CO, + 8H + 8¢~ — CH, + 2H,0 0.169 CO, + 6H,0 + 8¢~ — CH, + 8OH ~0.659
2CO, + 10H" + 10e” — CH3CHO + 3H,0 0.053 2CO, + 7H,0 + 10e~ — C,H,O + 100H"~ —0.775
2CO, + 8H' + 8¢~ — CH3COOH + 2H,0 0.098 2C0O, + 5H,0 + 8¢~ — CH3CO0 ™ + 70H "~ —0.653
2CO, + 12H" + 12~ — CH,CH, + 4H,0 0.085 2CO0, + 8H,0 + 12~ — CH,CH, + 120H" —0.743
2CO, + 12H" + 12¢~ — C,H;OH + 3H,0 0.084 2C0, + 9H,0 + 12¢~ — C,H;OH + 120H" —0.744
2CO, + 2H" + 2¢~ — H,C,0, —0.595 2C0, + 2~ — C,0,%" —0.595
2C0O, + 6H' + 6e~ — CHOCHO + 2H,0 —0.141 2C0O, + 4H,0 + 6e~ — CHOCHO + 60H " —0.969
2CO, + 8H' + 8¢~ — CH,OHCHO + 2H,0 —0.057 2CO, + 6H,0 + 8¢~ — CH,OHCHO + 8OH ™ —0.885
3CO, + 18H" + 18¢e~ — C;H,OH + 5H,0 0.095 2CO, + 13H,0 + 18e~ — C3H,OH + 180H ™ —0.733
!
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Fig. 2 Mechanism diagram of HCOO™/HCOOH and CO formation.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2025, 16, 5413-5446 | 5415


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc00670h

Open Access Article. Published on 05 March 2025. Downloaded on 4/4/2026 12:47:03 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

2. Carbon dioxide reduction
mechanism

Due to large ionization energy and small electron affinity of CO,
molecules, it is possible to reduce CO, to high value-added
products. Among them, the electrochemical reduction method
can be used to obtain different reaction products by changing
the condition parameters (such as voltage, current, electrolyte,
etc.) and become the main technical means for the controllable
reduction of carbon dioxide.* Previous studies have shown that
CO, can be reduced to C; products such as CO, formic acid,
methanol and methane and C, products such as ethylene,
CH,;CH,0OH and CH3CHO.*** However, due to the complexity
of the electrochemical reduction process and the difference in
the standard redox potential of different electron transfer
pathways (Table 1), ECO,RR technology still faces many chal-
lenges, for example, slow reaction kinetics, complex reaction
pathways and mechanisms, and low catalytic activity. The
fundamental solution to the above problems is to infer the key
intermediates and the optimal reaction path, so as to improve
the catalytic materials. This section introduces the mechanism
of CO,RR in detail.

2.1. Formation mechanism of HCOO /HCOOH and CO

The reduction of CO, to HCOO™ /HCOOH and CO is carried out
through a 2-electron transfer pathway, and the steps are rela-
tively simple. When CO, is saturated in the electrolyte solution,
it will be adsorbed on the catalyst surface and excited into
*CO, "~ radicals. ¥*CO, ™ radicals are combined with protons and
electrons to form different final products. From the previous
research results, the formation path of HCOO /HCOOH is
mainly divided into the following five types: CO, can be directly

View Article Online

Review

connected to metal hydrogen bonds, or can be combined with
H' in the solution to form a *COOH intermediate connected to
a single oxygen or double oxygen, and then further protonated
to form HCOOH. Another way is that the C atom in CO, is
connected to the catalyst to form related intermediates, thereby
generating HCOO™.*® In addition, CO, can also combine with
the hydroxyl groups in the electrolyte to form HCOO™ by
protonation.** The formation path of CO is relatively uniform,
that is, CO, is carried through proton coupling and electron
transfer paths. In this process, the *COOH intermediate is
generated, and *COOH is further dehydrated and protonated,
which promotes the CO, absorbed on the catalyst surface to
dissociate and generate CO (Fig. 2).*°

2.2. Formation mechanism of methane, methanol and
formaldehyde

CH,, CH3;0H and HCHO are usually evolved from *CO inter-
mediates. *CHO and *CH,O are formed by electron transfer and
hydrogenation of *CO, and then HCHO is formed. The *CH,O is
further hydrogenated to form the *CH;O intermediate. The
*CH3;0 can be reduced to CH30H, or the C-O bond may be
broken to reduce to CH,. In addition, the *CO intermediate can
also be selectively transformed into *COH. The C-O bond of
*COH is broken and dehydrated to form adsorbed carbon,
which is protonated to form *CH, *CH, and *CHj, and finally
CH, is generated (Fig. 3).*

2.3. Formation mechanism of ethylene, acetaldehyde and
ethanol

The key to the reduction of CO, to C, products is the coupling of
C-C bonds.*** At present, the dimerization and carbene
mechanism of the *CO intermediate is considered to be
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Fig. 3 Mechanism diagram of methane, methanol and formaldehyde formation.
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a reasonable reaction mechanism.** The dimerization of the
*CO intermediate refers to the proton-electron transfer of two
*CO on the surface of a catalyst to form a *C,0, " intermediate.
One C and one O atom in *C,0, " bind to two adjacent atoms on
the surface of the catalyst, so that the remaining CO group is
negatively charged, and CO is further protonated into *CO-
COH.>” The *CO-COH intermediate can be converted to *CCO
on the (100) crystal plane of Cu, and *OCH-CH, is formed by
two-step reduction to generate CH;CHO or CH,CH,.*® However,
if *OCH-CH, is further reduced to *OCH-CH;, CH;CH,OH will
eventually be generated.> If this is carried out through the
carbene mechanism, the O atoms in *CO will be protonated to
form *COH, which will be further reduced to *C precipitation. It
is accompanied by proton electron transfer *C to *CH,. The
*CH, intermediate is prone to dimerization to form CH,CH,.
However, if the coupling between *CH, and CO occurs, *CH,=
C=0 will be formed, which can be reduced to *CH,=C=0H,
and then CH3;CH,OH will be generated, and CH;COO ™ may also
be generated (Fig. 4).%

View Article Online

Chemical Science

2.4. Formation mechanism of propanol

The complexity of the intermediates involved in the formation
of C; products leads to poor product selectivity and low Faraday
efficiency. The C; product mainly refers to n-propanol, and the
reaction path involved is as follows: the *CO intermediate is
converted to *CH, by multi-step protonation dehydration. By
coupling *CH, with *CO, *COHCH, is formed. *COHCH, is
then converted to *CHCH; by protonation deoxidation.
*CHCH; and *CO are coupled again to form a *COCH,CHj,
intermediate, which is protonated to form C;H,OH (Fig. 5). In
summary, the CO, electroreduction process involves a variety of
intermediates. The difference between the adsorption energy of
the intermediates leads to different paths. At present, the
reduction of CO, to C; is relatively simple, and a variety of
catalysts can maintain the Faraday efficiency of the product
above 80%. However, the selectivity of C, and C; products is still
low due to the involvement of a variety of complex intermedi-
ates. The main processes involved are the generation of *CO,
the coupling of C-C and the hydrogenation step of the *CO
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Fig. 4 Mechanism diagram of C, formation.
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intermediate.’>® The key to improving the selectivity of C,.
products is to increase the coverage of *CO intermediates on the
catalyst surface. For example, the regulation of metal centers,
the regulation of metal atom spacing, the change of the coor-
dination environment of metal atoms, and the construction of
heterostructures can all enhance the adsorption capacity of the
*CO intermediate on the catalyst surface, thereby effectively
increasing product selectivity. In the following section, we will
introduce in detail the structure-activity relationships of cata-
lysts and the structural regulation strategies to achieve efficient
catalytic conversion of CO,.

3. Structure—activity relationships

The key to optimizing the reactivity, product selectivity and
long-term stability of electrocatalysts lies in the modification of
the electronic structure of the catalyst surface. In the process of
CO,RR, understanding the structure-activity relationships is
crucial for the design and modification of the catalyst. Nowa-
days, the regulation of central atoms, the regulation of the
distance between metal sites, the regulation of the coordination
environment of active centers, and interface engineering have
become the main regulation strategies. The in-depth explora-
tion of the structure-activity relationships is conducive to the
design and development of green and environmentally friendly
catalysts, thus promoting green chemistry and sustainable
development. In addition to experimental modulation
methods, appropriate theoretical research strategies and
computer simulation strategies can achieve high-throughput
screening and optimize the reaction route, thereby accurately
controlling the reaction selectivity.

5418 | Chem. Sci, 2025, 16, 5413-5446

3.1. Regulation of metal centers

The adjustment of metal center atoms is mainly realized in
heterogeneous bimetallic catalyst systems. The regulation of the
metal centers will affect the electronic structure of the entire
system, thereby changing the catalytic activity, stability, and
product selectivity of the catalyst.®»** The introduction of an
additional metal/nonmetal into a single metal system to
construct metal-metal active sites or metal-nonmetal active
sites can achieve efficient CO,RR electro-transformation.
Among them, the bimetallic active sites of heterogeneous
DACs can balance the strong adsorption of multiple interme-
diates such as *COOH and *CO, which can be converted into
a variety of carbon-containing products.®*** The central atom
connection in DACs can be basically summarized as bridged
and non-bridged structures. The bridging structure means that
two metal elements are connected by non-metallic atoms, while
the two metal atoms of the non-bridging structure are directly
connected. At present, metal elements with high CO, reduction
activity are mainly precious metal elements (Pt, Pd and Ir),
transition metals (Cu, Fe, Ni and Co) and p-zone metal elements
such as Bi and Sb.***” Through the precise design of the Co-Ni-
N-C bimetallic-nitrogen structure, CO, can be efficiently
reduced to CO (Fig. 6a).®® The Co-Ni-N-C double active site
catalyst (DASC) had excellent reduction activity for CO,RR, with
a high CO Faraday efficiency of 94.1% at —0.8 V and a reaction
stability for more than 40 hours (Fig. 6b and c). DFT calcula-
tions showed that CO, is protonated to form COOH*. As shown
in Fig. 6d, the Gibbs free energy of Co-Ni-N-C is 0.227 eV, while
the free energy of forming H* is 1.00 eV, which is much higher
than the energy barrier of COOH*. Therefore, the bimetallic
sites of Co-Ni-N-C can promote the activation of CO, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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inhibit the formation of H,, which is beneficial for the forma-
tion of CO.

Cu-based materials exhibit negative adsorption energy for
*CO intermediates and positive adsorption energy for *H and
have unique CO,RR properties.” The introduction of a second
metal atom into a Cu-based material system can adjust the
electronic structure and microchemical environment of the
active sites. When Bi atoms are incorporated into the Cu-based
catalyst system, 85% FEycoon can be achieved.*” There is
a CuO/CuBi,0, interface in Cu;Bi;, which makes it easy to
adsorb and activate CO, molecules. In situ Raman spectroscopy
showed that there is a Bi-O bond in Cu,Bi; (Fig. 6e). As the
applied voltage increases, the bond strength gradually
decreases. At a potential of —1.18 V, Bi-O can accelerate the
adsorption of CO, and stabilize CO,  *. This intermediate is
protonated to form OCHO¥*. Finally, under the synergistic effect
of Bi-O and the interface structure, OCHO* obtains electrons
and precipitates in the form of HCOOH (Fig. 6f). Wei et al

© 2025 The Author(s). Published by the Royal Society of Chemistry

selected Ag as the second metal and introduced it into a Cu,O
system. Through the interfacial catalysis of Ag-Cu," 0O, efficient
production of C,H, was achieved, of which FEcwyiene Was
66.0%." In situ Raman spectroscopy showed that there is a high
*CO coverage at the Ag-Cu,0-0.10 interface (Fig. 7a), which is
conducive to C-C coupling. In addition, they also observed that
the synergistic effect between Ag and Cu can induce the change
of free energy to form a *COOH intermediate. With the incor-
poration of Ag into the Cu matrix, the electronic structure
around Cu is adjusted, and the interaction between *CO-*CO
and other intermediates is effectively enhanced. Specifically, at
the Ag-Cu,O active interface, the C,;, orbitals of the *CO-*CO
intermediate are highly overlapped (Fig. 7b), which tends to
generate *OCCO, further improving the C-C coupling strength
and comprehensively promoting the precipitation of C,H,.
When Co is introduced onto the Cu surface, it shows C,H,
and CH;CH,OH selectivity.”” Co atoms are deposited on the
surface of Cu NWs in an aqueous environment, and the CuCo,
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(a) In situ Raman spectra of Ag—Cu,0-0.10. (b) The PDOS comparison. Reproduced with permission.” Copyright 2024, Wiley-VCH. (c)

Composite graph of CoO,/CuO NWs. (d) FE diagrams of different catalysts. Reproduced with permission.”? Copyright 2024, OAE Publishing Inc.
(e) In situ Raman spectra. (f) Free energy diagrams of different reaction pathways. Reproduced with permission.” Copyright 2024, American

Chemical Society.

synthesized by heat treatment has CO,RR diversity (Fig. 7¢c). At
—1.0 V, CuCoy 49, showed 10.7% FEcthano (Fig. 7d). These Cu-
based catalysts are more inclined to produce ethylene, and
the production efficiency of ethanol is lower. Studies have
shown that the conversion of ethylene to ethanol can be ach-
ieved by doping Ru in the Cu system to change the key inter-
mediates of the reaction.” A low-coordinated Cu surface (Ru-Cu
NW) was constructed by doping Ru in the Cu system. By
promoting CO-C, coupling, >60% of FE, alcohols and 35.9 +
2.6% of FE,, p;on Were achieved and ultra-long stability for 100 h
was achieved. In situ Raman spectroscopy showed that the
doping of Ru makes the Cu surface adsorb more CO, which is
beneficial to weaken the selectivity of ethylene (Fig. 7e). The
large CO coverage will change its *CO binding mode, mainly in
the mode of *CO,op and *COprigge. RU-Cu NWs maintain the
above two adsorption modes in the system while additionally
enhancing the activity of *CO,p and enhancing the selectivity
of C,, alcohols. DFT studies showed that the C-O cleavage
energy of the *CH,CHO intermediate plays a decisive role in the
selectivity of the reaction pathway (Fig. 7f). The free energy of
the EtOH/n-PrOH pathway of Ru-doped Cu is lower than that of

5420 | Chem. Sci, 2025, 16, 5413-5446

the ethylene pathway, which is beneficial for the production of
EtOH/n-PrOH (Fig. 8a).

3.2. Regulation of the distance between metal sites

In bimetallic catalyst systems, the relative position or distance
between the two metal centers directly affects the adsorption
mode of CO, molecules and the stability of reaction interme-
diates. An appropriate space distance can optimize the
adsorption mode of CO, molecules, realize the transition from
linear adsorption to bridge adsorption, and promote the acti-
vation of the C=0 bond. In the process of ECO,RR, the Faraday
efficiency of the Ni-Zn-Ng-C catalyst for CO generation can
reach 99%.”* The distance between Zn and Ni atoms is 2.5 A
(Fig. 8b), and there is a bimetallic site interaction (Fig. 8c). As
the distance between the Zn and Ni sites increases, the d-
electron state of the metal center will change, which is condu-
cive to the adsorption of reaction intermediates. The introduc-
tion of Zn narrows the Ni 3d orbital and Fermi level in the d-
band center (Fig. 8d). Under the joint catalysis of Zn and Ni,
the reaction energy barrier of the *COOH adsorption process is
reduced, which promotes the desorption of CO (Fig. 7e and f).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Yao et al. studied the influence of the threshold distance of
adjacent bimetallic sites on the electronic structure.”” They
synthesized Ni-Cu diatomic sites on nitrogen-doped graphene
with a threshold of 5.3 A. The aberration-corrected high-angle
annular dark field scanning transmission electron microscope
(HAADF-STEM) results of the dNiCu-5.3 DAC showed that the
Ni-Cu spacing is 0.51 nm (Fig. 9a and b). In the threshold range,
the non-bonding interaction caused by Ni-Cu contact can
change the electronic structure of DACs, effectively promoting
the adsorption of *COOH intermediates while inhibiting the
HER.

3.3. Regulation of the coordination environment

The change in the coordination environment such as coordi-
nation space and coordination geometry has a profound influ-
ence on the -catalytic activity, product selectivity and
electrochemical stability of bimetallic materials, which is a key
means for catalyst design and optimization.”””” The type of
ligand bound to the metal center can change the distribution of
the electron cloud in the metal center, thereby changing the
electron density and redox potential. In addition, the spatial
arrangement and steric effect of ligands also affect the exposure
of active sites.*®> Therefore, the dynamic regulation of the
coordination environment can achieve the optimal path selec-
tion and efficiency maximization of the CO,RR process. Among

© 2025 The Author(s). Published by the Royal Society of Chemistry

them, N atom doping is the most common strategy. N is
a typical pentavalent element containing lone pair electrons.®
When combined with metal atoms, it can significantly enhance
the electron-withdrawing ability of metals and effectively regu-
late their electronic structure. Li et al. designed a N-coordinated
heteronuclear Ni-Fe-based catalyst (ZIF-NC-Ni-Fe), which can
efficiently reduce CO,, and the FE of CO is 97.8%.*" DFT
calculations revealed the synergistic effect of the coordination
environment of ZIF-NC-Ni-Fe on CO,RR. First, three possible
coordination configurations of Fe-Ni sites were constructed, as
shown in Fig. 9c. There are Ni-Fe metal bonds in the optimal
structure of ZIF-NC-Ni-Fe, and the coordination environment
of 2N bridge (Fe-Ni)Ng is presented (Fig. 9d). Among them,
there is charge accumulation around the two bridge N atoms in
the (Fe-Ni)Ng, and the formed Fe-N and Ni-N bonds will cause
electron redistribution and change its original electronic
structure. The stable *COOH and *CO are adsorbed on the Fe
site of 2N-bridged (Fe-Ni)Ng, and the synergistic effect between
the two metals reduces the energy barrier of *CO desorption,
thus achieving efficient reduction.

In addition, organic frameworks such as COFs and MOFs are
rich in nitrogen sources, and N can be incorporated into the
bimetallic catalyst structure during high-temperature pyrolysis
to form M;-N, or M,-N,. In view of this, Liu et al. used the core-
shell hybrids of COFs and MOFs to construct bimetallic

Chem. Sci., 2025, 16, 5413-5446 | 5421
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catalysts with diatomic sites for efficient production of CO
(Fig. 9e).”® The COF shell can effectively inhibit the aggregation
of MOF cores, reduce the loss of metal Zn ions and N and O
heteroatoms, and promote the formation of a large number of
bimetallic active sites with heteroatoms. In addition, the core-
shell structure is conducive to the formation of mesopores,
thereby accelerating the migration of protons in the reaction.
The EXAFS fitting results showed that the two metal elements in
the catalyst formed the N coordination environment of Zn-N,
and CoN,4O. At the same time, the wavelet transform (WT) of Co
L3-edge EXAFS oscillation showed that there is no Co-Co metal
coordination bond in the catalyst, which further verifies that
there are no metal nanoparticles in the system and no
agglomeration (Fig. 10a). The theoretical calculation results
showed that CoN,4O is the main active site of the CO,RR process
(Fig. 10b), and the reduction activity of the catalyst is further
improved by the synergistic effect with the ZnN, site. The
Faraday efficiency of CO can reach 92.6% at a low voltage of -
0.8 V, and the catalyst can be stably catalyzed for more than

5422 | Chem. Sci., 2025, 16, 5413-5446

30 h, indicating that the HER process is successfully inhibited
(Fig. 10c and d). At the same time, they prepared COF@MOF5,-
Co containing CoN,O sites without ZnN, sites and studied
CO,RR activity. The maximum FEgo of COF@MOFg5,—Co is
76.7%, which proves that the synergistic effect of CoN,O and
ZnN, in COF@MOFgy,—Co leads to higher CO,RR performance
than CoN,O or ZnN, alone. They further calculated the TOF
value of COF@MOFg,,—-Co, reaching a maximum of 1370.24 h™*
at —1.0 V (Fig. 10e), which has high activity and selectivity for
CO.

In addition to N and O heteroatoms, the doping of halogen
atoms also affects ECO,RR activity.** In order to reveal the effect
of different halogen atom coordination on the performance of
bimetallic catalysts, Ma et al. synthesized three different Cu-Cu
sites by doping different halogens (I, Br, and Cl) into a Cu-Cu
system.®® Different coordination can potentially affect the
spacing of bimetallic sites (Fig. 11a), thus showing different
catalytic reduction properties. Long-range Cu-I-Cu has a C,H,
Faraday efficiency of 36.54%, while short-range Cu-Cl-Cu has

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a FEc y on Of 32.69%. In general, the Faraday efficiency of C,,
products can be as high as 74.1% (Fig. 11b and c). As shown in
Fig. 11d, the intrinsic activity of different coordination atoms is
quite different. Due to the polarization of halogen atoms, the d-
band center of I-coordinated Cu-I-Cu shifts to the right, and
the binding ability with *CHO becomes weaker, thereby
reducing the reaction energy barrier of C,H,. In addition, they
also proposed a possible CO,RR mechanism (Fig. 11e). The
protonation of the *CO intermediate is the rate-determining
step. After interacting with Cu-I-Cu, it shows the lowest free
energy and accelerates the coupling of C-C, promoting the
deoxidation of *CH,CHO, thereby accelerating the formation of
CoHy,

Efficient conversion of CO, to C,, can also be achieved by
adjusting the metal coordination of the molecules in double-
center metal complexes. Yang et al. pointed out that the
double-center Cu complex formed clusters with high activity
during electrolysis.*® The coordination environment of these
complexes significantly affected the selective electrochemical
stability of CO,RR. The structure of the three Cu complexes is
shown in Fig. 12a, which is a double active center Cu complex
composed of a ring expansion and a fluorinated porphyrin. The
intramolecular tension and coordination asymmetry of the

© 2025 The Author(s). Published by the Royal Society of Chemistry

structure make the complex have more active copper centers.
These centers can form copper clusters during the electrolysis
process, accompanied by the partial reduction of O-containing
six-membered heterocyclic ligands. This hybrid structure
shows high efficiency in converting carbon dioxide into alco-
hols. At —1.2 V overpotential, the Faraday efficiency of ethanol is
as high as 32.5%, the Faraday efficiency of n-propanol is 18.3%
(Fig. 12b), and the total current density is maintained at about
9.4 mA cm 2. This is attributed to the synergistic effect between
the inorganic phase and the organic phase, and the key inter-
mediate *OCCOH can be stabilized in a confined space, thereby
providing additional O-Cu bonding to promote C-C coupling
(Fig. 12c).

3.4. Interface engineering

Accurate regulation of the surface and interface structure of
bimetallic catalysts can improve and optimize the adsorption and
desorption behaviour during the reduction process and greatly
improve their selectivity and reduction activity, so as to achieve
efficient conversion of CO, into high value-added chemicals.”®*”
A number of studies have shown that heterogeneous interfaces
can be formed between different metal atoms, resulting in

Chem. Sci., 2025, 16, 5413-5446 | 5423
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(a) Schematic diagram of different atomic coordination metal spacings. (b) FE of different products at different voltages. (c) FE of different

products of different atom coordination catalysts. (d) DOS diagram of different atom coordination catalysts. (e) Reaction mechanism diagram.

Reproduced with permission.®> Copyright 2024, Wiley-VCH.

different synergistic effects and optimizing the catalytic activity of
the materials.*® According to research, the combination of Zn and
Sb can form a Zn-Sb bimetallic heterogeneous interface, which
efficiently reduced CO, to formate with a Faraday efficiency of
92%.%° This is attributed to the fact that the interaction between
the two metals changes the electronic structure of the system,
prompting electrons to shift from Zn to Sb, resulting in the d-
band center of Sb moving down and reducing the energy
barrier of the *OCHO reaction intermediate. In addition, Ning
et al. constructed a SnO,/CuO heterogeneous interface on the
surface of Cu-Sn by a two-step co-precipitation calcination
method (Fig. 13a).” Compared with SnO, and CuO, SnO,/CuO
NCs have a FEycoon Of 89.3% at a voltage of —1.0 V and long-
term stability for 30 h (Fig. 13b and c).

These excellent properties can be attributed to the in situ
transformation caused by the heterogeneous interface of SnO,/
CuO NCs, which can form a SnCu alloy and diversified active
sites of SnO,/CuO, on the surface and effectively inhibit the
HER process in CO,RR while enhancing the adsorption of the

5424 | Chem. Sci, 2025, 16, 5413-5446

CO,  intermediate (Fig. 13d). In addition, the CeO,-SnO,
heterogeneous interface catalyst constructed by electrospinning
technology can efficiently catalyze the formation of HCOOH and
achieve a partial current density of 180 mA cm™2.°! At the same
time, thanks to the special electronic environment provided by
the heterogeneous interface, CeO,-SnO, can operate stably for
53 h under electrolysis conditions, which is much longer than
the stable time of SnO, (13 h).The HAADF-STEM images showed
that the CeO,-SnO, interface was successfully constructed
(Fig. 13e and f). They also proposed a cerium-mediated Sn®/Sn°*
redox reaction mechanism. The heterogeneous CeO,-SnO,
interface can reduce the dissociation energy of water. Among
them, Ce*" was reduced to Ce*" during the electrolysis process,
generating multiple oxygen vacancies, promoting water activa-
tion to generate *H and *OH. *H can exist stably on the
heterogeneous interface, while *CO,™ adsorbed on the surface
combines with *H to form a *OCHO intermediate. At the same
time, *OH can convert Sn° to Sn®" and maintain a high valence
state in the system, resulting in formate formation (Fig. 13g).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The bimetallic heterogeneous interface is conducive to C-C
coupling and can promote the electrocatalytic reaction of CO, to
generate C,..* Chen et al. found that the Cu®/Cu** heteroge-
neous interface constructed in the bimetallic Cu-based catalyst
exhibited excellent interface stability and 90.9% FEc g, for CO,
electroreduction.*” The interfacial tunability of Cu affects the
reaction energy barrier of the C-C coupling process. At the Cu®/
Cu”" interface derived from the CuPO catalyst, the Cu® site can
adsorb the *CO intermediate and the Cu®" site promotes the
hydrogenation of *CO to form *CHO (Fig. 14a), resulting in the
low-energy coupling pathway of OC-CHO to accelerate the
production of C,.. Similarly, Feng et al. in situ reconstructed the
multiphase Ag/Cu/Cu,O bimetallic heterogeneous interface by
doping Ag into a Cu-based MOF (HKUST-1) to promote the
transformation of CO, into C,H, (Fig. 14b).”> The addition of Ag
increases the *CO coverage on the Cu(i) surface, further
promotes the C-C coupling and stabilizes the catalyst (Fig. 14c),
thereby increasing the FE of C,H,. In addition to improving the

© 2025 The Author(s). Published by the Royal Society of Chemistry

FE of ethylene, CuAg bimetallic catalysts can also improve the
FE of C,HsOH and C3;H,OH through different surface and
interface modifications. Gao et al. assembled a controllable Ag-
based two-phase Ag-Cu heterostructure, which regulates
product selectivity through kinetic recombination.*® There is
a clear two-phase interface between Ag and Cu from the HAADF-
STEM image (Fig. 14d). With an increase in Ag content, the
main products are more inclined to generate alcohols (C,HsOH
and n-C3H,OH). At a voltage of —1.05 V, the FE of alcohols can
reach 44% (Fig. 14e). This is attributed to the fact that during
the ECO,RR process, as the coverage of the *CO intermediate
increases (Fig. 14f), Cu moves to the Ag surface (Fig. 14g) and
surface reconstruction occurs, resulting in an Agys—Cugs
interface. This will change the interfacial oxygen affinity and
determine the final CO, hydrogenation energy barrier, resulting
in the formation of different products.

The bimetallic interface can achieve selective control of
specific products by optimizing the adsorption properties of key

Chem. Sci., 2025, 16, 5413-5446 | 5425
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intermediates. Huang et al. synthesized an Ag—Cu ND electrode
with an adjustable structure by a colloidal chemical method.*
Compared with Ag NPs and Cu NPs, Ag-Cu NDs exhibited ultra-
high CO, reduction activity. The FEg y, of Ag-Cu NDs is 3.4
times that of Cu NPs, and the current density at —1.1 V is 2
times that of Cu NPs. Due to the introduction of Ag atoms into
the Cu system in the form of separated nanodomains, the
electrons of Cu move. The electron-deficient Cu binds to CO at
the interface and promotes the coupling of CO. At the same
time, the domain interface of Cu can regulate the oxidation
state of Cu, which can promote the dimerization of CO-CO to
the greatest extent. Wang et al. modified Ag on the surface of
cubic Cu,O and activated it by electrochemical reduction to
regulate the valence state and coordination number of Cu sites
on the catalyst surface. The FE of the final target product
CH;CH,OH was 40.8% (Fig. 15a).°* TEM and HRTEM images
showed that there is an Ag modified Cu,O heterogeneous
interface in Cu,O/Ag NC (Fig. 15b and c¢). Compared with a pure
Cu catalyst, *CO exists on the surface of the dCu,0/Ag; 30,

5426 | Chem. Sci, 2025, 16, 5413-5446

catalyst in the mode of top adsorption and bridge adsorption.
The process of protonation of *CO adsorbed on the Cu site to
produce *CHO or *COH intermediates is more likely to occur.
After that, the asymmetric *CO-*CHO (*COH) coupling with the
top-adsorbed *CO is more inclined to generate C,, products
(Fig. 15d). At the same time, the asymmetric C-C coupling leads
to the destruction of the originally balanced coordination
environment at the Cu site, making it easier to stabilize the
more saturated ethanol intermediate *OC,H;.

The interaction and constraint between specific metal atoms
can be realized by finely manipulating the surface interface of the
catalyst at the atomic level, which can effectively promote the
CO,RR process. Yang et al. constructed the interface sites of an
electronic asymmetric structure at the Cu/CuNC interface by an
in situ electrochemical reduction method (Fig. 15e).** ER-Cu/
CuNC can efficiently reduce CO, to C,, products with an FE of
60.3% at a low potential of —0.35 V and operate stably for 6 h.
This site can increase *CO adsorption, significantly reducing the
kinetic barrier of *CO-*CHO (C-C) coupling (0.30 eV) (Fig. 15f).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.5. Strain engineering

Strain engineering is mainly divided into tensile strain and
compressive strain.”” Strain engineering is mainly to change the
lattice structure of a material through the interaction between
atoms and induce lattice strain, which leads to the change of
lattice parameters.”® This change will significantly affect the
distance and arrangement between atoms and then change the
energy band structure of electrons, including the width of the
energy band, the size of the energy gap and the position of the
Fermi level.>'* In recent years, strain engineering has been
introduced into the CO,RR process. In this process, it mainly
affects the adsorption, activation and desorption process of the
reactants, by changing the electron density and geometric
environment of the active sites, and effectively regulates the
catalytic activity and selectivity of the materials.'** Specifically,
the strain will change the d-band center position of the metal
atoms in the catalyst, thereby optimizing the adsorption and
activation of the catalyst surface and enhancing the stability
while improving the reduction efficiency. Clark et al. prepared

© 2025 The Author(s). Published by the Royal Society of Chemistry

a CuAg electrode by mixing Cu and Ag in a vacuum arc
furnace.’ The introduction of Ag secondary metal will form
a CuAg surface alloy, which in turn causes compressive strain
on the Cu surface. This change in the surface structure
increases the binding energy of the valence band density,
thereby reducing the adsorption energy of H, and can increase
the FE of the C,. product by 10-15% while weakening the HER
activity by 60-75%. In addition, lanthanide metals (LMs) have
a unique 4f electronic structure and 5d orbital, and there is
spontaneous spin-orbit coupling. The larger metal ion radius
will cause tensile strain, which is helpful to optimize the
binding energy of key intermediates. Feng et al. doped single
atom Gd in a Cu,O system to prepare a Gd;/CuO, catalyst.'® In
this, Gd is connected to 5 O atoms with an average bond length
of 2.40 A, which is different from the bond length of Cu-O (1.85
A) (Fig. 16a and b), thus inducing the tensile strain of CuO,.
When the strain degree of the whole reaction system changes
from 0% to 2.5% (Fig. 16¢), the free energy of 2*CO-to-O*CCO

Chem. Sci., 2025, 16, 5413-5446 | 5427
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decreases by 0.3 eV (Fig. 16d), 81.3% FEc,, is achieved at —0.8 V
and the electrochemical stability is more than 40 h (Fig. 16e).
It is worth noting that the strain effect easily occurs in shell-
core structure catalysts. Due to the mismatch between the core
and the shell, lattice strains such as compressive strain or
tensile strain will be triggered, thereby adjusting the electronic
structure around the metal atom and optimizing its catalytic
activity. Zhu et al. prepared a core-shell bimetallic catalyst for
CO conversion by coating an ultrathin palladium-rich shell on
the outer layer of a Au-Pd alloy (Fig. 17a)."** DFT calculation
results showed that when the Au content increases to a certain
extent, the lattice structure expands due to the difference in the
atomic radius, which leads to the tensile strain of the Pd shell.
This strain causes the d-band center of the Pd atom to move up,
thereby enhancing the adsorption of *COOH. In addition, there
is O coordination on the surface of the catalyst, which also
synergistically stabilizes the adsorption of *COOH. Similarly,
Wang et al. prepared Pd-Au nanowires with a unique shell-core
structure (Fig. 17b).’* Due to the tensile strain effect, Pd g-
Au@Pd has a strong adsorption of the *COOH intermediate,
resulting in 94.3% FEco (Fig. 17c and d). Interestingly, the
heterostructure also induces atomic tensile strain. The intro-
duction of In into Cu-based catalysts to construct an In,03;/Cu

5428 | Chem. Sci, 2025, 16, 5413-5446

heterojunction can induce tensile strain of Cu (Fig. 17e and f)."*®
The presence of heterojunctions contributes to the regulation of
the electronic structure and effective adsorption of CO,. The
tensile strain increases the adsorption of *HCOO and thus
improves the product selectivity of HCOOH (Fig. 17g and h).

In addition, the compressive strain and the tensile strain can
be converted to each other to maximize the catalytic efficiency.
Wei et al. prepared a Sn-doped Sn-CuO-7.5 catalyst by the
hydrothermal method.'”” CuO will be reduced to Cu at an
applied voltage of —0.6 V. With the introduction of Sn atoms,
the lattice spacing of Sn/Cu will be expanded. Specifically,
during the CO,RR process, Sn—-CuO-7.5 underwent in situ
reconstruction, transforming from compressive strain into
tensile strain to accelerate the production of CO (Fig. 17i). The
Cu of Sn/Cu acts as the active site of the reaction, and Sn
regulates the electronic structure around Cu. Under their
synergistic effect, 95.5% FEco can be achieved.

It is worth noting that strain engineering may lead to relax-
ation behaviour during the reaction process, which may lead to
changes in the surface structure of a catalyst, thereby affecting
the catalytic activity. Studies have shown that high temperature-
induced strain relaxation can achieve controllable lattice strain
of bimetallic catalysts. This strain relaxation can improve the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conversion activity of the catalyst, thereby improving the
Faraday efficiency of the reduction product. Hao et al. coordi-
nated Pd(Ag,Au)/Ni bimetallic precursors with poly-
vinylpyrrolidone (PVP) and then prepared s-Pd(Ag,Au)Ni/CNF by
electrospinning technology (Fig. 18a)."”® The IFFT diagram
shows that the lattice spacing of d(111) and d(200) s-PdNi NP is
2.22 A and 2.11 A, respectively, which is larger than the standard
spacing (2.17 A and 1.88 A), indicating that different degrees of
tensile strain have appeared (Fig. 18b). At 400 °C, s-PdNi/CNF-
400 exhibited the largest strain (6.1%). When the temperature
began to increase, s-PdNi NPs began to show strain relaxation.
When the temperature increases to 1000 °C, the strain
decreases to 2.3%. Under electrolysis conditions, the strain-
relaxed s-PdNi/CNF-1000 exhibited the largest FEco (96.6%)
and the largest partial current density (—12 mA cm ™ ?) at —0.88 V
(Fig. 18c). DFT calculation results showed that after strain
relaxation at high temperature, the s-PdNi-2.3% surface has
a more negative *COOH free energy, which promotes the
formation of *COOH and *CO, thereby improving the reactivity
of CO,RR (Fig. 18d and e). In summary, the strain relaxation
induced by thermodynamics will improve the catalytic perfor-
mance of bimetallic catalysts for CO,RR.

4. Advantages of bimetallic catalysts

The combination of double metal elements can introduce new
active sites and catalytic mechanisms for electrocatalytic reac-
tions, greatly improving the catalytic activity. A single metal
catalyst faces many limitations. The introduction of a second
metal can break the original limitations and effectively enhance
the adsorption of CO, in the CO,RR process. Through the

View Article Online
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electronic and geometric effects between the two metals, the
CO,RR activity can be significantly improved.

4.1. Enhancing CO, adsorption capacity

The active sites of traditional single metal catalysts are relatively
unitary, and the CO, adsorption capacity is weak.'*>*'® Therefore,
it is particularly important to explore catalysts with multiple
active sites for the CO,RR. Bimetallic catalysts can optimize the
electron density of the metal active center through electron
transfer and enhance their adsorption capacity for CO, mole-
cules.”"** The CO, adsorption behaviour usually occurs on the
catalyst surface, and the construction of active sites at the
bimetallic interface is particularly important. Sun et al. synthe-
sized an MOF-mediated Ag-modified copper oxide bimetallic
catalyst (CuO/Ag@C)."** The material exhibits a layered structure,
while bimetallic nanoparticles are encapsulated in porous carbon
and there is a heterogeneous interface (Fig. 19a). DFT-assisted
calculations showed that the surface adsorption energy of the
Ag-Ag/Cu(111) interface is —0.08 eV, which is higher than that of
the Cu heterogeneous interface and pure Cu interface (Fig. 19b).
This indicates that the bimetallic catalyst has stronger CO,
adsorption capacity. Similarly, Meng et al studied the CO,
adsorption performance of bimetallic Cu/Zn,"** which can adsorb
a large amount of CO, and reduce it to the *CO intermediate
under the combined action of bimetals. Due to the weak binding
energy of Zn, *CO migrates, making the Cu surface highly
covered with *CO, thereby promoting C-C coupling, generating
ethylene and ethanol while inhibiting the HER (Fig. 19c). In
addition, In/Bi-750 synthesized by Wang et al on a two-
dimensional substrate can in situ form bimetallic active sites of
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the InBi alloy under the action of electrolysis (Fig. 19d).*** DFT
calculations showed that the BiIn(111) site has a strong adsorp-
tion capacity for CO, and can generate CO, intermediates. CO,
reacts with protons and electrons to form OCHO and OCHO. In
addition, the Bi and In sites on the Biln(111) interface have
a lower reaction energy barrier, and the binding energy of the
reaction process can be optimized by the synergistic effect of the
bimetallic catalyst, thereby promoting the reaction (Fig. 19e).
Among them, the introduction of Bi atoms makes the p-band of
the system move down (Fig. 19f). The above behaviour effectively
regulates the adsorption of CO, and promotes the maximization
of FExcoon-

View Article Online
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4.2. Adjusting the reaction energy barrier

In the CO,RR process, lowering reaction energy barriers of inter-
mediates by adjusting the surface dispersion of catalysts has
a great influence on the product selectivity."*® Bimetallic catalysts
can optimize the electronic structure of the catalyst surface by
introducing secondary metals, thereby improving the adsorption
and desorption capacity of the intermediates. Zhao et al. regulated
the reaction energy barriers of key intermediates by dispersing
strongly bound metal In on the surface of weakly bound metal Zn,
which effectively promoted the conversion of CO, to HCOO™
(Fig. 20a)."” The In-Zn interface (In-Zn,) forms active sites
through favourable orbital interactions, thereby achieving efficient
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(a) Colored HAADF image. Reproduced with permission.*** Copyright 2019, Royal Society of Chemistry. (b) Colored HAADF image. (c) FE

image. (d) The adsorption diagram of *COOH on the surface of different catalysts. Reproduced with permission.*®® Copyright 2018, Wiley-VCH.
(e) A schematic diagram of the heterostructure of In,O3z/Cu. (f) Tensile strain diagram. (g) AG diagram of CO. (h) AG diagram of HCOOH.
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HCOO™ conversion. The results of in situ FT-IR and DFT calcula-
tions showed that the In-Zn, interface is more favourable for the
adsorption and activation of CO, (Fig. 20b and c) and can effec-
tively reduce the reaction energy barrier of *OCHO (Fig. 20d and e),
thereby affecting the production of HCOO . In addition, Li et al.
proved that the introduction of Ga atoms in Cu-based catalysts can
induce the hybridization of p-d orbitals (Fig. 20f)."*® The hybrid-
ization of p-d can enrich the reactive sites to a certain extent,
which is beneficial to improve the binding strength of *CO
(Fig. 20g), thus accelerating the C-C coupling process. At a current
density of 0.9 A cm ™2, 81.5% of FE¢_, is exhibited (Fig. 20h).

The adsorption of active sites on different reaction interme-
diates leads to different reaction pathways and the formation of
final products. The different interactions between the two metals
in bimetallic catalysts have a key effect on the binding energy of
intermediates. Huang et al. synthesized a Cu,Sb alloy by a high
temperature solid phase method and found that the selectivity of
the CO product was closely related to the molar ratio of Cu and
Sb."® When the molar ratio of Cu and Sb is 3:1, it shows the
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L. in nanofibers
Electrospinning

Fig. 18
permission.*°® Copyright 2022, American Chemical Society.
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largest FEqo (Fig. 21a). The results of EXAFS showed that there
are Cu-Sb metal bonds in the system (Fig. 21b). As the molar
ratio of Cu atoms increases, Sb will be surrounded by more Cu
atoms, making the Cu-Sb bond stronger. Under the action of
applied voltage, the bonding strength between *COOH and the
material becomes larger (Fig. 21c) and the CO selectivity is
improved. In addition, Zhang et al. constructed Cu-Pd dimer
sites in MOFs to study the ECO,RR activity, aiming to improve
the FEco."”° They used the ion exchange method to introduce Pd
into the Cu-Pd paddle wheel node structure to induce the
reconstruction of the pore structure. HP-2 presents a Cu core and
an octahedral core-shell structure with Pd/Cu as the shell
(Fig. 21d), which has a specific surface area of 1474 m*> g~ *. HP-2
achieves a maximum FE¢o of 85% at —0.77 V vs. RHE (Fig. 21e).
XAFS confirmed that the coordination environment of Pd did not
change significantly under in situ conditions (Fig. 21f). DFT
calculations revealed the key role of Pd atoms in enhancing CO
selectivity (Fig. 21g) and Cu as the main active site for the CO,RR
(Fig. 21h). The introduced Pd atom affects the d-band center of
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the adjacent copper site, reduces the electron filling of the anti-
bond (d-o)* orbital (Fig. 21i and j), effectively enhances the
adsorption strength of *COOH on the Cu site, and finally reduces
the energy barrier of CO,RR.

4.3. Synergistic effect

In a bimetallic catalytic system, metal atoms can promote the
activation and conversion of reactants through electron redistri-
bution, the steric hindrance effect and synergistic enhancement
of active sites, so as to achieve better catalytic activity than single
metal catalysts.”* The synergistic effect of bimetallic catalysts is
reflected in many aspects, including the electronic structure,
geometric configuration, active site characteristics and dynamic
processes. These mechanisms together improve the overall
performance of the catalysts. For example, Wen et al. developed
Sn nanosheets modified with Bi atoms to study the conversion of
CO, into HCOOH.”® The electroreduction process mainly
involves *COOH and HCOO* intermediates. HCOO* has a larger
adsorption energy (0.81 eV) on the surface of Bi-Sn (Fig. 22a), and
Bi-Sn shows a strong interaction. In addition, when the
secondary metal is introduced, the Fermi levels of p and d of Sn
shift up (Fig. 22b), which makes the HCOO* intermediate

5432 | Chem. Sci., 2025, 16, 5413-5446

adsorbed on the surface more stable and promotes the formic
acid production process. In another report, Hao et al. developed
a CuNi-DSA/CNFs catalyst by electrospinning technology
(Fig. 22¢)." Under the synergistic effect of CuN,-NiN; sites, it is
easier to form the *COOH intermediate. Similarly, Tan et al.
proposed that the strong interaction between In-Bi induced by In
can reconstruct the electrons in the local region, thereby
increasing the conversion of CO, to formate.””® Xu et al
confirmed that the Co-Ni bimetallic catalyst synthesized by self-
assembly doping Al,O; has excellent methane selectivity.'** The
synergistic effect between Co and Ni can regulate the activation
process of H and CO,, which can effectively improve the selec-
tivity. Specifically, the Ni site mainly adsorbs and dissociates H,,
while the Co site is responsible for the adsorption and activation
of CO, (Fig. 22d). After that, H is transferred from the Ni site to
the Co site and combines with the intermediate to form CH,.
Park et al. synthesized a Au-Ag alloy by the galvanic replacement
method." This alloy exhibits a hollow cube structure with a large
active specific surface area (Fig. 22e). The C atom in the key
intermediate *COOH is adsorbed by Au, and O is adsorbed by Ag,
which maximizes the intrinsic activity under the synergistic effect
of bimetallic sites (Fig. 22f).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) The action diagram. (b) Raman spectra of In-Zn,. (c) Raman spectra of Zn/ZnO. (d and e) Free energy diagrams on different surface

structures. Reproduced with permission.**” Copyright 2024, American Chemical Society. (f) PDOS image. (g) Free energy diagrams. (h) FE image.
Reproduced with permission.*® Copyright 2023, American Chemical Society.

5. Typical bimetallic catalysts for the
ECO,RR

In recent years, with the aggravation of environmental prob-
lems, researchers have carried out in-depth research in the field
of ECO,RR. With the further development of science and
technology, great progress has been made in ECO,RR. Here, we
divide the catalysts with the most ECO,RR ability into diatomic
catalysts (DACs), alloy catalysts, MOF-based catalysts and COF-
based catalysts, and systematically summarize their unique
electrochemical properties. In addition, we also provide
a summary comparison table of ECO,RR parameters, including
FEs, current densities, applied potentials, electrolytes and
devices aiming to provide researchers with more cutting-edge
data comparison and design ideas (Table 2).

5.1. Diatomic catalysts

DACs are widely used in electrochemical CO, reduction due to
their dual active sites."*"'** The synergistic effect of bimetallic

© 2025 The Author(s). Published by the Royal Society of Chemistry

sites can give the catalysts excellent performance, promote the
coupling of C-C bonds, and thus achieve effective reduction of
CO,."* DACs can break the limitation of the scaling relation-
ship of single-atom catalysts and achieve the synergistic effect
of multiple active sites. DACs can be divided into homonuclear
DACs and heteronuclear DACs.*** Heteronuclear diatomic metal
sites can be connected by atoms such as O/N/S and dispersed on
the surface of the carrier framework. Among them, the metal-
metal interaction in heteronuclear DACs can optimize the
electronic structure of active sites and promote the kinetic
process of CO,RR. Theoretical studies have shown that CuCr/
C,N sites are designed by embedding heterogeneous transition
metal binary components on the surface of single-layer C,N,
which can efficiently reduce CO, to methane at low poten-
tials.’** Similarly, the incorporation of N-doped Pd-Zn diatomic
sites on an ordered mesoporous carbon surface helps to further
enhance CO selectivity (Fig. 23a)."*® The average spacing of Pd—
Zn was 2.46 A, which confirmed the successful synthesis of Pd-
Zn diatomic sites. The turnover frequency (TOF) is 14 633 h™" at
—0.72 V and the FEo is 97.14% (Fig. 23b and c). In addition, it
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(a) The synthesis diagram of Cu,Sn. (b) EXAFS. (c) Raman spectra of CusSn. Reproduced with permission.**® Copyright 2024, American

Chemical Society. (d) SEM image of HP-2. (e) FE image. (f) XAFS. (g) Free energy diagrams. (h) The schematic diagram of Cu sites in Cu—Pd. (iand j)

PDOS. Reproduced with permission.*?® Copyright 2024, Wiley-VCH.

showed a partial current density of 11.12 mA cm 2 and a long-
term stability of 30 h. The Pd 3d and Zn 3d orbitals in PAZnNg
can undergo d-d orbital coupling near the Fermi level
(Fig. 23d). The quasi-covalent Pd-Zn bond in the system
induces the rearrangement of Pd 3d orbital energy levels and
electrons (Fig. 23e), which helps reduce the adsorption energy
of *COOH intermediates and promote the formation of CO
molecules.

In addition, heteroatom doping can further improve the
catalytic activity of diatomic catalysts for CO,RR to a certain
extent."®'*® This improvement is mainly due to the synergistic
effect of heteroatom doping and the optimization of the catalyst
structure. For example, Sun et al. found that the asymmetric
coordination Cu-S-Ni/SNC synthesized using wool keratin
exhibited higher reduction activity than sulfur-free doped CuNi
bimetallic catalysts in the production of CO.**” Specifically, Cu-
S-Ni/SNC has 98.1% FE¢o at a low potential of —0.65 V. Wool
keratin contains multiple disulfide bonds, which can introduce
S onto the surface of the material. At the same time, the long-
range ordered protein structure can provide regular metal
active sites. XAS analysis results showed that both Cu and Ni

5434 | Chem. Sci, 2025, 16, 5413-5446

show positive valence states, and the valence states shift with
the incorporation of S atoms (Fig. 23f). In addition, the Cu K
edge confirms that N,Cu-S-NiN, is the optimal structure for CO
production (Fig. 23g). DFT calculations further confirmed the
above statement. CO, is first adsorbed on the surface of the two
metal atoms, forming *COOH through the CPET process, and
*COOH can be further protonated to form the CO* interme-
diate. Finally, CO* is desorbed from the diatomic surface to
form CO (Fig. 24a). The asymmetric structure of N,Cu-S-
NiN, exhibits a low reaction energy barrier of 0.3107 eV. DOS
analysis showed that the Ni atom site has a strong adsorption
capacity, and the S atom can regulate the production of *COOH
(Fig. 24b). Therefore, the Cu site is dually regulated by the S and
Ni sites, which helps enhance CO, adsorption and CO desorp-
tion, thereby maintaining the highest CO selectivity.

5.2. Bimetallic alloys

Nowadays, bimetallic alloy catalysts have gradually become
promising catalysts for efficient electrocatalytic reduction of
CO,."* The two metal centers in bimetallic alloys can produce
a synergistic effect through electron transfer, geometric

© 2025 The Author(s). Published by the Royal Society of Chemistry
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deformation and surface recombination to form unique active
centers. This synergistic effect reduces the energy barrier of the
reaction, improves the activation efficiency of CO, molecules,
and promotes key steps such as C-C coupling, thereby accel-
erating the rate of CO, reduction.” The electronic structure of
the two metals in the alloy state will change, resulting in the
electron density distribution on the metal surface being
different from that of the pure metal, thus changing the energy
and selectivity of CO, adsorption. In addition, bimetallic alloy
catalysts support a variety of reaction mechanisms, so that
CO,RR can be carried out through different reaction paths,
which helps form various products such as CO, HCOOH and
CH;0H."* Wang et al. prepared np-AgCu by the chemical
dealloying method, which showed a copper-rich interface and
had a high selectivity to CO with a Faraday efficiency of
97.5%."*° The results of in situ cyclic voltammetry (CV) analysis
showed that the integral ratio of the area of the anodic oxidation
peak to the total charge increased by 4 times after 3 hours of
reaction, and the Cu concentration on the surface of np-AgCu
also increased, which means that the surface reconstruction
of Cu occurred during the electrochemical process, which
promoted the adsorption of CO, (Fig. 24c and d). Similarly, the
Cu/Zn alloy prepared by doping Zn in Cu also showed high *CO
formation activity. With the strong binding of Cu and Zn, the d-
band center of Cu changes, which reduces the binding ability of

© 2025 The Author(s). Published by the Royal Society of Chemistry

H and increases the adsorption of *CO while inhibiting the HER
(Fig. 24e).

Xie et al. reported that BigPdos-SAA NDs can continuously
perform CO,RR for more than 20 h at —0.4 V to —0.5 V vs.
RHE.** This is due to the introduction of Bi in BigPdg,-SAA NDs,
which reduces the H content on the surface and weakens the
affinity between Pb and H, thus reducing the reaction energy
barrier of the *COOH intermediate and promoting the
desorption of formate (Fig. 24f and g). It is exciting to note that
the CuO-PMA co-assembled sub-nanosheets can in situ form
a CuPd alloy under entropy-driven conditions, which can effi-
ciently produce acetate with FE up to 46.5 £+ 2.1%."** Among
them, CuPd-1.5 exhibits a single crystal structure. During the
alloying process, Cu atoms are gradually reduced from Cu(u) to
Cu(1)/Cu(0). EXAFS showed that the bond length of Cu-Pd is
about 2.15 A (Fig. 25a). Furthermore, the wavelet transform
(WT) showed that the structure of Cu-Pd is highly ordered and
alternately arranged in the alloy. In situ Raman spectroscopy
showed that the CuPd-1.5 alloy can enhance the adsorption of
*CO intermediates (Fig. 25b). AIMD simulation results showed
that the high vibration characteristics of Cu and Pd atoms make
the adsorbed CO and COH close to each other and the coupling
reaction occurs (Fig. 25¢). Specifically, the *CO generated at the
Pd site moves to the Cu site through the overflow effect to
complete the C-C coupling, thereby generating acetic acid
(Fig. 25d).
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Table 2 Comparison of various parameters of different ECO,RR catalysts
Current density Applied potential
Catalyst FE (%) (mA cm™?) (V vs. RHE) Electrolyte Device Ref.
CuogPd, Cys (75.6%) —200 ~1.15 1 M KCl Flow cell 127
Bi-Pb/CP HCOOH (97.8%) 53.1 —0.8 0.5 M KHCO; H-cell 128
Pb,In; HCOOH (91.6%) —-17 —1.26 0.5 M KHCO; H-cell 129
Biln0-0.67@C HCOOH (91%) — —0.9 0.5 M KHCO; H-cell 130
CoCu3/CFs C; (97%) 78.1 —0.8 0.5 M KHCO; H-cell 131
Mg-Cu Cy+ (=80%) —1000 -0.77 1 M KOH Flow cell 132
ZnCu0-500 C,H, (45%) 200 —-1.0 1M KOH Flow cell 133
CUy.543Ni/NC CO (99.7%) — —0.6 0.1 M KHCO, H-cell 134
R-Cu/Au C3H,0H (46.6%) 124 —0.78 1 M KOH Flow cell 135
Ni/Fe-N-C CO (98%) — —-0.7 0.5 M KHCO; H-cell 136
CuAg-0.75% C,H5O0H (21.0%) 214.4 -0.71 1 M KOH Flow cell 137
CusZng C,H;0H (46.6%) 2.3 —0.8 0.1 M KHCO, H-cell 138
CuzN-Ag C,H, (38%) 26.7 -1.0 1 M KOH Flow cell 139
CuO/ZnO/C C,H, (50.9%) 367 —0.75 1 M KOH Flow cell 140
(c) 120
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5.3.

Porous carbon materials have adjustable pore structures and
high specific surface area, which can provide multiple surface

Bimetallic MOFs

5436 | Chem. Sci,, 2025, 16, 5413-5446

active sites, which is conducive to the surface adsorption and
diffusion of CO, molecules.”®*” The excellent electrical
conductivity and chemical stability further promote the appli-
cation of porous carbon materials in the field of electrocatalytic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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carbon dioxide reduction. The frameworks are stable structures
composed of metal centers and organic ligands connected by
covalent bonds or coordination bonds.**'* MOFs are good
precursor templates, which can be converted into nitrogen-rich
porous carbon during pyrolysis.*®* However, porous carbon has
low reactivity for the CO,RR, and additional metal elements
(such as Cu, Ni and Bi) need to be added to the system to
improve its catalytic performance.'*»'® The introduction of two
metal atoms can produce a synergistic effect, generate syner-
gistic active centers, optimize the electronic structure, and
greatly enhance the adsorption and activation of CO,. The
atomic structure of bimetallic MOFs is more conducive to the
research and exploration of the reaction mechanism.'* The
introduction of In into Ga-MOF by ion exchange technology
contributes to the movement of charge, thereby achieving 93%
FEncoon (Fig. 26a).'* InGa-MOF has a specific surface area of
1509 m> g~ ' (Fig. 26b), which contributes to the adsorption of
CO,. Due to the difference in electronegativity between the two
metals, the electrons around In move to O (C-O-M) to redis-
tribute the charge. After this process, In is seriously deficient in

© 2025 The Author(s). Published by the Royal Society of Chemistry

electrons, thereby enhancing the interaction between p-
d orbitals and increasing the adsorption of *OCHO intermedi-
ates (Fig. 26¢ and d).

Another study showed that two-dimensional bimetallic
MOFs (PcCu-Og-Zn) connected by CuN, and zinc-bis (dihy-
droxy) complexes exhibited a layered structure with a layer
spacing of 0.33 nm (Fig. 26e).*® The synergistic catalysis of ZnO,/
CuN, bimetallic sites in 2D ¢-MOF contributes to the conversion
and desorption of *COOH (Fig. 26f). In addition, Yang et al.
synthesized a series of bimetallic MOFs using H,atzc as an
organic ligand. BiZn-MOF showed high FEycoon (92%) after
electrolysis.*®® The hydroxyl and amino groups of the ligand can
produce a coordination effect with bimetallic BiZn, which
enables the metal center to have a strong affinity with *OCHO
and assists the HCOOH production process. In addition to the
high activity for the production of C, products, bimetals can
also efficiently produce C, products, such as ethanol. The het-
erometallic asymmetric double-site catalyst constructed by
Zhao et al. had significant catalytic activity for CO,RR.'” They
synthesized a stable metal-organic framework (CuSn-HAB) with

Chem. Sci., 2025, 16, 5413-5446 | 5437
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heterometallic asymmetric Sn-Cu double sites using a post-
synthetic modification strategy to achieve highly selective elec-
trocatalytic reduction of CO, to ethanol at —0.57 V. The SnN,O,
site has a high affinity for the O atom, generating the key
intermediate of *OCH, while stabilizing the C-O bond, effec-
tively promoting the asymmetric C-C coupling between *CO
and *OCH, intermediates, thereby showing high selectivity for
ethanol (Fig. 27a).

5.4. Bimetallic COFs

COFs are crystalline polymers. They usually present an ordered
crystal configuration, allowing the construction of one-
dimensional, two-dimensional, and three-dimensional
network crystal structures.”””'”* The diversity of metal centers
and organic ligands directly leads to the high stability of the
frameworks and pore structures, which realizes the controllable
synthesis of materials."”»'”* The interaction between metal
nodes in bimetallic COFs and the COF skeleton gives the skel-
eton metal diversity, high stability and hierarchical pore struc-
tures, which can optimize the electronic environment of the
metal, improve its adsorption capacity and activation efficiency
for CO,, reduce the energy barrier of the reaction, and improve

5438 | Chem. Sci.,, 2025, 16, 5413-5446

the reaction efficiency.'”* Nowadays, a variety of bimetallic COFs
have been developed and applied in various fields such as
photo-/electro-catalysis, adsorption and sensors."”>*”® The
bimetallic phthalocyanine-porphyrin COF (NiPc-CoPor-imi-
COF) linked by benzimidazole showed a synergistic effect in
the ECO,RR (Fig. 27b).**® The catalyst has a spatial layout of
dual active sites and can provide a nitrogen-rich environment
that promotes CO, adsorption. Moreover, the excellent electron
transport ability of the COF backbone affects the electron
exchange of bimetallic sites, thereby synergistically regulating
the reactivity of the catalytic centers. It is worth noting that
NiPc-CoPor-imi-COF had 97.1% FEco (Fig. 27c), which is
superior to that offf most monometallic and bimetallic COF-
based catalysts. ATR-FTIR showed that the formation of
*COOH was the rate-determining step of ECO,RR (Fig. 27d).
By tailoring and synthesizing multi-metal sites in the COFs
and adjusting the electronic structure of the active sites, the
selective switching of reduction products can be achieved
(Fig. 28a).** In the electrocatalytic CO,RR process, 2Cu-NiPc-
DHDA-COF and La-2Cu-NiPc-DHDA-COF exhibited excellent
selectivity for ethylene (FE = 40.1%) and methane (FE = 57.1%),
respectively (Fig. 28b). The change in the selectivity of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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catalytic product can be attributed to the introduction of the
oxygen-philic element La, which regulates the surface charge
distribution of the Cu site and affects the activation of the
reactants and the formation of intermediates. Specifically, La
reduces the formation energy barriers of *COOH and *H
(Fig. 28¢) and increases the local coverage of *CO and *H. At the
same time, the formation energy barriers of *CH,O and
*COCHO have also been adjusted, making the reaction proceed
in the direction of methane formation.

6. Summary and outlook

Bimetallic electrocatalysts are widely used in electrochemical
processes due to their tunable morphological structure and
long-term electrochemical stability. In this paper, the reaction
mechanisms of the ECO,RR process and the structure-activity
relationships of various bimetallic catalysts applied to this
process are reviewed. The structure-activity relationships

© 2025 The Author(s). Published by the Royal Society of Chemistry

mainly include metal center regulation, metal center distance
regulation, coordination environment regulation and interface
engineering. Although there has been great progress in ECO,RR
over the past decade, the exploration of the ECO,RR process is
still in its infancy. However, as a reliable means to improve the
level of new energy consumption and realize carbon recycling, it
still has great research significance. In order to achieve better
CO,RR performance, the following issues still need to be
overcome:

(1) The selectivity of C,, products is still very low. The elec-
trochemical reduction of CO, is a multi-electron transfer
process, and the products corresponding to different electron
transfer numbers are different. Nowadays, the FE of most
bimetallic electrocatalysts for the production of C; products
such as CO, CH, and formic acid/formate can reach more than
90% or even 100%, but the production efficiency of C,. products
such as C,H,, C,H;OH and n-C;H,OH is far less than that of C,
products, with a maximum of less than 70%. However, the low
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selectivity of CO,RR leads to the simultaneous formation of
multiple products, resulting in difficulty in product separation.
Therefore, it is particularly important to improve the selectivity
of C,. products in the CO,RR. This selectivity is affected by the
surface structure of the catalyst, the adsorption behavior of
reaction intermediates and the control of the reaction path. The
adsorption and activation of CO, molecules play a crucial role.
Different active sites presented by different types of catalysts
have different degrees of CO, adsorption, resulting in different
types of intermediates in the reaction process and different
products. In addition, the stability of key intermediates is also
worthy of attention, because the stabilized intermediate can
further undergo C-C coupling. At the same time, the side
reaction of hydrogen evolution should be inhibited.

To achieve high C,, product selectivity, the following
methods might be carried out. Firstly, bimetallic catalysts with
abundant active sites are developed to accelerate the reaction
kinetics. Secondly, the selectivity is improved through strategies
such as metal center regulation, element doping, defect engi-
neering, and interface engineering. Among these strategies,
metal center regulation is particularly prominent. The syner-
gistic effect of diatomic active sites and nanoclusters can
significantly improve the product selectivity of C,,.

(2) The electrochemical stability is low. Compared with
bimetallic catalysts acting on other electrochemical processes,
bimetallic catalysts with catalytic activity for CO,RR have
a shorter life. The stable life of NiFe/NC, CoNi/NC and NiCu/NC

5440 | Chem. Sci,, 2025, 16, 5413-5446

catalysts is commonly less than 100 h. Therefore, the poor
stability of bimetallic electrocatalysts hinders the commercial-
ization process. There are many reasons for the poor stability.
The first is the influence of electrolytes and by-products. In the
ECO,RR process, the impurity ions and intermediate products
(HCOOH/HCOO™) in the electrolyte may poison or block the
active sites of the catalyst, which seriously affects the stability.
In addition, the electrolyte medium is considered to be the
main source of impurities in the working electrode, and it is
necessary to manufacture an anti-impurity working electrode to
achieve long-term stability and reduce operating costs.
Secondly, the deposition and coverage of the catalyst surface
will also reduce the stability. When a liquid electrolyte is used,
the formation and deposition of carbonate on the surface of the
catalyst will hinder the diffusion of CO, and affect the electro-
chemical reaction. For example, a mixture of graphitic carbon
and Cu oxides deposited on the surface of Cu-based catalysts
can hinder the direct contact of CO, with the active sites,
resulting in almost complete deactivation. The last is the effect
of the anodic reaction. Studies have shown that the rapid decay
of electroreduction current is considered to be the main reason
for the decrease of catalyst stability. However, this is mainly due
to the loss of KHCO; at the anode, which leads to a decrease in
solution conductivity, an increase in solution internal resis-
tance and a decrease in pH, rather than the deactivation of the
catalyst itself. In summary, there are many factors involved in
the stability reduction during the reaction. Therefore, the key to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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solving such problems is to create certain physical obstacles in
the process of ion movement. In order to avoid the surface
reconstruction of the catalyst, strategies such as alloying,
construction of surface pores or nanochannels, electrolyte
additives, and local catalytic environmental engineering can be
used to further extend the stable lifetime.

(3) 1t is difficult to separate and purify the product. Due to
the low product selectivity, a mixture of multiple products is
generated, which leads to the challenge of product separation.
This is mainly because the synthesis of multi-carbon products
involves complex reaction pathways and intermediates, result-
ing in a wide variety of products and low concentration, making

© 2025 The Author(s). Published by the Royal Society of Chemistry

the separation and purification process difficult. At present, the
method of optimizing the structure of the catalyst and
improving the selectivity of the product to simplify the product
is widely used. For example, the use of Cu-based catalysts
improves the selectivity of C,, products by regulating the
surface structure and the number of active sites. In addition, the
reactivity of bimetallic catalysts was further optimized by
introducing different metal oxides or alloying strategies. Low-
temperature plasma technology is used for the activation of
CO,. This method can effectively solve the problem that inert
CO, is difficult to be activated in traditional electrolytic cells,
thereby the product the

improving conversion in
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electrocatalytic process. Jiang et al. proposed a flow-electrode
capacitive deionization technology (FCDI), which can in situ
separate organic products from acidic electrocatalytic carbon
dioxide reduction and recover alkali metal cations by regulating
the ion transmembrane process.'”” So far, this technology is
a more advanced product separation technology and has great
development potential in the separation of carbon dioxide
reduction products.

(4) There are still many bottlenecks in theoretical simulation
technology. The main reason is that the CO,RR process involves
a variety of possible reaction paths, each of which has its own
kinetic and thermodynamic details. It is still difficult to accu-
rately describe the electronic structure and energy barrier of all
intermediate states and transition states. In addition, most of
the CO,RR processes occur in the liquid-solid or gas-liquid-
solid three-phase boundary layer, which involves complex
interface effects. Similarly, bimetallic catalysts usually have
multiple active sites, and the mechanism of action at each site is
different. At the same time, the morphology or electronic
structure of the catalyst surface may change during the elec-
trolysis process. Based on the above problems, the accurate
simulation degree of the DFT calculation method needs to be
further improved. Nowadays, machine learning techniques are
used to accelerate DFT calculations, such as constructing
surrogate models to predict material properties at a lower cost
and screening potential high-performance catalysts. The ML-
DFT method retains the accuracy of DFT while reducing the
computational cost.

(5) There are limitations of in situ characterization tech-
niques. In recent years, in situ characterization techniques such
as in situ infrared, in situ Raman and XAS have occupied a very
important position in the field of ECO,RR. This technology can
provide key evidence in capturing key intermediates and iden-
tifying reactive sites. However, the above methods have certain
limitations. For example, in situ characterization technology has
certain limitations in detection depth and time resolution. This
makes some key intermediates difficult to capture, making it
impossible to achieve real-time observation of dynamic
changes. In situ infrared spectroscopy itself is limited by
infrared transmission, and in situ Raman spectroscopy cannot
detect small scattering cross sections. Up to now, although the
most advanced XAS can accurately obtain information such as
the coordination structure and electronic structure, it is difficult
to capture light elements. In the complex CO,RR process,
a single in situ characterization technique is often insufficient to
reveal and solve the reaction intermediates and pathways
involved in the electrocatalytic mechanism. Therefore, it is
necessary to combine a variety of in situ characterization tech-
niques to provide a more comprehensive reaction mechanism.
Recently, more advanced in situ characterization techniques
have been developed. For example, in situ scanning probe
microscopy (SPM) and in situ electron spin resonance (ESR).
SPM can image the catalyst surface, through cutting-edge
physical probes, and can display sub-nanometer features to
provide more accurate dynamic information. ESR can be used
to measure the free radicals produced in the process of CO,RR
in terms of reaction mechanism and can provide information

5442 | Chem. Sci, 2025, 16, 5413-5446
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on active sites. Therefore, these methods have great application
potential in revealing the reaction mechanism.
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