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Abstract:  

The increasing concentration of CO2 in the atmosphere has caused various environmental 

issues. Utilizing CO2 as the carbon feedstock to replace traditional fossil sources in commodity 

chemical production could be a potential solution to reduce CO2 emissions. Electrochemical 

reduction of CO2 has attracted much attention because it not only converts CO2 into a variety 

of useful chemicals under mild reaction conditions but also can be powered by renewable 

electricity at remote locations. From this review article, we summarize recent literature works 

on the topic of bimetallic electrocatalysts for CO2 reduction. Both selectivity and activity of 

bimetallic catalysts strongly depend on their compositions and surface structures. Tuning the 

properties of a bimetallic catalyst could result in a wide range of products, including carbon 

monoxide, hydrocarbons, carboxylate and liquid oxygenates. By reviewing recent research 

efforts in the field of bimetallic electrocatalysts for CO2 reduction, we aim to provide the 

community with a timely overview of current status of bimetallic CO2 electrocatalysts and to 

stimulate new ideas to design better catalysts for more efficient CO2 electrolysis processes. 
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1. Introduction: 

Over the past half century, the atmospheric CO2 concentration increased dramatically. The 

current CO2 concentration is the highest ever recorded since consistent measurements began 

in the 1950s. The high level CO2 concentration has resulted in global climate changes and 

severe environmental damages.[1-3] Recently, many efforts have been devoted into 

identifying potential methods to tackle CO2 emission issues. A potential solution is to use CO2 

as the carbon source to produce value-added chemicals; however, reduction of CO2 requires 



 

 

additional energy input to overcome activation barriers. If the required energy is obtained 

from fossil sources, the process does not necessarily have a negative CO2 emission (or even 

carbon neutral). Therefore, developing an effective catalyst that can lower activation barriers 

of CO2 reduction as well as utilize renewable energy is an important task in the field of carbon 

utilization.  

In nature, green plants capture CO2 directly from air and convert it to reduced carbon species 

through sunlight-driven photosynthesis processes. However, nature’s photosynthesis 

processes are usually slow and they alone are not sufficient to offset the extremely large 

quantity of CO2 emitted from human activities.[4] A variety of alternative CO2 utilization 

approaches, including biological, thermochemical, photochemical, and electrochemical 

methods, are currently under investigation.[5-6] Among them, electrochemical conversion of 

CO2 has attracted much attention recently because this approach has several advantages, 

including fine control of production rates, wide scalability of modular electrolyzer designs, and 

the potential to produce a variety of high-value products.[5, 7] More importantly, the 

electrolysis system can be readily powered by carbon-free energy sources, such as wind, solar, 

and nuclear, providing a zero-CO2 emission (or even negative) pathway for commodity 

chemical production. A recent scientific study on photovoltaics (PV) clearly showed a decrease 

of PV electricity price over time with a projected PV electricity price as low as $0.03 per kWh 

in the near future.[8] Similar trend also holds for wind energy with wind electricity price 

already being ~$0.02 per kWh.[9] The low electricity price makes electrochemically driven CO2 

utilization technologies potentially profitable for commercial applications. 

In a typical CO2 electrolysis cell, there are three key components, a cathode for CO2 reduction 

reaction, an anode for water oxidation reaction, and a membrane separator for physical 

separation of two electrode chambers. Because CO2 reduction is a thermodynamically uphill 

reaction, external bias, often with a high overpotential, is required to drive the reaction.[10-

11] Additionally, hydrogen evolution reaction (the competing reaction) can occur under the 

CO2 electrolysis conditions, which may substantially decrease selectivity and Faradaic 

efficiency (FE) of CO2RR. Therefore, an efficient CO2 reduction electrocatalyst is essential to 

achieve highly selective and energy efficient CO2 electrolysis systems. In the past few decades, 

tremendous efforts have been devoted to the investigation of CO2 electrocatalysts. Systematic 

investigations of monometallic catalysts have been conducted.[12-16] Among all the 

monometallic CO2 electrocatalysts, Cu is the only metal that is able to reduce CO2 to multi-

carbon (C2+) products, such as ethanol, ethylene, and n-propanol. Many efforts have been 

devoted into engineering metallic Cu catalysts to enhance its CO2 electrocatalytic properties 

however, the range of products that can be produced is still limited and the product selectivity 

remains poor.  

Recently, bimetallic catalysts attracted lots of attention because the properties of a bimetallic 

catalyst can be tuned to be either between those of two individual metals (mixed alloy) or 

outside (core-shell structures).[17-21] The unique and emergent properties of the latter arise 



 

 

from the hybridization of the atomic orbitals that shift the d-band center with the respect to 

the Fermi level in a non-intuitive way. As a result, bimetallics enable one to access catalytic 

properties that cannot be mimicked by monometallics. More importantly, it may be possible 

to design a bimetallic catalyst, which is based on abundant elements only and can still 

effectively reduce CO2 under mild overpotentials. Herein, we reviewed recent studies on 

bimetallic CO2 electrocatalysts and organized the discussions based on CO2RR products, such 

as CO, hydrocarbons, carboxylates and oxygenates. 

2. Bimetallic electrocatalysts for CO2 reduction 

2.1 CO selective bimetallic electrocatalysts 

Table 1 summarized recent literature reports on the topic of CO selective bimetallic 

electrocatalysts. It is evident that a variety of bimetallics can convert CO2 into CO with >90% 

FE. It should be noted that monometallic catalysts, such as Au and Ag, can also reduce CO2 

into CO with a high selectivity. Therefore, research efforts in developing bimetallic CO 

selective catalysts focused primarily on C2+ products using Cu-based bimetallics, while most of 

the attempts, such as AgCu,[9, 22] AuCu,[23-24] and PdCu,[25-26] failed with CO as the major 

product. 

Table 1: Bimetallic electrocatalysts for CO2 reduction to CO. 

Catalysts Electrolyte Potential 

(V vs RHE) 

CO partial 

current density 

(mA/cm2)[a] 

CO partial 

current density 

(mA/cm2)[b] 

Faradaic 

efficiency 

(%) 

Ref. 

PLD Au0.87Cu0.13 0.1 M KHCO3 -0.8 4.34 2.9  90 [23] 

Cu85Pt15 0.5 M KHCO3 -1.11 1.5 0.17 25 [27] 

Cu-Sn 0.1 M KHCO3 -0.6 1.0 1.35 90 [28] 

Cu5.6Sn 0.05 M NaHCO3 -0.87 0.6 0.54 67 [29] 

Cu5Zn8 0.05 M NaHCO3 -0.87 0.95 0.86 80 [29] 

AuCu (ordered) 0.1 M KHCO3 -0.77 3.6 1.4 80 [30] 

Ag57Cu43 0.5 M KHCO3 -1.05 5.7 1.9 12.5 [9] 

Ag/Cu foam 0.5 M KHCO3 -0.93 6.7 2.68 37 [31] 

Au57Pt43 0.1 M KHCO3 -0.7 0.32 0.84 30 [32] 

Au coated Cu NWs 0.5 M KHCO3 -0.65 12 6 30 [24] 

Cu87Sn13 0.1 M KHCO3 -1 0.55 0.46 60 [33] 



 

 

CdCu 0.1 M KHCO3 -1.24 5 4.5 61 [34] 

Cu-In 0.1 M KHCO3 -0.6 0.99 0.0034 90 [35] 

Pd85Cu15 0.1 M KHCO3 -0.89 6.9 0.28 86 [26] 

Cu0.75In0.25 0.5 M NaHCO3 -0.7 2.5 1.25 81 [36] 

Au3Cu 0.1 M KHCO3 -0.73 3 1.17 60 [37] 

Cu/SnO2 0.5 M KHCO3 -0.7 11 0.73 93 [38] 

Au-Fe  0.5 M KHCO3 -0.5 N/A 18 99 [39] 

[a] Based on geometric area of electrode; [b] Based on catalyst surface area; some of the 

values are estimated from the reported data. 

As discussed previously, Cu is the most unique monometallic electrocatalyst for CO2 reduction. 

Many research groups have studied Cu-based bimetallics with the hope to tune catalytic 

properties of Cu with a second metal. For example, Hori et al. showed that adding Cd onto a 

Cu electrode would prevent both HER and the hydrocarbon formation, leading to a more 

selective catalyst toward CO [34]. Watanabe et al. investigated CO2RR over Cu-containing 

alloys and showed that CO could be produced from Cu52Zn48 and Cd62Cu38 with relatively high 

FEs.[40] In another study, Cu-Ni and Cu-Fe were also synthesized using in situ deposition 

technique and studied as CO2 electrocatalysts.[41] However, increasing the coverage of Ni or 

Fe on the Cu surface increased H2 evolution, which is consistent with the observations in a 

recent study of water disassociation on Cu-based bimetallic surfaces.[42] Katoh et al. designed 

Cu-Sn and Cu-Zn alloy catalysts for CO2 reduction and studied in detail about the relationship 

between the alloy structure and CO2 reduction.[29] The authors found that some intermetallic 

compounds on the alloy surface, such as Cu5.6Sn and Cu5Zn8, were the active phases for 

selective formation of CO from CO2 at high production rates.  

In principle, the strength of CO adsorption on metallic surface could be used to predict the 

catalyst selectivity in CO2 electroreduction. Literature studies have demonstrated that surface 

d-band center can be theoretically predicted and experimental assessment showed a strong 

effect on surface adsorption.[43-45] The formation of bimetallic bonds often modifies the 

surface d-band center[46]. Kim et al. reported the CO2 reduction results for AuCu alloy 

nanomaterials with different ratio of Au and Cu.[37] Among them, Au3Cu nanoparticles (NPs) 

showed a high CO FE of 66% and a mass activity of 230A/g at -0.73 V vs reversible hydrogen 

electrode (RHE, all the voltages are on the RHE scale unless stated otherwise) in Figure 1. 

Density functional theory (DFT) calculations revealed that the larger Au composition in CuAu 

induces a lower surface binding energy by modifying the d-band center. Lower binding energy 

for intermediates, such as COOH, CO and H, increases the CO formation and suppresses the 

methane formation.  



 

 

 

Figure 1. (a) FE for CO, H2 and Formate produced with Au3Cu. (b) mass activity of CO using 

AuCu bimetallic NPs with different composition at -0.73V vs RHE. Reproduced with permission 

from Reference [37]. 

Utilizing the strain effect is another strategy to tune the surface d-band center. Kim et al. 

managed to introduce a compressive strain in surface Au through synthesizing an ordered 

AuCu catalyst.[30] AuCu NPs with different degree of ordering was synthesized (Figure 2a). 

The ordered AuCu exhibited a low onset potential (-0.31 V), high FE (80% at -0.77 V, Figure 2b) 

and ultrahigh mass activity (800 A/gAu) for CO formation. DFT calculations showed that the 

Au(211) active sites were characterized by a 6% compressive strain. The Au strain could reduce 

the limiting potential in the CO2 reduction system, where COOH binding to the surface 

becomes the potential-limiting step. 
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Figure 2. (a) TEM images of AuCu bimetallic NPs with different degree of atomic ordering by 

tuning the reaction condition. Scale bar, 20 nm. (b) CO and H2 FE from CO2RR by using 

synthesized AuCu NPs. Reproduced with permission from Reference [30]. 

Besides alloys, core/shell nanostructured materials can lead to both electronic modification 

and surface strain effects.  Cu/SnO2 NPs are an example.[38] The Cu/SnO2 NPs have a 

uniform SnO2 shell on spherical Cu core (Figure 3a). They showed a SnO2 thickness-dependent 

effect on CO2RR. The NPs with thicker SnO2 shell (1.8 nm) had similar products and FE as the 

pure SnO2 NPs.  They could produce 88% formate at -0.9V (Figure 3b). The NPs with thinner 

SnO2 shell (0.8 nm) were not able to produce formate with high FE. However, they became 

CO selective with a 93% FE at −0.7 V (Figure 3c). DFT modeling identified that the free energy 

of intermediate HCOO* was larger than COOH* due to the compressive strain effect and Cu 

doping on 0.8nm SnO2 shell (Figure 3d). COOH* is the key intermediate for CO formation while 

the HCOO* intermediate can only produce formate. The overpotential for CO production was 

-1.87 V. The overpotential for formate production was -2.21 V. Thus, high selectivity for CO 

can be achieved due to the less negative overpotential.  
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Figure 3. (a) TEM image of Cu/SnO2 core shell NPs. FE for CO, H2 and formate during CO2RR by 

using (b) C-Cu/SnO2-0.8 catalyst with a 0.8 nm shell and (c) C- Cu/SnO2-1.8 catalyst with a 1.8 

nm shell in CO2-saturated 0.5M KHCO3 solution (d) Free energy diagrams for CO and formate 

formation on 0.8 nm SnO2 shell with both 2 surface Cu atoms and 10% uniaxial compression. 

Reproduced with permission from Reference [38]. 

In another case, a Cu-In alloy was synthesized and reported to have above 80% FE for CO.[35] 

The total current density was comparable with oxide-derived Cu. DFT calculations showed 

that indium (In) was preferentially located on the edge rather than on the corner or flat sites. 

Sarfraz et al. showed that the Cu surface, when being decorated with Sn, resulted in a CO FE 

of >90% and a current density of −1.0 mA/cm2 at −0.2 V.[28] DFT calculations for the parent 

Cu(100) and Cu(111) facets, with Cu atoms being replaced with Sn atoms, showed that the 

binding of hydrogen atoms can be reduced by 0.18 eV while CO adsorption was not affected.   

Sun et al. showed that the AuFe core-shell NPs could reduce CO2 to CO with ultrahigh 

selectivity (99% at -0.5V vs RHE) and mass activity (150 mA/mg at -0.9V vs RHE).[39] AuFe 

core-shell NPs were formed by surface Fe leaching of the AuFe alloy during the first-hour 

electrolysis. This catalyst showed little to no current drop after 90-hour tests. The surface 

defects from Fe leaching as well as the subsurface alloy effect could be used to explain the 

increased selectivity and activity at low potential comparing with Au NPs and Au foils. PBE 

(Perdew−Burke−Ernzerhof) DFT calculations based on a Schottky defect on Au surface 

suggested that the formed Au defects could decrease the formation energy of *COOH and 

thus lower the onset potential. 

2.2 Hydrocarbon selective bimetallic electrocatalysts 

Catalysts with the ability to convert CO2 to hydrocarbons are more appealing in the field of 

CO2RR. Various Cu-based bimetallic materials have been reported to show enhanced C2+ 

products yields. Table 2 summarizes recent work related bimetallic electrocatalysts for CO2 

reduction to hydrocarbons. 

Table 2: Bimetallic electrocatalysts for CO2 reduction to hydrocarbons. 

Catalysts Electrolyte Selectivity @ potential  Partial current density @ 

potential 

Ref. 

CuPd (Phase 

Separated) 

1M KOH C2H4: 48% @-0.74V; 

C2H5OH: 15%@-0.74V 

C2H4: 173mA/cm2 ; C2H5OH: 

54 mA/cm2@-0.74V;  

[47] 

Ag@Cu-20  0.1 M KHCO3 C2H4: 23%; CH4: 18%; @-

1.06V  

C2H4: 1.1mA/cm2; CH4: 

0.4mA/cm2; @-1.06V  

[22] 

Ag-Co 0.5M KHCO3 CH4: 19.5% @2.0V N/A [48] 



 

 

CuAg (40%Cu) 0.05 M Cs2CO3 C2H4: 20.2%, CH4: 5%, @-

1.05V 

C2H4: 1.58mA/cm2, CH4: 

0.39mA/cm2, @-1.05V 

[49] 

Au@Cu1 (6–7 

Cu layers) 

94 mL of 1 M K2HPO4 

+ 6mL of 1M KH2PO4 

18% C2H4 and 5% CH4 in 

total gases @-0.6V 

N/A [50] 

Cu-Ag (porous 

Cu) 

0.1 M KHCO3 C2H6+C2H4: 14%, @-0.74V C2H6+C2H4: 1.5mA/ cm2; @-

0.74V 

[51] 

Cu2Pd 0.1 M TBAPF6/CH3CN 

with 1 M H2O 

CH4: 50%; @-1.8V vs 

Ag/AgCl 

CH4: 1.88mA/ cm2; @-1.8V 

vs Ag/AgCl 

[52] 

Cu94Ag6 1M KOH C2H4: 60%; C2H5OH: 25% 

@-0.7V 

C2H4: 180mA/cm2, C2H5OH: 

75mA/cm2, @-0.7V 

[53] 

 

CO was identified as the key intermediate for further hydrocarbon formation[10, 54]. Metals 

with low CO binding energy, such as Au, Ag, might not form hydrocarbons because CO could 

be released easily from surface. In theory, strong CO binding energy could benefit the further 

reduction. However, for monometallic particles, only Cu appeared to have the proper CO 

binding energy to produce hydrocarbon. The CO binding on Ni, Pd, Pt and Rh was too strong, 

which could easily result in CO poisoning [54-55]. The following mechanism was based on the 

reaction on Cu surfaces. 

 

For the C1 hydrocarbon (methane) formation, the most widely accepted pathway was 

sequential hydrogenation of adsorbed CO* until CH4. The potential rate determine step was 

the formation of CHO*, and the subsequent reaction steps were exergonic. The formation of 

CO* required COOH* as an intermediate from initial CO2 reduction[56] (Figure. 4a). If HCOO* 

formed, the final product would be HCOOH[38]. Another C1 product, methanol, was also 

observed during CO2RR. However, in this case, the intermediate was considered to be COH*, 

which required that hydrogen should bond to the oxygen instead of carbon (figure 4b). The 

formation of COH* usually showed a higher kinetic barrier than that of CHO*. For the Cu(111) 

facet, methanol formation required 0.18eV higher energy than the methane formation at -

1.15V [57].  

The formation of C2 products was usually seen when using Cu based materials. The most 

important steps were the ability for C-C coupling. There were several different hypotheses 

about the intermediates before C-C coupling. Nie et al. calculated that CH and CH were 

possibly first coupled on the Cu(111) facet[57-58]. Graza et al. showed that the C-C Coupling 

first happened between CO and CHO[59]. The formed HOCCO could then go to either the 



 

 

ethylene or ethanol pathway. Kortlever et al. showed their proposed pathways based on DFT 

calculations and experimental observations (figure 4c). Two adsorbed CO* could directly react 

with each other to form OCCO- on the Cu(100) surface. This dimerization was the rate-

determining step for the reduction of CO. The formed negatively charged intermediate then 

could be reduced by protonation. The subsequent reduction would lead to the final product 

to ethylene.  Ethanol could form if the C=O double bond of CH2CHO* intermediate was 

hydrogenated. Further carbon addition on the same surface would lead to the formation of 

C3 or even longer carbon chain products [60]. 

 

Figure 4. (a). Proposed CO2 reduction route for CH4 formation on the Cu(211) surface. (b). 

Proposed CO2 reduction route for CH4, CH3OH and C2H4 formation. (c). A possible route for C1 

and C2 products from CO2RR. Reproduced with permission from Reference [38, 57, 60] 

Improved efficiency for C2H4 formation was reported using an Ag/Cu core/shell structure.[22] 

Ag/Cu core/shell NPs were synthesized by a co-reduction method from ethylene glycol (EG) 

solution containing AgNO3, Cu(OAc)2·H2O and PVP at 180 °C.  15nm Cu shell thickness from 

20 mins heating time could achieve 29% FE for CO at -1.06V. The CO adsorption was enhanced 

due to the tensile strain of the surface Cu strain, leading to more opportunity for C2+ 

transformation.  

Au/Cu core/shell NPs were reported for electrochemical CO2 reduction. Au nanocubes were 

first coated with Cu layers in CuCl2 solutions to form the spherical Au/Cu NPs. The composition 

of the core/shell NPs was controlled by changing Au NP solution’s volume. The H2 and CH4 

formation increased with more Cu layers while the formation of ethylene decreased. The 

author showed that 6-7 layers Cu resulted in the proper tensile surface strain on Au/Cu that 

favored C-C bond formation.[50] 



 

 

In another study, CoCu catalysts showed a high C2 selectivity with a Co content between 5 and 

15%.[61] An intermediate species’ change from CHO to COH may help the C-C bond formation. 

A stronger CO binding on Co could also assist CO–CO dimerization. Both of them contribute 

to the enhanced C2 product formation (C2H4, C2H5OH).   

Ma et al. showed that phase-separated Cu-Pd catalysts could reach as high as 50% FE for 

C2H4.[47] Ordered, disordered, and phase separated Cu-Pd catalysts were synthesized (Figure 

5a). Major products were CO, CH4, C2H4, and C2H5OH. The CO2 reduction results of the Cu-Pd 

catalyst are shown in Figures 5b-e. From all the samples tested, Cu NPs and phase separated 

CuPd showed strongest and weakest binding with CO based on the surface valence band 

photoemission spectra. However, both showed similar activity. Therefore, the authors 

determined that the geometric arrangement was more important than the electronic effect, 

with the orientation of the intermediate on the surface playing a key role for enhanced 

ethylene formation. Another related work also showed both high ethylene FE and activity on 

Cu can be achieved by  optimizing the flow electrolyzer system.[62]  

From a theoretical point of view, tuning the binding energies of *COOH, *OH, *COH and *CHO 

is the key to improve C2+ selectivities.[10] Bell et al. designed an AgCu alloy system to give a 

compressive strain of Cu.[49] CO2 reduction was conducted using 0.05 M Cs2CO3 aqueous 

solution. After reaction, surfaces of AgCu with 20%-60% Cu bulk composition all changed to a 

more Cu-rich Ag40Cu60 surface due to the stronger interaction of CO with Cu than Ag. 

Comparing to a bulk Cu electrode under the same reaction conditions, more than a 10% total 

enhancement of ethylene and liquid products was observed. AgCu showed a weaker CO 

binding energy due to the compressive strain of surface Cu. The authors suggested that 

reduced hydrogen and oxygen binding energies relative to CO could be the reason for 

improved performance. 



 

 

 

Figure 5. (a) Illustration of prepared ordered, disordered and phase separated CuPd 

nanoalloys. FEs for (b) CO; (c) CH4; (d) C2H4; (e) C2H5OH for CuPd nanoalloy catalyst in CO2RR. 

Reproduced with permission from Reference [47]. 

  

Nie et al. reported DFT calculations for a promising CuFe electrocatalyst for producing C2 

hydrocarbons.[58] The combination of Cu and Fe enhanced CO2 conversion by lowering the 

kinetic barriers, and consequently altered the selectivity preference to more C2H4 (or C2H6 with 

further hydrogenation) from CH4 coupling on the surface of monometallic Fe.  

Hoang et al. synthesized nanoporous Cu-Ag alloys on GDL. It was tested in a flow cell.[53] The 

Cu94Ag6 sample showed 60% ethylene and 25% ethanol FE at -0.7V with a total current density 

of 300mA/cm2. The high selectivity towards C2 products was determined from the enhanced 

stabilization of the Cu2O overlayer and the increased CO intermediate availability by adding 

Ag. The high pH of solvent was the possible reason for the high FE of ethylene. 

Zhang et al. showed that Cu2Pd nanoalloy on the polymeric film could produce up to 50% CH4 

as the reduction product.[52] This was tested in CO2-saturated 0.1 M TBAPF6/CH3CN solutions 

with 1 M added H2O. Interestingly, when considering the state-of-the-art work on CO2 to CH4, 

monometallic Cu NPs can achieve 80% FE for CH4,[63] suggesting that current bimetallic 

catalysts did not show a significant improvement for methane production.  

2.3 Oxygenate selective bimetallic electrocatalysts 

(a)

(b) (c)

(d) (e)



 

 

Previous studies showed that if the binding energy of *COOH intermediate is weak on 

catalysts surface, formate will be produced. Another pathway suggests that CO2 adsorbs as 

*OCHO, this can explain some formate formation at more negative potentials.[10] Table 3 

summarizes some of the bimetallic electrocatalysts with a high selectivity towards formate.  

Table 3: Bimetallic electrocatalysts for CO2 reduction to formate. 

Catalysts Electrolyte Selectivity @ potential Partial current density @ 

potential 

Ref. 

Ag–Sn core/shell 

NPs 

0.5M NaHCO3 HCOOH: 87.2%, @-0.9V HCOOH: 25.4mA/cm2, @-1.08 V [64] 

Cu-Ni 0.05 M NaHCO3 CH3OH: 7% @-0.52V , 

HCOOH:20% @-1.12V 

CH3OH: 8μA/cm2 @-0.52V , 

HCOOH: 0.28mA/cm2 @-1.12V 

[40] 

Cu-Sn 0.05 M NaHCO3 HCOOH:  57% @-1.02V, HCOOH:  1.43mA/cm2 @-

1.02V,  

[40] 

Cu-Pb 0.05 M NaHCO3 HCOOH: 50% @-0.72V HCOOH: 1.45mA/cm2 @-0.72V [40] 

Pd/Pt/C 1 M KHCO3 HCOOH: 75% @-0.3V HCOOH: 30mA/cm2 @-0.3V [65] 

CuAg (40%Cu) 0.05 M Cs2CO3 C2H5OH: 13%, 

Acetaldehyde: 6.8%, 

Acetate: 6.3%,  @-1.05V 

C2H5OH: 1.02mA/cm2, 

Acetaldehyde: 0.53mA/cm2, 

Acetate: 0.49mA/cm2, @-1.05V 

[49] 

Pd70Pt30 0.1 M K2HPO4 / 0.1 

KH2PO4 

HCOOH: 91.8% @-0.4V HCOOH: 5mA/cm2 @-0.4V [66] 

Sn56.3Pb43.7 0.5 M KHCO3 HCOOH: 79.8% @-1.37V HCOOH: 45.7mA/ cm2 @-1.37V [67] 

PdSn/C 0.5 M KHCO3 CH3OH: >99% @-0.43V CH3OH: 2mA/cm2 @-0.43V [68] 

Ru-Rd 0.5 M KHCO3 HCOOH: 88% @-0.7V HCOOH: 70mA/cm2 @-0.7V [69] 

Ag-Cu (phase-

blended) 

0.1 M KHCO3 C2H5OH: 34%;  HCOOH: 

11%; @-1.2V 

C2H5OH: 0.68mA/cm2; HCOOH: 

0.22mA/ cm2; @-1.2V 

[70] 

Au3Cd 0.1 M KHCO3 HCOOH: 36%; @-0.3V HCOOH: 0.01mA/cm2 ; @-0.3V [71] 

Au0.20Pd0.80 0.1 M KHCO3 HCOOH: 10%; @-0.87V HCOOH: 0.12mA/cm2;  @-

0.87V 

[72] 

Cu4Zn 0.1 M KHCO3 C2H5OH: 29.1%;  @-

1.05V 

C2H5OH: 8.2mA/cm2; @-1.05V [73] 



 

 

Pd83Cu17 25% [Bmim]BF4 : 

75% water 

mixture (mol:mol) 

CH3OH:80%; @-2.1V vs 

Ag/AgCl 

CH3OH: 31.8mA/cm2; @-2.1V vs 

Ag/AgCl 

[74] 

Pd/SnO2 0.1 M NaHCO3 CH3OH: 54% @-0.24V CH3OH:2.5 mA/cm2;  @-0.24V [75] 

Bi-Sn 0.5 M KHCO3 HCOOH:96% @-1.1V HCOOH: 19.8 mA/cm2@-1.1V [76] 

Hahn et al. investigated electrocatalytic properties of thin film AuPd alloys for CO2RR.[72] They 

found that using an electron-beam co-deposition method could produce phase-pure and 

uniform AuPd alloy films with different compositions (Figure 6). Electrocatalytic results 

showed that both the selectivity and activity of the as-synthesized AuPd alloy films were 

higher for HCOO- than either pure Au or Pd metals, indicating that both metals can act 

synergistically. The Pd sites had reduced binding energy of CO, which allowed increased 

amounts of adsorbed H and consequently increased the probability of *H adjacent to COOH*.  

 

Figure 6. Current efficiencies of Au1-yPdy alloys in a CO2 purged environment.  Current for CO 

(black). HCOO- (blue) and H2(red) were recorded. Reproduced with permission from Reference 

[72]. 



 

 

Cu-modified Pd NPs synthesized by underpotential deposition showed a formate FE higher 

than 80% and a good stability.[25] The results were attributed to decreasing the adsorption 

strength of CO via modification of the Pd d-band, leading to an improved CO tolerance and an 

increased FE. In a related study, Ruud et al. established a new Pd-based electrochemical 

catalyst system, converting CO2 to formic acid with a low overpotential.[67] Pd was 

electrodeposited on a polycrystalline Pt electrode. The onset potential for the formation of 

formic acid was -0.15V vs. RHE at pH values of 2 and 6.7, compared with a -1.2V onset potential 

of the bulk Pd electrode at pH of 6.7. The authors also demonstrated the reversible 

interconversion between CO2 and formate by CV scanning around the equilibrium potential, 

suggesting that catalysts for formic acid oxidation should also be active for CO2 reduction. The 

same group also developed a Pd-Pt/C bimetallic nano-catalyst for CO2RR.[66] This 

nanocatalyst had an onset potential of -0.4 V vs. RHE, close to the theoretical equilibrium 

potential of 0.02 V.  The Pd70Pt30 nanocatalyst also showed a very high FE of 88% at -0.4 V vs. 

RHE. Mixing Pd and Pt should alter the d-band center and reduce the numbers of neighboring 

Pt sites where CO poisoning happens, leading to high FE with high current density.  

Additionally, Pd-Pt NPs with a Pd rich surface were also studied by Cai et al.[65] Formate 

production was reached at relatively low overpotentials and the current density was 

dramatically increased. The author attributed the enhancement to the ease of H generation 

from the sublayer Pt.  

AgPd nanodendrite-modified Au nanoprisms were reported as CO2RR catalysts by increasing 

the H coverage to facilitate the interaction between H and *CO/*COOH [77]. The author 

explained that Ag was the first electron donor and Pd was the H source. The catalyst produced 

formate at low overpotential (-0.18V) with up to 49% FE. 



 

 

 

Figure 7. (a) Illustration of AgSn particles with ultra-thin SnOx shell for CO2RR.  (b)FE of CO, 

H2 and formate for Ag76Sn24 catalyst at various potentials. (c) FE of CO, H2 and formate for 

AgSn catalysts with different composition at -0.8V, (d) Partial current densities for Ag76Sn24 

catalyst at various potentials. Reproduced with permission from Reference [64]. 

Another interesting catalyst is AgSn/SnOx core-shell bimetallic catalyst reported by Luc et 

al.[64] By galvanically displacing a Sn nanosphere with Ag, AgSn with an ultra-thin SnOx shell 

was formed (Figure 7a). The bulk and surface compositions were verified by Wavelength 

Dispersive X-ray Fluorescence analysis and X-ray photoelectron spectroscopy. The FE values 

for H2, CO and formate with different Sn contents were shown in Figure 7c. Ag3Sn/SnOx was 

shown to produce up to 80% FE at -0.9 V and 25 mA/cm2 formate partial current density at -

1.25 V (Figures 7b-d). DFT calculations revealed that the surface lattice expanded. A simulation 

of the strain effect on SnO oxygen-vacancy showed that lattice expansion gave a preferred 

energy driving force toward OCHO*, favorable to HCOOH formation. However, a thicker SnOx 

affected the electron conductivity. Therefore, a balance of surface lattice expansion and 

electrical conductivity must be considered.  

(a)

(c)

(b)

(d)



 

 

Choi et al. used a similar idea to design a Sn-Pb alloy (SnOx and Pb0 on surface) on a carbon 

paper.[68] A higher electrical conductivity and stronger electron donating ability were 

observed, which was used to explained an enhanced performance of CO2 reduction to 

formate.[78] A study with PdSnO2 showed an exclusive formation of formic acid. The author 

proposed that the optimal Pd-Sn-O surface with highest oxygen occupancy could facilitate the 

*OCHO adsorption. In another case, Haruyama et al. developed a Cu-Sn alloy electrode made 

from a simple electrodeposition method for converting CO2 into CO and HCOO-.[33] For the 

Cu87Sn13 electrode, high selectivity toward CO formation was observed at all applied potentials 

with maximum FE of 60% for CO at − 0.99 V. Furthermore, good selectivity toward HCOO- with 

maximum FE of 90% at − 1.09 V was obtained on the Cu55Sn45 electrode. These results 

indicated the importance of the appropriate tuning of binding energies for the active 

intermediate species on the catalyst surface. The selectivity for HCOO− formation was affected 

by the surface oxidation state of Sn, while the selectivity for CO was mainly affected by the 

crystal structures such as intermetallic compound formation.  

Lu et al. showed that Pd83Cu17 bimetallic aerogels presented high FE (80.0%) and high current 

density (31.8mA/cm2) for methanol when a molar mixture of 25% [Bmim]BF4 and 75% water 

was used as the electrolyte.[74] The superior performance was attributed to the high Pd0/Pd2+ 

and Cu1++Cu0/Cu2+ ratios and Cu/Pd grain boundaries from the nanochain structure.  

Zhang et al. synthesized 2D hierarchical Pd/SnO2 nanosheets for CO2RR. They showed high FE 

(54.8%) for CO2 to methanol at -0.24V with a total current density of -2.5mA/cm2. [75] The 

formation of the Pd-O-Sn interface was considered to be the key for the improved methanol 

formation.  

Wen et al. demonstrated a highly selective Bi-Sn catalyst for CO2 to formate.[76] The Bi NPs 

were deposited on Sn nanosheets. The catalyst could reach 96% FE and 0.74 mmol/h/cm2 at -

1.1V. The stability test was conducted for 100 hours with almost no FE loss. The Bi NPs could 

modify the density of states of of Sn, resulting in a stronger binding of the HCOO* 

intermediate that was attributed as a potential reason for high formate FE.  



 

 

 

Figure 8. (a) cartoon for CO2 electroreduction on Cu-Zn catalysts. (b) FE and ethanol to 

ethylene ratio on Cu-Zn. (c) Partial current density of ethanol for CuZn with various 

composition between -0.95V and -1.15V. (d) FE of ethanol and ethylene using Cu, Cu3.5Ni, 

Cu3Ag, CuAg, and CuAg6 catalysts. Reproduced with permission from Reference [73]. 

An alternative strategy to produce C2+ products in CO2RR is to design a tandem micro-

environment where one metal converts CO2 to CO and the other metal does the further 

reduction of CO to form C2+ products. Oxide-derived Cu-Zn catalysts were reported to have 

higher ethylene and ethanol yield based on this strategy.[73] Ren et al. synthesized oxidized 

Cu-Zn films onto a polished Cu disk galvanically. Oxide-derived Cu-Zn with different 

compositions were tested in 0.1M KHCO3 electrolyte. The electrode surface was determined 

to be covered with phase segregated Cu0 and Zn0 crystallites during CO2RR process (Figure 8a). 

Operando Raman spectroscopy measurements revealed that Zn adsorbed CO weakly. The 

reduced CO on Zn could diffuse and spill over onto the Cu sites, leading to 29.1% FE for ethanol 

formation at -1.05 V (Figure 8b) on Cu20Zn.  This concept was also applied on catalyst systems 

(a)

(c) (d)

(b)



 

 

of CuNi and CuAg (Figures 8c, d) by Lee et al.[70] On Ag-Cu biphasic boundaries, CO on Ag 

could interact with the intermediate on the neighboring Cu site to form C2H5OH.  

For Cu-based bimetallic catalysts, utilization of a second metal to strengthen CO adsorption 

energies was also studied.  Zhang et al. placed Cu overlayers on tetrahexahedral Pd NP 

surfaces.[79] The resulting high index Cu (310) surface could achieve a 0.3-0.4V stronger 

binding for CO. This could result in a better selective ethanol formation. Jia et al. showed that 

FE of methanol (up to 15%) on nano Cu63.9Au36.1 (with nanoporous Cu as a support, dealloyed 

from Cu-Zn) was nineteen times higher than that on Cu, although no clear explanation of the 

origin of this enhancement was provided.[80]  

DFT calculations predicted that titania-modified Ag electrocatalysts could be suitable for CO2 

reduction to produce CH3OH as well as CH4,[81] where Ag acts as an electron donor, reducing 

the supported (TiO2)3 partially. Thus, the surface became more reactive with CO2. Further 

reduction produces HCOO*, H2COO*, H2COOH*, CH3OH sequentially. Also, by calculating the 

intermediate surface free energies, Zhao et al. estimated that Ni/Ti, Cu/Ni, and strained Cu/Ni 

near-surface-alloys could lead to highly selective and efficient production of formic acid.[24] 

Even though there were several experimental and computational data for better multi-carbon 

species production, the detailed mechanism after CO adsorption were still under debate. The 

open questions include, for example, when and where the C-C coupling happens, and what 

helps the formation of C2+ products. 

3. Challenges and opportunities of bimetallic electrocatalyts for CO2 reduction 

The literature review described above has demonstrated the great potential of bimetallic 

materials for CO2RR. Many bimetallic catalysts have been designed to enhance CO, 

hydrocarbon and oxygenate yields. Even though improvement in the selectivity, FE and 

activity was shown, the catalytic mechanisms have not been thoroughly revealed. A typical 

commercial catalyst would require an overpotential of less than 300mV with a significant 

current density of higher than 10mA/cm2. The FE should be larger than 80%.[71] Therefore, 

the practical application of bimetallic materials for CO2RR still faces several challenges: (1) 

high energy barrier for CO2 activation, (2) mass transfer limitation for CO2 gas to catalytic 

surfaces, (3) the sluggish kinetics, (4) high separation costs due to a wide range of products, 

(5) active sites poisoning from intermediates and impurities, and (6) low reduction selectivity 

for multi-carbon species. In most cases it remains unclear the exact reaction pathways for 

product formation, especially for the C-C coupling. 

One important consideration for designing improved bimetallic CO2RR catalysts is to tune the 

intermediate binding energy, which can be achieved by selecting the appropriate bimetallic 

components with guidance from DFT calculations. Core/shell structure is a viable way to 

control the surface strain, with the extent of the strain being controlled by shell thickness. 

Designing catalysts with grain boundaries and surface defects could also enhance CO2RR 

selectivity and activity.  



 

 

In general, the final CO2RR products are controlled by the reaction intermediates.  For 

example, if the target product is CO, a bimetallic catalyst with relatively low CO binding energy 

would be preferred in most cases. If methanol or methane is the target product, the tuned 

binding energy of CHO* and COH* is critical for high selectivity.  

Enhanced reactant coverage should result in higher CO2RR yields. Increasing CO2 partial 

pressure near the catalyst surface can increase the activity for CO2 reduction. Using organic 

solvents and ionic liquids can also help overcome the low solubility of CO2 in water-based 

electrolytes. Many CO2 reduction catalysts tested in organic solvent or with ionic liquid show 

an increased performance.  

However, to successfully evaluate the true active sites and mechanisms of reactivity, catalyst 

samples must be carefully characterized using a variety of techniques. The surface and bulk 

compositions, structure and morphology before and after the CO2RR should be examined. The 

identification of intermediates formed upon activation and reduction of CO2 is essential to 

understanding the reaction mechanism. In-situ characterization methods such as infrared 

spectroscopy, ultraviolet-visible spectroscopy and Raman spectroscopy, as well as 

synchrotron-based techniques such as XRD and EXAFS, should be more extensively employed 

to understand effects of applied voltage on catalyst morphological changes and reaction 

mechanisms. 
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