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Abstract 

Productively harnessing CO2 as a reactant is of practical interest due to it 

addressing the dual pressures of resource sustainability and environmental 

sustainability. Electrochemical CO2 reduction (ECR) offers a promising 

approach for driving the chemical transformation of CO2 by exploiting green 

renewably generated electricity at (near) room temperature and ambient pressure, 

facilitating a sustainable, low-carbon footprint future. In this work, we provide a 

comprehensive and timely review of the various avenues that have been 

developed to date to modulate product selectivity, stability, and efficiency toward 

C2+ using Cu-based electrocatalysts. We discuss how the electrocatalyst structure 

can be effectively designed in order to boost performance. Special attention is 

paid to some of the critical intermediate species that shed light on CO2 reduction 

paths. We will also discuss the application of in situ and operando spectroscopy, 
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along with computational techniques, that help to improve our fundamental 

understanding of ECR. Finally, development opportunities and challenge in the 

conversion of CO2 into multi-carbon fuels by Cu-based electrocatalysts are 

presented. 
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1. Introduction  

Anthropogenic carbon dioxide (CO2) emissions from the use of fossil fuels 

have exacerbated the greenhouse effect from our planet’s atmosphere, with the 

CO2 concentration exceeding 421 ppm as of May 2022 (National Oceanic and 

Atmospheric Administration, Fig. 1), intensifying the pace of climate change 1, 2. 

To combat this continued warming, extensive efforts are now required in the 

development of CO2 sequestration and conversion technologies 3. CO2 is the 

most abundant carbon-based resource, and could thus be an ideal carbon source 

for a myriad of valuable products, such as feedstock chemicals, polymers, 

pharmaceuticals, and fuels 4, 5. Transformation of CO2 into useful products not 

only reduces CO2 emissions, but also provides an alternative carbon source to 

polluting and finite fossil fuels 6, 7. Thus productively harnessing CO2 as a 

reactant has practical application in addressing both resource sustainability and 

environmental sustainability. In particular, electrochemical CO2 reduction (ECR) 

(in the presence of water) offers a promising strategy for driving CO2 chemical 

transformation by exploiting green renewable electricity from solar, wind, 

nuclear, tidal, marine, or geothermal sources under (or near) room temperature 

and ambient pressure (Fig. 2), enabling a sustainable and low-carbon footprint 

future 8. A fully green process would also eliminate the use of fossil fuels as the 

H2 source, with hydrogen instead being generated in situ by water electrolysis. 

Of particular interest is that this approach can integrate renewable electricity into 

transportation systems and into chemical manufacturing, due to it offering a path 



3 

 

for converting green energy into carbon containing products without the need for 

fossil fuels. Utilization of electrocatalysis provides further advantages due to 

decentralization, and would be of great value in supplementing the upcoming 

surplus of cheap electrical energy generated from intermittent and distributed 

renewable sources that would otherwise require costly energy storage 

technologies. An electrochemical reaction system offers a practical, compact, 

and on demand solution, thus would be of significant practical use. 

 

Figure 1. The global concentration of mid-tropospheric carbon dioxide in parts 

per million (ppm) as time goes on. The data are collected from 

https://gml.noaa.gov/ccgg/trends/global.html. 

 

Research on ECR dates back to at least the 1950s 9. Quantification of both 

the gaseous and liquid products was pioneered by Yoshio Hori and co-workers 

in the 1980s 10. Publications peaked in the mid-1990s, then falling to a low in the 

2000s with 10 to 20 papers per year. However, as the cost of renewable electricity 

decreased and more energy storage was required, a strong revival in interest in 

performing ECR studies arose in the early 2010s. Now, hundreds of papers are 

published every year on the subject of ECR. 

https://gml.noaa.gov/ccgg/trends/global.html
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Figure 2. Schematic of the carbon cycle via CO2 electrolysis, driven by 

renewably generated electricity 8.  

 

1.1 Background of ECR to Multi-Carbon Products 

Converting CO2 into high value-added chemicals is particularly desirable 11. 

In comparison to methane (CH4) 
12, 13, carbon monoxide (CO) 14-18, or formic acid 

19, 20 (HCOOH or formate (HCOO–) in alkaline electrolyte) that are the major C1 

products of CO2 reduction, C2+ (encompassing two or more carbon atoms) 

hydrocarbons and oxygenates possess higher (volumetric and gravimetric) 

energy densities and greater economic value (as illustrated in Fig. 3) 21, and are 

in higher global demand. Ethylene (C2H4), for example, 22 is a versatile feedstock 

for producing plastics and diesel fuels, thus its selective production over C1 

products such as CH4 is desirable. Ethanol (C2H5OH) 23 can be used as a high-

octane fuel and also as a reactant for various other organic products. 

However, efficient CO2 reduction to higher-carbon products remains 

challenging for several reasons: 1) A severe parasitic proton reduction occurs at 

similar overpotentials. 2) The high C–C coupling energy cost and the competition 

of C–C bond formation with the formation of C–O and C–H bonds. 3) The large 

overpotential gap for the generation of CO intermediates and C2+ compounds. 4) 

An increase to the activation energy on metal surfaces that facilitate stronger 
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*CO binding (i.e., scaling relationships). Intermediates are required to be at the 

catalyst surface and in close proximity to one another for the second-order 

electron/proton coupling reactions to take place, which imposes constraints for 

C2+ production. Separating the resulting products from a catalyst with low 

selectivity, even if it also exhibits remarkable activity, brings significant 

additional costs. 

 

Figure 3. (a) Energy density and (b) market price of ECR products. 

 

1.2. Uniqueness of Copper for ECR 

Transition metals have available orbitals and active d electrons, which may 

energetically facilitate bond creation between the metal and ECR intermediates 

via *C or *O. Hori and co-workers classified single metal electrodes into four 

main groups, based on their favorability toward binding ECR and HER 

intermediates such as *OCHO (bound to the surface via oxygen), *COOH, 

(bound to the surface by carbon), *CO, and *H. Group 1 includes Hg, Sn, Pb, Tl, 

In, Cd, and Bi, which mainly yield HCOOH or HCOO−, as the CO2
•– intermediate 

is weakly stabilized by *OCHO or *COOH. Group 2 includes Ag, Zn, Pd, Au, 

and Ga, which generate CO as the major product due to the suitable *CO binding 

energies of these metals, as illustrated by the volcano plot in Fig. 4. Group 3 

includes Ti, Pt, Ni, and Fe, which bind *CO too tightly, leading to poor CO 

desorption rate and CO poisoning. These mainly reduce water to H2 and are not 

effective for ECR. Unlike the metals in Groups 1, 2, and 3, Cu alone belongs to 
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its own Group 4, and has been found to be the only metal that can catalyze the 

ECR to HCOOH, CO, and many other hydrocarbons of high carbon count, at 

reasonable faradaic efficiencies (FEs) 24. Cu is unique due to its “ideal” binding 

strength toward *CO, following the Sabatier principle (Fig. 4), thus facilitating 

further stepwise transformation 25. Specifically, the *CO generated on the surface 

does not have such weak affinity such that it instantly desorbs, and its affinity is 

not so strong as to poison the catalyst surface. In addition, Cu has a negative 

adsorption energy toward CO*, but a positive adsorption energy for H* (an 

intermediate in the competing hydrogen evolution reaction, HER) 26. Note that 

twelve C2+ products on a Cu electrode have been identified 27. Six products, 

including C2H4, C2H5OH, 1-propanol (n-C3H7OH), allyl alcohol (C3H5OH), 

acetaldehyde (CH3CHO), and propionaldehyde (CH3CH2CHO), have been 

commonly reported in previous studies 28-30. Acetic acid (CH3COOH) has 

appeared in only a few reports 31-33. The five remaining multi-carbon products, 

ethylene glycol (HOCH2CH2OH), glycolaldehyde (HOCH2CHO), 

hydroxyacetone (acetol, CH3C(O)CH2OH), acetone (CH3COCH3) 
34, and 

glyoxal (OCHCHO) have only been rarely reported. 

 

Figure 4. Volcano plot of the CO binding strength versus partial current density 

for ECR at −0.8 V. A vertical line labeled CO*|CO(g) indicates the 
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thermodynamics of chemical CO adsorption/desorption. Reprinted from Kuhl et al. 

25 with permission. Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

 

Despite the rapid progress that has been made in ECR after decades of 

exploration, large-scale implementation of this technology in a viable way that is 

competitive to conventional chemical synthesis processes still needs to overcome 

key hurdles, such as the large kinetic overpotential (up to 1.0 V for the more 

desirable C2+ products), insufficient current density (lower than that of 

commercial electrolyzers operated at 200 mA cm−2), poor selectivity for C2+ 

production, and unsatisfactory long-term stability (loss of activity in less than 

100 h as a result of poisoning by heavily adsorbed intermediates, byproducts, 

impurities, or degradation of electrocatalysts) 27. To promote the viability of CO2 

electrolysis from a commercial perspective, the conversion rates and efficiencies 

must be boosted by more than an order of magnitude. Furthermore, the key 

intermediates, the origin of selectivity, and the reaction paths of the ECR process 

seem to be subtly different between materials, and have yet to be fully understood. 

 

1.3. Focal Topics  

Recent excellent perspectives on both heterogeneous and homogenous ECR 

are available 26, 35−38, and readers are encouraged to refer to these reviews to 

supplement the developments we describe. Given recent and significant advances 

regarding ECR, this article aims to provide a comprehensive and timely review 

of the different strategies that have been developed thus far to tune product 

selectivity, stability, and efficiency toward C2+ using Cu-based electrocatalysts. 

The correlations between structure and performance for efficient electrocatalyst 

designs are examined. Some key intermediate species are highlighted that shed 

light on CO2 reduction pathways. We will also discuss the application of in situ 

and operando spectroscopy, along with computational techniques, that allow us 

to drastically improve our fundamental understanding of ECR. An outlook 
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exploring future opportunities and challenges in the conversion of CO2 into 

multi-carbon fuels by Cu-based electrocatalysts is also presented. 

 

2. Fundamentals of Electrochemical CO2 Reduction 

2.1. Thermodynamics and Kinetics of CO2 Reduction 

As an aqueous heterogeneous catalytic process, ECR consists of a two-

electron or a multi-electron and proton process at a complex three-phase 

gas/solid/liquid interface at the electrode surface, which is also accompanied by 

the competitive HER. Three main steps describe the ECR reaction: 1) The 

dissolved CO2 combines with the catalyst on the surface of the electrode by 

chemisorption. 2) Electrons or protons in the solution react with the adsorbed 

CO2 molecules, breaking the carbon-oxygen bonds or forming carbon-hydrogen 

bonds. 3) The intermediates continue to accept electron-proton pairs and undergo 

molecular rearrangement to yield the final product. The product molecules then 

desorb from the catalyst surface and diffuse into the electrolyte 39−41. 

It is difficult to diagnose the overall ECR mechanism because of the 

interlinked roles of both the CO2 and water molecules, which increases the 

complexity of the mechanism, and because it occurs via multiple reaction steps 

42. The activation of the CO2 molecule, the first step in the ECR, causes CO2 to 

lose an electron to generate CO2
•–. However, this step requires a high reduction 

potential, with an aprotic solvent such as dimethylformamide reaching −1.97 V 

(versus standard hydrogen electrode, vs. SHE) 43, and a neutral aqueous solution 

as high as −1.9 V (vs. SHE). According to the number of electrons and protons 

transferred, the subsequent ECR pathways can be divided into two, four, six, 

eight, twelve, fourteen, and eighteen electrons, depending on the end product. 

Equations 1−24 summarize the electrochemical half-reactions of commonly 

reported ECR products in different solvents (Table 1). However, the ECR is in 

practice proton-dependent. In this case, the dependence of the pure CO2
•– 

generation process on overcoming a high energy barrier can be avoided, so that 

the applied potential of ECR can be more positive, and thus lower the overall 
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power consumption 44. 

 

Table 1. ECR reactions (equations (1)−(23)) and HER reaction (equation (24)) 

with standard reduction potentials in various solvents (all potentials are respect 

to normal hydrogen electrode (NHE) at pH 7). 

 

According to the equation of ΔG = −nFE0 (n is the electron transfer number 

of the reduction reaction, and F is the Faraday constant, with value 96485 C 

mol−1), the potential E0 needs to be positive to make the cathodic reaction easier. 

Given the E0 values listed in Table 1, the production of hydrocarbons or alcohols 

Cathodic half reaction Solvent 

Standard reduction 

potential, 

E0
redox (V) 

Ref. 

CO2 + 2H+ + 2e- → HCOOH(aq)
 H2O −0.61 1, 2 

CO2 + 2H+ + 2e- → CO(g) + H2O(l) H2O −0.53 V 2, 3 

CO2 + H2O(l) + 2e- → CO(g) + H2O(l) H2O −1.35 V 3 

CO2 + 2H+
(solv) + 2e- → CO(g) + H2O(solv) 

DMF −1.77 V 4 

CH3CN −1.06 V, −1.16 V 4, 5 

DMF + 

HBF4 
−0.67 V 5 

DMF + 

2 M 

H2O 

−1.1 V 5 

2CO2 + 2H+ + 2e- → H2C2O4(aq) H2O −0.913 V 3 

2CO2+ 2e- → C2O4
2-

(aq) H2O −1.003 V 3 

CO2 + 4H+ + 4e- → HCHO(l) + H2O(l)
 H2O −0.48 V 3 

CO2 + 3H2O(l) + 4e- → HCHO(l) + 4OH−

 H2O −1.31 V 3 

CO2 + 6H+ + 6e- → CH3OH(l) + H2O(l) H2O −0.38 V 2, 6 

CO2 + 5H2O(l) + 6e- → CH3OH(l) + 6OH−

 H2O −1.23 V 3 

CO2 + 8H+ + 8e- → CH4(g) + 2H2O(l) H2O −0.24 V 2, 6 

CO2 + 6H2O(l) + 8e- → CH4(g) + 8OH−

 H2O −1.07 V 3 

CO2 + 8H+
(solv) + 8e- → CH4(g) + 2H2O(solv) CH3CN −0.89 V 7 

2CO2 + 8H+ + 8e- → CH3COOH(g) + 2H2O(l) H2O +0.23 V 2, 3 

2CO2 + 12H+ + 12e- → C2H4(g)+ 4H2O(l) H2O −0.349 V 2, 6 

2CO2 + 8H2O(l) + 12e- → C2H4(g) + 12OH− H2O
 −1.18 V 3 

2CO2 + 12H+ + 12e- → C2H5OH(l) + 3H2O(l) H2O −0.329 V 2, 3 

2CO2 + 9H2O(l) + 12e− → C2H5OH(l) + 

12OH−

 

H2O −1.16 V 3 

2CO2 + 14H+ + 14e- → C2H6(g) + 4H2O(l) H2O −0.27 V 2, 3 

3CO2 + 18H+ + 18e- → C3H7OH(l) + 5H2O(l) H2O −0.31 V 2, 3 

2H+ + 2e- → H2 H2O −0.42 V 3 
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are more thermodynamically favorable than that of CO, HCOOH, and H2. 

However, this is not the case in practice since the ECR is also dependent on 

reaction kinetics associated with proton concentration and electron transport rate. 

This suggests that an active catalyst for ECR needs to possess an active site for 

both proton adsorption and rapid electron transfer. 

 

2.2. Possible Reaction Pathways for the Formation of C2+ Products on Cu-

Based Electrocatalysts 

At present, HCOOH (or formate) and CO are the most common C1 

compounds produced from CO2 reduction via a two-electron transfer process. In 

comparison, C2+ products offer larger volumetric energy densities and can act as 

building blocks for fabrication of long-chain hydrocarbon chemicals. However, 

the generation of C2+ compounds (e.g., C2H4, C2H5OH, CH3COOH, and n-

C3H7OH) relative to C1 products requires the transfer of more electrons. In 

addition, it is challenging to elucidate the exact reaction mechanism during the 

ECR owing to the C–C bond formation competing with the generation of C–C, 

C–H, and C–O bonds. Therefore, to design and construct high-performance 

electrocatalysts, mechanistic understanding of reaction pathways for selective C–

C bond formation is important. 

The C–C bond coupling stage appears to be the most probable rate 

determining step (RDS) for the formation of C2 and C3 products. However, the 

C–C bond formation mechanism remains elusive. Based on a combination of 

controlled experiments and density functional theory (DFT) computations, four 

possible mechanisms were evaluated and summarized by Qiao and co-workers 

for the formation of C–C bonds, as depicted in Fig. 5 52. The top two mechanisms 

in Fig. 5, marked in blue, were originally proposed by Hori and coworkers 53. 

Two *CH2 species were suggested to directly dimerize to form C2H4 or through 

a Fischer-Tropsch like CO insertion pathway to yield *CH2CO and subsequently 

C2H4. The upright blue branch shows the direct dimerization of *CO to form 

*CO–CO, which was first investigated by DFT computations 54. The bottom red 
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path provides the most highly probable route, suggesting that the negatively 

charged CO–CO species resulting from *CO dimerization coupled with an 

electron transfer is the RDS 55. Following the proposal of these routes, a detailed 

summary of the overall map for most possible C2 and C3 pathways starting from 

*CO on Cu surfaces was constructed. The green route shown in Fig. 5 gives trace 

products (FE < 1%), including HOCH2CHO and HOCH2CH2OH, generated from 

an *CHO intermediate. The blue route leads to minor products (FE: 1−10%), 

including ethane (C2H6) and CH3COO–, originating from an adsorbed *COH 

intermediate. The red route yields major products, including C2H4, C2H5OH, and 

n-C3H7OH with an adsorbed *CO dimer as the precursor 52. We will now briefly 

discuss the formation mechanism of the commonly reported C2+ products as 

below. Information about more complicated pathways can be found elsewhere 42, 

56-58.  

 

Figure 5. Most probable C2 and C3 formation routes starting from *CO on the 

surface of Cu. Reprinted from Zheng et al. 52 with permission. Copyright 2019 

American Chemical Society. 

 

2.2.1. Formation of C2H4 

Among the different C2 products, C2H4 is the simplest and has been the most 

studied. Several distinct pathways for C2H4 formation starting from *CO have 

been put forward, which mainly include *CO dimerization, *CO–COH coupling, 

and coupling of two *CH2 species or CO insertion in a Fischer-Tropsch-like 
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manner 42. Based on a combination of DFT computations, controlled experiments, 

and in situ/operando spectroscopy measurements, the *CO dimerization route is 

considered to be the most accepted C−C bond formation mechanism through a 

negatively charged CO−CO− species, which is then protonated to *CO−COH. It 

is then further reduced to *CH2−CHO, a selectivity-determining intermediate 

(SDI) for C2H4 or CH3CH2OH. Cleavage of C−O gives rise to C2H4. Distinctly, 

CH3CHO is obtained via protonation of the a carbon in *CH2−CHO, which is 

further transformed into CH3CH2OH via *CH3CH2O. It was calculated that the 

C2 pathways are limited by the 2*CO → *CO−COH step for strong binding of 

CO−CO−. For weak CO−CO− binding, the step of *CH2CHO → *O + C2H4 

controls the C2H4 formation whereas the process of *CH2CHO → *CH3CHO → 

*CH3CH2O limits the C2H5OH formation. The formation of C2H5OH via 

*CH3CHO was estimated to require a higher energetic barrier (∼ 0.2 eV) than 

the formation of C2H4 from the reduction of *CH2CHO 59. In the carbene reaction 

pathway proposed by Hori et al., *CH2 is the SDI for different C2 products. Two 

*CH2 species can combine to give C2H4. Alternatively, CO can insert into *CH2 

via a Fischer −Tropsch like manner to generate *CH2CO and then to C2H4.  

 

2.2.2. Formation of OCHCHO (C2H2O2) 

C2H2O2 has been proposed to be generated from the insertion of CO into 

*CHO. Most of the C2H2O2 formed does not desorb from the surface during the 

ECR, and is instead further reduced to other C2 compounds (e.g., CH3CH2OH, 

HOCH2CH2OH, and CH3CHO) on Cu. C2H2O2 has been proposed to be a C2+ 

intermediate, and has been identified experimentally 60, 61. As a result, only trace 

amounts of C2H2O2 can be detected during the ECR. 

 

2.2.3. Formation of C2H5OH 

The production of C2H5OH shares similar pathways and intermediates (e.g., 

*COCHO with infrared-active vibrational frequencies at 1526 and 1291 cm−1) 

with C2H4. At low overpotentials, dimerization of two *CO species to form 
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*C2O2
– is the key step for C–C coupling to yield C2H5OH. *C2O2

– is easily 

converted into *CO–COH and further reduced to vinyl alcohol (*CH2=CHO) 63. 

Protonation of the α carbon in *CH2=CHO produces *CH3CHO and then to 

C2H5OH via an ethoxy (*CH3CH2O) 55. Another possible path to form C2H5OH 

arises from the formation of C2H2O2, which is eventually reduced to C2H5OH at 

more negative overpotentials (< −0.6 V vs. RHE) 63. 

 

2.2.4. Formation of HOCH2CH2OH (C2H6O2) 

C2H6O2 may be produced via a *CHO pathway, originating from 

*OCHCHO and subsequently *HOCH2CHO. In contrast to CH3CHO, OCHCHO, 

and HOCH2CHO that are reduced to other C2 products on Cu, C2H6O2 is not 

further reduced under similar conditions. 

 

2.2.5. Formation of CH3COOH (CH3COO–) 

Five pathways have been proposed for CH3COOH (CH3COO–) formation 

from CO2 reduction. Coupling of two *CH3CHO can produce CH3COOH via 

Cannizzaro-type disproportionation reactions. This route demands very negative 

applied potentials from −1.5 V to −2.0 V (vs. RHE). A local alkaline environment 

with OH− ions is speculated to promote the aldehyde disproportionation. 

Isomerization of *OCH2COH to an epoxy compound followed by further 

reduction can give rise to CH3COOH 63, 64. 

Alternatively, CH3COOH may be generated from a nucleophilic attack of 

*CH3 species by the not adsorbed CO2
•− 65. If the kinetics for CO2

•− formation 

and/or C−C coupling is more rapid than CO2
•− protonation (to yield HCOOH), 

two CO2
•− anions may combine to produce *OOCCOO, which is further 

protonated and reduced to CH3COOH, as has been identified on N-doped 

nanodiamond/Si rod arrays by using in situ Fourier transform infrared (FTIR) 

spectroscopy. Among other suggestions, it was hypothesized that coupling of 

*CH3O (arising from protonation of *CO) with CO2
•− can generate CH3COOH 

in 1-ethyl-3-methyl imidazolium tetrafluoroborate ([Emim]BF4)-LiI aqueous 



14 

 

electrolytes on Cu(I)/C doped boron nitride 66. This pathway needs the addition 

of strong Lewis acidic sites (Li+) and nucleophilic sites (I−). Their roles in the 

ECR should be further explored. 

 

2.2.6. Formation of C2H6 

Production of C2H6 thus far has only been occasionally observed, 

specifically on roughened Cu surfaces, PdCl2-modified Cu electrodes, or 

nanostructured Cu2O-derived Cu 67-69. By studying CO2 reduction on oxide-

evolved Cu of varying thicknesses and oxidation states, Handoko et al. posited 

that C2H6 was formed through dimerization of two *CH3 species and the *CH2 

intermediate was considered to be the SDI 70. However, the absence of CH4 on 

the electrodes where C2H6 is generated implies that it is unlikely C2H6 results 

from *CH3, which is believed to be an intermediate for CH4 formation 64. It is 

thus supposed that C2H6 originates from the reduction of C2H4. This suggests the 

importance of atomically adsorbed hydrogen for C2H6 formation. 

 

2.2.7. Formation of n-C3H7OH 

Explicit mechanistic pathways to produce n-C3H7OH with high energy-

mass density and octane number are still not well understood. It is kinetically 

difficult because the process requires transfer of eighteen e− and eighteen H+, and 

involves the formation of two C−C bonds. Stabilizing high coverage of C2 (e.g., 

*CO–CO) species is considered to be key to facilitating n-C3H7OH formation 71. 

Electrochemical tests and in situ/operando spectroscopy measurements indicate 

that the adsorbed C2 intermediate (e.g., *CH3CHO from *CH2CHO or *CH3CH 

from *CH3CHO) can couple with a neighboring C1 intermediate (*CO) followed 

by proton/electron transfers to yield CH3CH2CHO (reminiscent of the 

hydroformylation of C2H4 with CO and H2), and subsequently n-C3H7OH 53, 72. 

 

2.2.8 Formation of Propylene (C3H6) 

Production of one C3H6 molecule requires the transfer of eighteen electrons. 

Cu nanocrystals composed of Cu(100) and Cu(111) facets are suggested to favor 
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the binding of the critical *C1 (e.g., *CO) and *C2 (e.g., *OCH=CH2) species 

toward C3H6 formation 73. Specifically, adsorbed C2 intermediates *OCH=CH2 

couple with either CO2 molecules or *COOH to form *C(OH)2CH=CH2 and then 

to *HCOHCH=CH2. The intermediate can be transformed into an ally alcohol 

(HOCH2CHCH2), which is then reduced to C3H6. Alternatively, 

*HCOHCH=CH2 can be converted to C3H6 after being subjected to two proton-

coupled electron transfer steps. 

 

2.3. Application of In Situ Studies for CO2 Reduction 

Recent studies have shown that ECR catalysts may be continuously 

undergoing reconstruction under realistic operating conditions, which makes it 

difficult to identify true active sites and monitor their evolution through 

conventional characterization techniques, resulting in controversy about active 

sites and reaction mechanisms for the ECR. To avoid this ambiguity, identifying 

the reaction intermediates and catalytic products while under experimental 

conditions and in real-time is the key to reliably diagnosing the reaction 

mechanism and thus further optimizing catalytic performance. Therefore, it is 

necessary to monitor the dynamic evolution of the catalyst and reaction 

intermediates under experimental conditions by in-situ characterization 

technology.  

 

2.3.1. In Situ Characterization Techniques for Catalyst Evolution Studies 

Catalysts play an essential role in the whole process of ECR. During the 

catalysis process, the catalyst itself may undergo changes including phase 

transformation, alteration of valence states, morphology and local coordination 

environment, etc. In order to inform the design of desired optimized catalysts, in 

situ characterization techniques have been applied to monitor the catalyst 

evolution process. In situ X-ray diffraction (XRD) can be used to monitor the 

phase transformation of a catalyst, and the valence state change of a catalyst can 

be detected by using in situ X-ray photoelectron spectroscopy (XPS). Compared 
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to phase transformation and valence states, it is more difficult to monitor 

morphology evolution, local coordination environment changes, electron transfer 

behaviors, and real active sites in catalysts in real-time. In this case, the 

appearance of in situ environmental transmission electron microscopy (TEM) 

opens up possibilities for directly observing the dynamic changes of catalyst 

morphology, and then in situ X-ray absorption spectroscopy (XAS) can monitor 

local coordination environment of catalysts. As for electron-transfer behavior 

and the active sites, it is necessary to combine with various in situ 

characterization techniques. For instance, in situ XPS could reveal the electron-

transfer direction, and in situ electron spin resonance (ESR) measurements could 

be used to unveil the real active sites. 

 

2.3.2. In Situ Characterization Techniques for Reaction Intermediates Studies 

To better understand the reaction mechanism, in situ UV−vis spectroscopy, 

XPS techniques, in situ Raman spectroscopy, and in situ FTIR spectroscopy can 

be used for detecting reaction intermediates in real time. Ma et al. employed in 

situ FTIR spectroscopy to verify a hydrogen-assisted C–C coupling mechanism, 

in which the adsorbed *CO and *CHO species are key intermediates and the in 

situ FTIR results provided experimental evidence for the hydrogen-assisted C–C 

coupling mechanism. 

 

2.3.3. In Situ Characterization Techniques for Catalytic Products Studies 

As for understanding the ECR process, the real-time characterization of 

catalytic products cannot be ignored, particularly for evaluating the 

electrocatalyst performance and revealing the catalytic mechanism under 

different reaction conditions. Therefore, in situ online electrochemical mass 

spectrometry (MS) has been used to determine the catalytic products. For 

example, Wadayama et al. designed an electrochemical setup for in situ MS to 

continuously measure the evolved products from ECR. The CO2 gas was kept 

inside the in situ cell atmosphere with Ar as carrier gas, and the catalyst was 
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cycled in the potential range from −0.4 to −1.4 V (vs. RHE). The in situ MS 

results showed that the yield of products depends on the applied potentials and 

the catalyst’s exposed crystal planes. 

 

2.4. Cu-Based Catalysts for CO2 Reduction to C2+ Products 

We have summarized the maximum FEs against corresponding 

overpotentials and the total current density for about 380 reported ECR catalysts 

in order to provide a visual illustration of the latest trend of product generations 

via ECR with Cu-based catalysts, as presented in Fig. 6 and Table S1. Note that 

2e− products (CO and HCOO–) can be produced with FEs > 90%, requiring less 

overpotential for CO, but have only limited current density 74-77. Modest FEs 

ranging from 30% to 80% were attained for the formation of CH4 
12, 13, 78, 

methanol (CH3OH) 79, 80, CH3COOH 81, C2H4 
28, 82, and C2H6 

83. Meanwhile, the 

current density during the generation of these products is relatively higher 

compared to 2e− products (CO and HCOO–) because the applied potential range 

is wider. Among these products, CH3OH displays a strikingly smaller 

overpotential than the others, whereas higher e− products (CH4 and C2H4) require 

an overpotential of up to 1.0 V with scattered efficiency. C2H5OH and n-propanol 

(n-C3H7OH) were generated with substantially lower FEs (< 52%) while 

demanding higher overpotentials than CH3OH 29, 30. The FE for others C3 

products is even less than 10% 34.  

 

Figure 6. (a) Maximum FE of ECR products against their respective 

overpotential for the 380 reported catalysts included in Table S1 (Supporting 
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Information). The background color intensity correlates with the density of points 

to guide the eye. (b) Maximum ECR FE versus total geometry current density. 

 

We have summarized the performance of Cu-based catalysts for ECR 

toward C2+ products in Table 2. Insight into reactive sites, reaction paths, and 

tunability of Cu is still urgently needed in many of the reports.  

 

Table 2. Summary of the activity of Cu-based electrocatalysts for ECR toward 

C2+ compounds in different electrolytes. 

Catalyst Electrolyte J (mA·cm-2) 

Onset 

potential (V) 

or η (V) 

Main product, FE Ref. 

Surface 

reconstructed Cu 

0.05 M 

KHCO3 

17 mA cm-2
 @ −2.6 

V vs. RHE 
N/A 

C2H4, 56%; n-

C3H7OH, 5% @ 

−2.6 V vs. RHE 

84 

Porous Cu films 0.1 M KHCO3 
~ 18 mA cm-2

 

@−1.38 V vs. RHE 
N/A 

C2H4, 34.8 % @ 

−1.38 V vs. RHE 

85 

ERD Cu 0.1 M KHCO3 
31 mA cm-2

 @ −1.2 

V vs. RHE 
N/A 

C2H4, 40% @ 

−1.2 V vs. RHE 

86 

Plasma oxidized Cu 0.1 M KHCO3 N/A 

Onset 

potential, -

0.5 V vs. 

RHE 

C2H4, 60% @ 

−0.9 V vs. RHE 

87 

Anodized Cu 0.1 M KHCO3 
7.3 mA cm-2

 @ 

−1.08 V vs. RHE 
N/A 

C2H4, 38.1 % @ 

−1.08 V vs. RHE 

88 

Cu mesocrystals 0.1 M KHCO3 N/A N/A 
C2H4, 27.2% @ 

−0.99 V vs. RHE 

89 

Cu/OLC 0.1 M KHCO3 
5.3 mA cm-2

 @ 

−1.8 V vs. Ag/AgCl 

Onset 

potential, ~ 

−1.4 V vs. 

Ag/AgCl 

C2H4, 60% @ 

−1.8 V vs. 

Ag/AgCl 

90 

CuAg 0.1 M KHCO3 
18.1 mA cm-2

 @ 

−1.05 V vs. RHE 
N/A 

C2H4, 52% @ 

−1.05 V vs. RHE 

22 

CuOx-Vo 0.1 M KHCO3 
~ 30 mA cm-2

 @ 

−1.4 V vs. RHE 

Onset 

potential, 

−0.6 V vs. 

RHE 

C2H4, 63% @ 

−1.4 V vs. RHE 

91 

Boron-doped CuO 

nanobundles 
0.1 M KHCO3 

18.2 mA cm-2
 @ 

−1.1 V vs. RHE 
N/A 

C2H4, 58.4% 

@−1.1 V vs. RHE 

92 

Branched CuO 0.1 M KHCO3 19.2 mA cm-2
 @ N/A C2H4, 76% @ 93 
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nanoparticles (NPs) −1.05 V vs. RHE −1.05 V vs. RHE 

Amorphous Cu NPs 0.1 M KHCO3 N/A N/A 

C2H5OH, 22% @ 

−1.05 V vs. 

Ag/AgCl 

94 

OD Cu/C 0.1 M KHCO3 
1.0 mA cm-2@ −0.5 

V vs. RHE 

Onset 

potential, ~ 

−0.1 V vs. 

RHE 

C2H5OH, 34.8% 

@ −0.7 V vs. 

RHE 

95 

Cu/C3N4 0.1 M KHCO3 
~ 7.5 mA cm-2

 @ 

−1.6 V vs. Ag/AgCl 

Onset 

potential, ~ 

−0.75 V vs. 

RHE 

C2H5OH, 6% @ 

−1.6 V vs. 

Ag/AgCl 

96 

Cu5Zn8 0.1 M KHCO3 
2.3 mA cm-2

 @ 

−0.8 V vs. RHE 
N/A 

C2H5OH, 46.6% 

@ −0.8 V vs. 

RHE 

97 

OD-Cu4Zn 0.1 M KHCO3 
28 mA cm-2

 @ 

−1.05 V vs. RHE 
N/A 

C2H5OH, 29.1% 

@ −1.05 V vs. 

RHE 

98 

Cu NFs (I)  0.1 M KHCO3 N/A N/A 
C2H6, 30% @ 

−0.74 V vs. RHE 

99 

Cu2O-derived Cu 0.1 M KHCO3 N/A N/A 
C2H6, 30.1% @ 

−1.0 V vs. RHE 

67 

Au-bipy-Cu 0.1 M KHCO3 
3.25 mA cm-2

 @ 

−0.9 V vs. RHE 
N/A 

CH3CHO, 25% @ 

−0.90 V vs. RHE 

24 

Cu nanocubes 

(NCs) 
0.1 M KHCO3 

24.7 mA cm-2
 @ 

−0.95 V vs. RHE 

Onset 

potential, 

−0.75 V vs. 

RHE 

n-C3H7OH, 10.6% 

@ −0.85 V vs. 

RHE 

100 

Cu nanodendrites 0.1 M KHCO3 N/A 

Onset 

potential, 

−1.0 V vs. 

RHE 

CH3CH2CHO, 

2.9% @ −1.2 V 

vs. RHE 

101 

Cu-SA/NPC 0.1 M KHCO3 N/A 

Onset 

potential, 

−0.25 V vs. 

RHE 

CH3COCH3, 

36.7% @ −0.36 V 

vs. RHE 

34 

Nanoporous Cu 

films 
0.1 M KHCO3 

14.3 mA cm-2 @ 

−1.7 V vs. NHE 

Onset 

potential (C2+ 

products), 

−0.96 V vs. 

NHE 

C2H4, 38% (30 × 

40 nm pores); 

C2H6, 46% (30 × 

70 nm pores) @ 

−1.7 V vs. NHE 

102 

Cu2O derived Cu 

NPs 
0.1 M KHCO3 N/A N/A 

C2H4, 19%; C2H6, 

6% @ −1.1 V vs. 

RHE 

64 
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3.6-µm Cu2O films 0.1 M KHCO3 
17.8 mA cm-2

 @ 

−0.99 V vs. RHE 
N/A 

C2H4, 34.26%; 

C2H5OH, 16.37% 

@ −0.99 V vs. 

RHE 

103 

Cu(100) single 

crystals 
0.1 M KHCO3 N/A N/A 

C2H4, 27%; 

C2H5OH, 32% @ 

Pulsed 

104 

Cu nanowire arrays 0.1 M KHCO3 N/A N/A 

C2H4, 17.4%; n-

C3H7OH, 8% @ 

−1.1 V vs. RHE 

105 

Plasma-Cu 

nanocubes 
0.1 M KHCO3 

~ 34 mA cm-2
 @ 

−1.0 V vs. RHE 
N/A 

C2H4, 45%; 

C2H5OH, 22%; n-

C3H7OH, 9% 

@−1.0 V vs. RHE 

106 

Cu(100) single 

electrode 
0.1 M KHCO3 

2.9 mA cm-2
 @ 

−1.0 V vs. RHE 
N/A 

C2H4, 40.4%; 

C2H5OH, 9.7%; n-

C3H7OH, 1.5% @ 

−1.0 V vs. RHE 

107 

18-nm Cu 0.1 M KHCO3 
18.7 mA cm-2

 @ 

−1.03 V vs. RHE 
N/A 

C2H4, 42.6%; 

C2H5OH, 11.8%; 

n-C3H7OH, 5.4% 

@ −1.03 V vs. 

RHE 

108 

Cu-on-Cu3N 0.1 M KHCO3 N/A N/A 

C2H4, 39%; 

C2H5OH, 19%; n-

C3H7OH, 6% @ 

−0.95 V vs. RHE  

109 

Cu28Ag72 0.1 M KHCO3 N/A N/A 

C2H4, 12.8%; 

C2H5OH, 17.3%; 

CH3CHO, 24.1% 

@ Pulse 

110 

Electropolished Cu 

foil 
0.1 M KHCO3 

2.8 mA cm-2
 @ 

−1.05 V vs. RHE 
N/A 

C2+ products, 

40.6% @ −1.05 V 

vs. RHE 

27 

Porous Cu 

nanoribbons 
0.1 M KHCO3 

~ 5 mA cm-2
 @ 

−0.701 V vs. RHE 

Onset 

potential 

(C2H4), ~ 

−0.63 V vs. 

RHE 

C2+ products, 40% 

@ −0.816 V vs. 

RHE 

111 

Packed Cu NPs 0.1 M KHCO3 
10 mA cm-2

 @ 

−0.75 V vs. RHE 

Onset 

potential, 

−0.53 V vs. 

RHE 

C2+ products, 50% 

@ −0.75 V vs. 

RHE 

112 
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Cu(100) 0.1 M KHCO3 
2 mA cm-2

 @ −0.97 

V vs. RHE 
N/A 

C2+ products, 60% 

@ −0.97 V vs. 

RHE 

113 

Prism Cu 0.1 M KHCO3 
10 mA cm-2

 @ −1.1 

V vs. RHE 
N/A 

C2+ products, 35% 

@ −1.1 V vs. 

RHE 

114 

PcCu-Cu-O 0.1 M KHCO3 
7.3 mA cm−2 @ 

−1.2 V vs. RHE 
N/A 

C2H4, 51% @ 

−1.2 V vs. RHE 
115 

Cu/CuSiO3 0.1 M KHCO3 
20.2 mA cm−2 @ 

−1.1 V vs. RHE 
N/A 

C2H4, 51.8% @ 

−1.1 V vs. RHE 
116 

Cu-Ag  0.1 M KHCO3 
2.5 mA cm−2 @ 

−1.4 V vs. RHE 
N/A 

C2H5OH, 23.1% 

@ −1.4 V vs. 

RHE 

117 

Cu KBr 0.1 M KHCO3 
22.06 mA cm-2

 @ 

−1.1 V vs. RHE 
N/A 

C2H4, 50.94% 

@ −1.1 V vs. 

RHE 

118 

Double sulfur 

vacancy-rich CuS 
0.1 M KHCO3 

9.9 mA cm−2 @ 

−0.85 V vs. RHE 
N/A 

n-C3H7OH, 15.4%  

@ −1.05 V vs. 

RHE 

119 

Cu/NPC-800 0.2 M KHCO3 N/A N/A 

C2H5OH, 64.6% 

@ −1.05 V vs. 

RHE 

121 

100-cycles Cu 
0.25 M 

KHCO3 

52 mA cm-2
 @ −1.2 

V vs. RHE 

Onset 

potential 

(C2H4), -0.7 

V vs. RHE 

C2+ products, 73% 

@ −1.2 V vs. 

RHE 

122 

Cu NPs/NG 0.5 M KHCO3 
19.0 mA mg-1

 @ 

−1.2 V vs. NHE 

Onset 

potential, 

−0.7 V vs. 

NHE 

C2H4, 19% @ 

−0.9 V vs. NHE 

123 

Cu mesh 0.5 M KHCO3 
3.87 mA cm-2

 @ 

−1.1 V vs. RHE 

Onset 

potential, ~ 

−0.7 V vs. 

RHE 

C2H4, 34.3% @ 

−1.1 V vs. RHE 

124 

CuO-PVDF 0.5 M KHCO3 
11.7 mA cm−2 @ 

−1.12 V vs. RHE 
N/A 

C2H4, 40.6% @ 

−1.22 V vs. RHE 
125 

HKUST-1 0.5 M KHCO3 
10 mA cm-2

 @ −0.9 

V vs. Ag/AgCl 

Onset 

potential, < 

−1.0 V vs. 

Ag/AgCl 

C2H5OH, 10.3% 

@ −0.9 V vs. 

Ag/AgCl 

126 

N-ND/Cu 0.5 M KHCO3 N/A N/A 

CH3COOH, 

34.7% @ −0.5 V 

vs. RHE 

127 
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Cu4O 0.5 M KHCO3 
44.7 mA cm-2

 @ 

−1.0 V vs. RHE 
N/A 

C2H4, 45% @ 

−0.9 V vs. RHE 

128 

CuAu 0.5 M KHCO3 N/A N/A 
C2H4, ~ 18% @ 

−0.6 V vs. RHE 

129 

Cu-12 1.0 M KHCO3 
232 mA cm-2 @ 

−0.83 V vs. RHE 
N/A 

C2H4, 72% @ 

−0.83 V vs. RHE 

130 

Hydrophobic Cu 

dendrites 
0.1 M CsHCO3 N/A N/A 

C2H4, 56%; 

C2H5OH, 17% @ 

30 mA cm-2 

131 

OD-Cu 0.1 M CsHCO3 
13.3 mA cm-2

 @ 

−1.0 V vs. RHE 
N/A 

C2+ products, 70% 

@ −1.0 V vs. 

RHE 

132 

Cu/THH Pd NCs 
0.1 M 

NaHCO3 
N/A N/A 

C2H5OH, 20.4% 

@ −0.46 V vs. 

RHE 

133 

GN/ZnO/Cu2O 
0.5 M 

NaHCO3 

8.0 mA cm-2
 @ 

−1.8 V vs. Ag/AgCl 
N/A 

n-C3H7OH, 30% 

@ −0.9 V vs. 

Ag/AgCl 

134 

Cu skeletons 
0.5 M 

NaHCO3 
N/A 

Onset 

potential, 

−0.25 V vs. 

RHE 

C2+ products, 

32.2% @ −1.1 V 

vs. RHE 

135 

Cu foams 
0.5 M 

NaHCO3 
N/A 

Onset 

potential, 

−0.4 V vs. 

RHE 

C2H6, 37% @ 

−0.7 V vs. RHE 

136 

Cu/G 
0.5 M 

NaHCO3 

12.2 mA cm-2
 @ 

−1.7 V vs. Ag/AgCl 
N/A 

C2H5OH, 9.93% 

@ −0.9 V vs. 

Ag/AgCl 

137 

CuPd 0.25 M K2CO3 
33.6 mA cm-2

 @ 

−1.4 V vs. Ag/AgCl 
N/A 

C2H4, ~ 17% @ 

−1.4 V vs. 

Ag/AgCl 

138 

CuO 0.2 M KI 
10 mA cm-2

 @ 

−1.49 V vs. SCE 
N/A 

C2H5OH, 36.1% 

@ −1.7 V vs. SCE 

139 

Cu NPs/TiO2 0.2 M KI 
31.79 mA cm-2

 @ 

−1.45 V vs. RHE 

Onset 

potential, -

0.607 V vs. 

RHE 

C2H5OH, 27.4% 

@ −1.45 V vs. 

RHE 

140 

Dendritic Cu 0.1 M KBr N/A N/A 
C2H4, 57% @ 170 

mA cm-2 
141 

Boron-doped Cu 0.1 M KCl 
70 mA cm-2

 @ −1.1 

V vs. RHE 

Onset 

potential, 

−0.57 V vs. 

RHE 

C2H4, 52%; 

C2H5OH, 27% @ 

−1.1 V vs. RHE 

142 
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Ag-Cu2O 0.2 M KCl N/A N/A 

C2H4, 7.8%; 

C2H5OH, 20.1%; 

C2H6, 1.6% 

@ −1.2 V vs. 

RHE 

143 

Cu(II) 

phthalocyanine/C 
0.5 M KCl 

2.8 mA cm-2
 @ 

−1.6 V vs. Ag/AgCl 
N/A 

C2H4, 25% @ 

−1.6 V vs. 

Ag/AgCl 

144 

Cu/CuxO 0.5 M KCl N/A N/A 

C2H5OH, 42.4%; 

CH3CHO, 13.7%; 

CH3COCH3, 7% 

@ −1.0 V vs. 

RHE 

145 

Cu4O3-rich catalyst 0.5 M Cs2SO4 
~ 129 mA cm-2

 @ 

−1.4 V vs. RHE 
N/A 

C2H4, ~ 43% @ 

−0.64 V vs. RHE 

146 

Fluorine-modified 

Cu 
0.75 M KOH 

1.6 A cm-2 @ −0.89 

V vs. RHE 
N/A 

C2+ products, 80% 

@ −0.89 V vs. 

RHE 

147 

Nanoporous Cu 

films 
1.0 M KOH 

700 A g-1
 @ −0.7 V 

vs. RHE 
N/A 

C2H4, 40%; 

C2H5OH, 20% @ 

−0.5 V vs. RHE 

148 

Cu NPs 1.0 M KOH 
150 mA cm-2

 @ 

−0.58 V vs. RHE 
η, 0.14 V 

C2H4, ~ 35% @ 

−0.58 V vs. RHE 

149 

Cu cubes 1.0 M KOH 
200 mA cm-2 @ 

−0.7 V vs. RHE 
N/A 

C2H4, 60% @ 

−0.7 V vs. RHE 

150 

Nanoporous Cu 1.0 M KOH 
411 mA cm-2

 @ 

−0.67 V vs. RHE 
N/A 

C2H4, 38.6%; 

C2H5OH, 16.6%; 

n-C3H7OH, 4.5% 

@−0.67 V vs. 

RHE 

151 

34% N-C/Cu 1.0 M KOH 
156 mA cm-2

 @ 

−0.68 V vs. RHE 
N/A 

C2H5OH, 52% @ 

−0.68 V vs. RHE 

30 

CSVE-Cu 1.0 M KOH 
120 mA cm−2 @ 

−0.92 V vs RHE 
N/A 

C2H5OH, 25%; n-

C3H7OH, 7% @ 

−0.92 V vs RHE 

29 

CuAg wires 1.0 M KOH 
265 mA cm-2

 @ 

−0.68 V vs. RHE 
N/A 

C2H4, 60%; 

C2H5OH, 25% @ 

−0.68 V vs. RHE 

152 

20-50 nm phase-

separated CuPd NPs 
1.0 M KOH 

~360.5 mA cm-2
 @ 

−0.71 V vs. RHE 

Onset 

potential, 

−0.3 V vs. 

RHE 

C2H4, ~48%; 

C2H5OH, ~15% 

@ −0.74 V vs. 

RHE 

153 

CuSn 1.0 M KOH 
225 mA cm-2

 @ 

−0.8 V vs. RHE 
N/A 

C2H4, 60% @ 

−0.8 V vs. RHE 

154 
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Cu-Al 1.0 M KOH 
400 mA cm-2

 @ 

−1.5 V vs. RHE 
N/A 

C2H4, 80% @ 

−1.5 V vs. RHE 

28 

CuAg-DAT 1.0 M KOH N/A N/A 
C2H5OH, 25% @ 

−0.8 V vs. RHE 

154 

Ce(OH)x/Cu/PTFE 1.0 M KOH 
300 mA cm-2

 @ 

−0.7 V vs. RHE 
N/A 

C2H5OH, 43% @ 

−0.7 V vs. RHE 

23 

Multi-hollow Cu2O 2.0 M KOH 
71.8 mA cm−2 @ 

−0.61 V vs. RHE 
N/A 

C2H5OH, 26.9% 

@ −0.61 V vs. 

RHE 

155 

Graphite/carbon 

NPs/Cu/PTFE 
7.0 M KOH 

100 mA cm-2
 @ 

−0.55 V vs. RHE 
NA 

C2H4, 70% @ 

−0.55 V vs. RHE 

156 

Cu-CO2-60 7.0 M KOH 
280 mA cm−2 @ 

−0.67 V vs. RHE 
N/A 

C2+ products, 90% 

@ −0.67 V vs. 

RHE 

81 

Cu(I)/BN-C 

([Emim]BF4)-

LiI-water 

solution 

13.9 mA cm-2
 @ 

−2.2 V vs. Ag/Ag+ 

η, 0.52 V @ 

13.9 mA cm-2 

CH3COOH, 

91.8% @ −2.2 V 

vs. Ag/Ag+ 

66 

 

3. Catalyst Design to Make C2+ Production a Competitive Process 

3.1. Surface Structure Tuning 

3.1.1. Morphology 

Different shapes of Cu materials, including nanowires, nanoparticles (NPs), 

core-shell and mesoporous foams have been shown to profoundly influence the 

ECR activity and selectivity by affecting the local pH or proton concentration on 

the surface of catalyst 157−159. Thus tailoring the morphology of Cu-based 

materials provides an effective method to improve C2+ production via the ECR. 

It is believed that *CO is the critical intermediate for the formation of C2+ 

compounds mainly either through dimerization (to form CO–CO) or coupling 

with *CHO (to form CO–COH) pathways. Both pathways need *CO to be 

abundant on the catalyst surface and in close proximity to each other. To this end, 

control of specific morphological and electronic characteristics is desired. For 

example, Wang et al. prepared several Cu-based nanomaterials with different 

morphologies that all used the same precursor (such as copper oxide) and 

compared their ECR performance under the same test conditions 160. It was found 

that the onset potential for C2 products changed significantly as the morphology 



25 

 

of copper catalysts varied from nanowire to nanoflower. In all tested Cu-based 

nanostructures, Cu nanosheets provided the highest catalytic activity, imparting 

a FE of 47.3% toward C2 products at −0.4 V (vs. RHE). It was proposed that the 

nanosheet structure could better stabilize the intermediates of ECR, thus 

promoting the deep reduction of CO2. 

 

3.1.2. Particle Size 

Reducing the size of metal NPs leads to creation of low-coordination sites 

apart from the original close-packed sites, which may influence the binding 

strength of reaction intermediates, thereby affecting the activity and selectivity 

of electrocatalysts. The size effect is due to a combination of two factors. First, 

the atom ratio increases if the particle size decreases, resulting in the curvature 

of its surface becoming larger and the average coordination of the surface atoms 

thus being lowered. The lower coordination number causes electron structure 

perturbation and thus increases the reactivity. Second, for a small particle, the 

strain of the material surface shifts the d-band and alters the reactivity 23.  

Li et al. prepared monodispersed Cu NPs with different sizes assembled on 

a pyridinic-N rich graphene (p-NG), and observed a Cu NP size-dependent 

performance for ECR to C2H4 in 0.5 M KHCO3 
123. Compared to p-NG-Cu-7 (Cu 

NPs of 7 nm), p-NG-Cu-13 (Cu NPs of 13 nm) displayed a markedly lower C2H4 

FE, which was ascribed to the larger Cu NP size. 

 

3.1.3. Confinement 

Space-confined catalysts are becoming a hot research field in ECR to 

produce hydrocarbons and oxygenates 161, 162. Confined catalysts provide a 

relatively independent chemical environment separated from the bulk space by 

the nanoconfinement effect. In the specific isolated reaction region, the 

thermodynamics and kinetics of the reaction can be effectively controlled 163. 

Compared with traditional catalysts, the selectivity to C2+ products of confined 

catalysts could be significantly improved 164, 165. For instance, Mara et al. 
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designed a nanoparticle with an Ag core and a porous Cu shell for catalyzing 

ECR to C2+ products. CO2 was reduced to *CO on the surface of Ag, which is 

confined in the channels of Cu, where coupling of two *CO occurred, leading to 

C2+ products (Fig. 7a) 166. Recently, Sargent’s group highlighted an enhanced 

space-confined ECR catalytic activity and selectivity 30. A 200 nm Cu electrode 

was first coated onto a polytetrafluoroethylene (PTFE) membrane by magnetron 

sputtering. Subsequently, a nitrogen-doped carbon layer (N-C) and carbon layer 

(C) were covered on the surface of the pre-designed Cu electrode to obtain N-

C/Cu and C/Cu electrodes, respectively (Fig. 7b). Among them, N-C/Cu and pure 

Cu electrodes were considered to be confined and unconfined catalysts, 

respectively. Catalytic tests showed that the confined catalyst exhibited a higher 

selectivity for C2H5OH products compared to the unconfined Cu electrode. The 

N-C/Cu electrode achieved a C2H5OH FE of 52% at a current density of 300 mA 

cm−2, notably outperforming the unconfined Cu electrode with a C2H5OH FE of 

30% (Fig. 7c). This enhancement was attributed to the observation that N-C/Cu 

has a certain electron-giving ability, and the CO (*CO) adsorbed on the surface 

of the Cu electrode received some electrons during the ECR process, thus 

reducing the energy barrier of the C–C coupling reaction. DFT calculations also 

indicated that the N-C/Cu electrode possessed a lower reaction energy barrier for 

the CO dimerization reaction, leading to a higher C2+ selectivity (Fig. 7d). 
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Figure 7. (a) ECR reaction mechanism on an Ag-Cu nanozyme. Reprinted from 

O'Mara et al.166, with permission. Copyright 2019 American Chemical Society. (b) 

Illustration of CO2 intercalation into the interface of confined Cu electrode (N-

C/Cu) to form C2H5OH. (c) C2+ FEs on bare Cu and 34% N-C/Cu under varied 

current densities. (d) CO dimerization energy diagrams of the initial states (ISs), 

transition states (TSs), and final states (FSs) on different catalysts. Reprinted from 

O'Mara et al. 30, with permission. Copyright 2020 Nature. 

 

3.1.4. Exposed Crystal Facet 

Rational regulation of crystal facets to exhibit favorable atomic structure 

and coordination provides an effective strategy for maximizing the exposure of 

active sites and thus enhancing the electrocatalytic activity. The exposed crystal 

facets can also influence the adsorption of electrolytes on the catalyst surface, 

thus affecting the catalytic performance. For example, for strongly adsorbing 

electrolytes such as sulfuric acid, the strong adsorption of sulfate anions on to the 

(111) facets of single-crystal Pt can block the active sites and lower the catalytic 

activity. In addition to electrolytes, different exposed crystal facets can 
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preferentially absorb different intermediates, which can affect the electrocatalytic 

selectivity. 

As with particle sizes, the crystal facets also have a key role for Cu-based 

catalysts in the selectivity and activity of ECR. However, the cause of it is not 

fully understood. Based on existing reports, the activity of C–C coupling on 

Cu(100) is higher than Cu(111), with Cu(100) increasing the selectivity for C2H4 

while Cu(111) and higher index planes favor CH4 as the main gaseous product. 

Compared to a polycrystalline Cu surface, a single crystalline Cu(100) surface 

showed higher activity to C2H4 production, and nanostructured Cu catalysts 

possess better selectivity for C2 production due to higher exposure of Cu(100) 

facets. Huang et al. used DFT calculations and showed that Cu(100) can achieve 

a high CO* coverage and lead preferentially to the low-overpotential CO* 

dimerization pathway for C2H4 
167. Huang and co-workers synthesized various 

Cu2O nanoparticles (NPs) 168, which included c-Cu2O NPs with (100) facets, o-

Cu2O NPs with (111) facets, and t-Cu2O NPs with both (111) and (100) facets, 

and measured the selectivity of ECR to C2H4. The authors carried out DFT 

calculations and discovered that CO tended to be adsorbed on the Cu2O(100) 

facets and the joint interface between (100) and (111) facets. This supports the 

experimental results showing that the t-Cu2O NPs have the highest selectivity 

among the three samples. Further, the Fermi level of Cu2O is lower on the (111) 

than on the (100) facets (Fig. 8), which facilitates the charge transfer between 

Cu2O(111) and (100) facets, promoting the kinetics for the whole reaction. 
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Figure 8. Formation of C2H4 on the (a) (100) facets of c-Cu2O, (b) (111) facets 

of o-Cu2O, and (c) (100) and (111) facets of t-Cu2O. Reprinted from Gao et al. 168 

with permission. Copyright 2020 Wiley-VCH GmbH, Weinheim. 

 

3.1.5. Surface Oxidation State 

In addition to morphological features, recent studies have shown that the 

oxidation state of the copper species strongly influences the formation of C2+ 

products 169-171. In fact, the reduction reaction of copper oxide is 

thermodynamically and kinetically more favorable than that of ECR, so it is 

inferred that the reduction of copper oxides takes place before the generation of 

C2+ products 103. Indeed, several studies have shown that metallic copper is the 

only active site during the ECR 172, 173. However, other studies found that some 

metastable thin Cu2O layer could be retained after the process of ECR, giving 

rise to more C2+ products through orbital overlapping between oxygen from 

copper and CO2 molecules 174. Theoretical calculations showed that the 

thermodynamics and kinetics of the CO2 reduction and CO dimerization 

reactions were significantly enhanced due to the presence of subsurface oxygen 

175. In situ experimental techniques are required in order to determine the oxygen 

content in the copper electrode prior to their quick reoxidation. Among them, 

selective oxygen plasma is a scalable and controllable technique to reconstruct 

and activate the surface of a copper electrode without high temperature sintering 
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87.  

Mistry et al. used oxygen and hydrogen-based plasma to modulate the 

chemical environment of polycrystalline Cu and constructed a new oxidation 

layer 87. Through operando XPS and scanning transmission electron microscopy 

(STEM), they gained insights into the changes of the Cu+ species and oxidative 

Cu surface during the process of ECR. STEM elemental mapping by energy 

dispersive X-ray spectroscopy (EDS) showed that the plasma-activated surface 

of Cu electrodes was significantly reduced and porous structures appeared during 

the ECR (Fig. 9). After treatment with an oxygen plasma, a thin oxide film 

formed over the metallic Cu film, with an inner layer of Cu2O and an upper layer 

of CuO, respectively. Some CuO over the single-layer consisting of oxygen 

atoms was found, and rich Cu+ sites could remain stable in the reaction. The Cu 

electrode that was treated in an oxygen plasma achieved a C2H4 FE of 60%, in 

contrast, the H-plasma treated samples showed poorer activity for C2H4 

formation.  

 

Figure 9. EDS elemental maps of Cu foil treated under various plasma conditions. 

Scale bars: (a–c) 300 nm, (d) 20 nm, and (e–h) 200 nm. Reprinted from Mistry et 

al. 87 with permission. Copyright 2020 Nature. 

 

3.1.6. Vacancy or Defect 
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An effective approach to further optimize the catalytic performance in 

electrocatalysts is creating surface defects. Vacancies represent a lattice position 

that is unoccupied because the atom is missing 176. Oxygen vacancies 177-179, 

nitrogen vacancies 180, sulfur vacancies 181, and carbon vacancies have been 

reported to act as active sites 182-184. The introduction of vacancies can favorably 

alter the electronic structure of the catalyst, improving charge transfer and 

providing optimal adsorption energetics for the intermediates of the 

electrocatalytic reactions. 

A major bottleneck of the CO2 reduction reaction lies in the concurrent HER 

due to both possessing a similar equilibrium potential range. As catalytic 

selectivity is related to intrinsic electronic structure, we can take advantage of 

vacancies or defects to alter or tune the electronic structure. As a typical study, 

Zhuang et al. developed a vacancy-rich Cu2S-Cu-V core–shell nanoparticle 

catalyst that could efficiently catalyze ECR to n-C3H7OH and C2H5OH (Fig. 10) 

29. Theoretical calculations showed that subsurface S atoms and surface Cu 

vacancies could guide the pathway of reaction to the C2H5OH by suppressing 

C2H4 generation. Reaction results confirmed this conclusion in an H cell system, 

where the Cu2S-Cu-V achieved a C2H5OH FE of 23% at −0.95 V (vs. RHE). It 

is worth noting that the ratio of C2H5OH to C2H4 on Cu2S-Cu-V is almost six 

times that found with bare Cu nanoparticles.  
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Figure 10. Control of the defects of Cu-based catalysts to tune the ECR activity. 

(a) Schematic illustration of the design of Cu2S-Cu-V (V denotes vacancy) core-

shell-vacancy engineered (CSVE) catalyst. (b) TEM image and (c) EDS maps of 

the original V-Cu2S. (d) EDS maps, (e) high-resolution TEM image, (f) EDS line 

scanning profiles, and (g) Cu/S atomic ratio distribution of Cu2S-Cu-V. Reprinted 

from Zhuang et al. 29 with permission. Copyright 2018 Nature. 

 

3.1.7. Porosity 

Generally speaking, the pore size, pore volume, and interconnected 

hierarchical pore structure, composed of a combination of macropores, 

mesopores, or micropores, largely determines the accessibility and enrichment 

of reactants to active sites (e.g., O2, CO2, and N2) and the diffusion dynamics of 

the electrolyte 185−187. A porous structure is expected to facilitate the diffusion of 
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CO2, reaction intermediates, and reduction products during the ECR. Also, it 

allows for exposure of more active sites of a catalyst, enabling an effective 

contact with the working electrode surface, thereby forming a large density of 

three-phase contact points between CO2, electrolyte, and catalyst, which is 

favorable for a more efficient ECR. As an example, Bell et al. utilized a standard 

dealloying process of CuAl particles to induce an intra-particle nanoporosity 188. 

The specific surface area of Cu hollow fibers increased from 0.126 m2 g-1 to 6.194 

m2 g−1, leading to a drastically increased performance with high current densities 

at low overpotentials for ECR. 

 

3.2. Doping 

Chemical doping with heteroatoms is an effective strategy to boost 

electrocatalytic activity 23, 189, 190. Dopant impurities mean that foreign atoms are 

placed into the lattice of a host material 191. The introduction of heteroatoms can 

not only change the surface electronic structure, but it may also modify the 

adsorption favorability of reactants and intermediates. Heteroatom doping can be 

considered for the cases of either non-metal-atom doping or metal-atom doping. 

In the case of non-metal-atom doping, nitrogen, sulfur, oxygen, boron, and 

phosphorus atoms are usually selected as heteroatoms to modify the 

electrocatalytic performance of pristine materials. Specifically, the incorporation 

of non-metal atoms can tune the bandgap of a catalyst, resulting in an enriched 

charge density and higher intrinsic conductivity. It also decreases the binding 

energies of reactants, leading to a lower onset overpotential required to drive the 

electrocatalytic process. Likewise, doping with foreign metal atoms can be used 

to tailor the electronic structures and optimize the absorption free energy of 

intermediates in order to improve the electrocatalytic activity. 

Recently, doping of Cu-based materials for electrochemical CO2 reduction 

to C2 products has attracted increasing attention. It has been reported that doping 

is correlated with selectivity and stability for CO2 reduction, which is mainly 

attributed to the electronic configuration of the surrounding atoms. For instance, 
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Zhou et al. used boron as a dopant to tune the ratio of Cuδ+ to Cu0 active sites and 

the average oxidation state of the copper. The author further investigated the 

relationship between the copper oxidation state and the total C2 FE, and obtained 

a volcano plot that peaks with an impressive FE of 79 ± 2% at an average copper 

valence of +0.35 192.  

Recently, Wang and co-workers developed a fluorine-modified copper 

catalyst 147, and improved the selectivity and yield of C2+ production during the 

ECR. Fluorine was claimed to promote water activation, CO adsorption and 

hydrogenation of *CO to *CHO that can readily undergo a subsequent coupling. 

X-Cu (where X = F, Cl, Br or I) catalysts were further synthesized using a 

solvothermal method followed by electroreduction. The CO adsorption capacity 

was found to decrease in the sequence of F-Cu > Cl-Cu > Br-Cu > I-Cu, which 

was ascribed to the concomitant increase in the percentage of Cu+ sites with the 

increasing electronegativity of halogen in the X-Cu catalysts, since the Cu+ site 

can enhance CO adsorption. Moreover, the authors used D2O as a solvent in 1 M 

KOH and measured the kinetic isotopic effect (KIE) of H/D, discovering that the 

KIE over the F-Cu catalyst was close to 1. This supports that F– on copper 

accelerated H2O activation. 

Besides boron and fluorine, hydroxides and oxides have also been employed 

as dopants to tune the adsorbed hydrogen on Cu 23. It was found that C2H5OH 

was the main C2 product attained, with a FE of 43% and a partial current density 

of 128 mA cm−2 for CO2 reduction on Ce(OH)x-doped-Cu. 

 

3.3. Alloying 

Alloy catalysts allow a synergistic effect through tuning the binding energy 

of intermediates, such as *H, *CO, *OCHO (bound to the surface through O), 

*COOH (bound to the surface through C), *CHO, or *COH, for catalytic CO2 

reduction reactions. To date, Cu-based alloys are the only discovered catalysts 

that can generate C2+ products as a major product. Enhanced ECR has been 

observed on a variety of Cu-based alloys, such as CO on CuAu 193, 194, CH4 on 
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CuPd 195, and C2H5OH on CuZn 98, etc. Ma et al. synthesized a range of bimetallic 

Cu-Pd catalysts with ordered, disordered, and phase-separated atomic 

arrangements, and found that the yield of C2 products increased with the increase 

of Cu content following the trend Pd < CuPd3 < CuPd < Cu3Pd < Cu. This was 

due to the possibility that the dimerization of *CO may be preferred on the sites 

with neighboring Cu atoms to form C2 chemicals (Fig. 11) 153. Unlike the 

introduction of other metallic elements into pure Cu-based materials, the de-

alloying approach applied to Cu-based alloys (e.g., CuAl and CuZn) allows 

selective leaching of specific elements to achieve surface atomic rearrangement, 

thereby modulating the catalytic performance. Among them, acid or alkali 

treatments are commonly used to remove non-Cu elements from Cu-based alloys. 

For example, Zhong et al. used a de-alloying method,  guided by DFT 

calculations combined with machine learning, to screen and optimize the alloy 

catalysts 28. The volcano plots of CO2 reduction activity and selectivity were 

calculated based on the adsorption energy of different metals/alloys for CO and 

H (Fig. 12a and b). The Cu-Al alloy was found to have excellent catalytic ECR 

activity to C2H4. Subsequently, the Cu-Al catalyst was de-alloyed. The de-

alloyed Cu-Al catalyst demonstrated a larger FE for C2H4 than that on Cu and 

nanoporous Cu. Impressively, the de-alloyed Cu-Al catalyst maintained about 

85−90% FE for the C2+ product at a current density of 600 mA cm−2, and the 

energy efficiency of C2H4 reached up to 34% on the cathodic side (Fig. 12c and 

d). Mechanistic analysis indicated that the de-alloyed Cu-Al catalyst can provide 

more active sites with a unique Cu coordination environment, which facilitates 

the coupling of surface adsorbed *CO. 
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Figure 11. ECR FEs of (a) CO, (b) CH4, (c) C2H4, and (d) C2H5OH on ordered, 

disordered, and phase-separated Cu-Pd. Reprinted from Sadakiyo et al. 153 with 

permission. Copyright 2017 American Chemical Society. 

 

 

Figure 12. Screening of Cu-based materials based on computational modeling. 

Two-dimensional (a) activity and (b) selectivity volcano plots for the ECR. TOF 

represents turnover frequency. Yellow, green, and magenta data points 
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correspond to average adsorption energies of monometallics copper alloys, and 

average and low-coverage adsorption energies of Cu-Al surfaces. (c) ECR FE at 

600 mA cm−2 with 17 de-alloyed Cu-Al samples tested. (d) Half-cell CO2-to-

C2H4 power conversion efficiency of different Cu catalysts at varied current 

densities. Reprinted from Zhong et al. 28 with permission. Copyright 2020 Nature. 

 

3.4. Surface Modification 

Surface modification of Cu-based catalysts with some additives and 

cofactors, such as organic molecules and inorganic nanomaterials, can modulate 

the catalytic performance of ECR. For example, hierarchically structured Cu 

dendrites were treated by 1-octadecanethiol so as to generate a superhydrophobic 

surface that can promote CO2 reduction on a Cu surface 196. A triple-phase 

boundary at the electrolyte-electrode interface was formed (Fig. 13). The Cu 

dendrites contain wettable and hydrophobic areas that can react with H+ or CO2 

to form Cu–H* or Cu–COOH* intermediates, respectively. As for the wettable 

dendrites, H2 formation was promoted by a higher proportion of Cu–H* groups 

in aqueous H+/CO2 substrates. The formed triple-phase boundary at the 

electrolyte-electrode interface can facilitate C–C coupling and increase the C2 

production efficiency, due to the surface concentration of Cu-COOH*, and the 

subsequently formed Cu–CO*, drastically increasing. Compared to an 

unmodified hydrophilic equivalent, the HER on this superhydrophobic surface 

was substantially lowered in CO2-saturated electrolyte, decreasing the FE of 71% 

to 10%, whereas the CO2 reduction increased from a FE of 24% to 86%. The 

hydrophobic electrode attained a FE of 56% toward C2H4 and 17% for C2H5OH 

at neutral pH. 

Metal hydroxide doping has also proved to be effective, and is widely used 

in alkaline H2 evolution and alcohol oxidation reactions 197, 198. Metal hydroxides 

offer binding sites for surface *OH, facilitating the breaking of the H−OH bond, 

and the resulting H is captured by active sites and further involved in the reaction. 

Luo et al. demonstrated the beneficial effect of this modification for ECR by 
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synthesizing Cu/metal hydroxide composite catalysts 23. The Ce(OH)x-doped Cu 

catalyst was found to achieve a C2H5OH FE of 43% (Fig. 14). DFT calculations 

showed that the metal hydroxides accelerated the dissociation of water and 

altered the binding energy of H* on the Cu surface. And the adsorbed H* 

hydrogenates the *HCCOH intermediate, which is more favorable for the 

formation of C2H5OH 208. Among different metal hydroxides, Ti(OH)x-doped Cu 

afforded the highest C2H5OH-to-C2H4 ratio. 

 

Figure 13. Depictions of (a, b) the wettable dendrite under operation and (c, d) 

the operation of the hydrophobic dendrite. Reprinted from Wakerley et al.196 with 

permission. Copyright 2019 Nature. 
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Figure 14. (a) Calculated energies of H2O dissociation reaction and H adsorption 

on Cu, Cu-MnO2, and Cu-CeO2. (b) Surface configurations of CeO2/Cu with and 

without *H. (c) Distribution of ECR products on various hydroxide/oxide 

modified Cu/PTFE, along with respective C2H5OH/C2H4 ratio. Reprinted from 

Luo et al. 23 with permission. Copyright 2019 Nature. 

 

3.5. Support Effect 

By loading a catalyst on an appropriate support, its catalytic behavior can 

be altered according to the type of the support used. There are three different 

types of support materials that are used; carbon, metal oxide, and polymer. The 

interactions between Cu and the supporting material can lead to synergistic 

effects that increase CO2 adsorption and stability of key intermediates, 

influencing the final physicochemical properties of Cubased catalysts.  

Carbon materials consist of activated carbon, carbon nanotubes, graphene, 

graphite, and Ndoped graphene, etc. They are the most popular supporting 

materials due to their low cost relative to the precious metal catalysts, along with 

their high conductivity, large surface area, and outstanding chemical stability. 
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Recently, Kim et al. designed hybrid catalysts composed of highly dispersed Cu 

NPs supported on N-doped porous carbon materials (Cu/NPC), which can serve 

as cocatalysts (Fig. 15a and b) 121. By introducing NPC materials with different 

pyridinic N contents (Cu/NPC-700, Cu/NPC-800, Cu/NPC-900), the selectivity 

for C2H5OH or C3H7OH was tuned. It was suggested that the addition of NPC 

not only affected the size and electronic structure of Cu, but also promoted the 

adsorption of CO2 as well as CO production according to theoretical and 

experimental results. The production of multicarbon alcohols was maximized for 

the Cu/NPC-800 hybrid catalyst with 20 wt% Cu loading at −1.05 V (vs. RHE), 

achieving a total FE of 73.3% for C2H5OH and C3H7OH. They further proposed 

a two-site mechanism with pyridinic N as a CO-producing site and Cu 

nanoparticles as a catalytic site. Taking advantage of the synergy between 

catalyst and carrier, Quan et al. synthesized oxide-derived Cu/carbon (OD Cu/C) 

catalysts through carbonization of a Cu-based metal organic framework (MOF) 

(HKUST-1) 95. The resulting materials exhibited a high selectivity for ECR to 

alcohol compounds with the total FE of 45.2~71.2% at −0.1 to −0.7 V (vs RHE). 

The significant improvement in the activity and selectivity of OD Cu/C toward 

alcohol generation was speculated to be associated with the collaborative effect 

between the highly dispersed copper and the porous carbon matrix. In addition, 

the resulting porous structure reduced the diffusion resistance for overall mass 

transfer, which is conducive to the rapid movement of CO2 and alcohol species. 
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Figure 15. (a) Schematic of the synthesis of Cu/NPC. (b) Two-site mechanism 

involving the pyridinic N CO-producing site and Cu catalytic site on Cu/NPC. 

Reprinted from Han et al. 121 with permission. Copyright 2020 Royal Society of 

Chemistry. (c) Schematic of the synthetic of Cu/ CeO2. Reprinted from Lee et al. 
200 

with permission. Copyright 2019 American Chemical Society. 

 

Although carbon supports have many advantages, trace metal impurities 

such as Cu in carbon supports can dramatically alter ECR catalytic activity, 

which should not be neglected. This is particularly a consideration with graphene 

oxide. Therefore, special care has to be paid not to mislead on the origin of ECR 

activity when carbonbased materials are employed as support materials for 

electrocatalysts. Before employing them as the support material, prewashing 

them in ultrapure nitric acid is highly recommended to decrease effects by 

metallic impurities. 
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The support interaction between metal and oxide has been extensively 

utilized to control the reactivity in catalysis. Meanwhile, the interaction of metal 

oxide support with Cu may help to stabilize the electronic interaction, NP size 

and morphology, and oxygen spillover during the catalysis reaction. Copper-

ceria (Cu-CeO2) metal-oxide interfaces that act as an active site for C–C coupling 

were proposed for selective electrochemical C–C coupling reactions by Hwang 

and coworkers 200. By the impregnation of a copper precursor into 

hydrothermally prepared CeO2/C and subsequent calcination at 400 °C in air, 

Cu/CeO2 catalysts with a high density of interfaces were synthesized (Fig. 15c). 

Therefore, the Cu–CeO2 interface was constructed by sintering sub-10 nm 

crystals to maximize interfacial density and synergistic interaction at the 

interface. The authors conducted DFT calculations and observed that the 

dimerized *OCCO intermediate can be stabilized by interfacial active sites, with 

an aim of promoting the reaction pathway specific to the C–C coupling reaction. 

Meanwhile, the HER was suppressed. In comparison with control Cu catalysts, 

by constructing the interface with CeO2, HER selectivity was reduced from 40.0% 

to 14.6%, whereas the FE of C2H4 and C2H5OH production increased from 38.8% 

to 64.7%. The atomic distribution and domain formation of Cu can be influenced 

by the surrounding CeO2 support, which affects the C–C coupling activity. 

Materials based on graphitic carbon nitride (g-C3N4), the most stable phase 

among all the allotropes of carbon nitride, have attracted much attention. An 

electrocatalyst of tetrahedral (Td) copper clusters supported on g-C3N4 (Td-

Cu4@g-C3N4) was designed by Wang et al. to promote high selectivity 

conversion of CO2 to C2H5OH at low potential. 201 They found a tetrahedral Cu4 

cluster was firmly anchored on the hole of the g-C3N4 substrate owing to the 

strong interaction between the Cu4 cluster and the natural holey structure of g-

C3N4. Each Cu atom at the bottom (Cub) interacts with two twofold-coordinated 

N atoms, while the Cu atom at the top (Cut) bonds to three Cu atoms at the bottom 

(Fig. 16). According to electronic and thermodynamic analysis, the metallic Cu 
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site has a stronger affinity toward the capture of CO2 molecules and to further 

reduce to *CO, while the existence of a Cub
x+ site promotes an increase to the 

local CO concentration. The synergistic effect of Cut
0 and Cub

x+ atoms 

effectively reduce the limiting potential for the *CO reduction into *CHO step. 

Surprisingly, the C–C coupling reaction is obtained by two *CHO species with a 

low kinetic barrier of 0.57 eV on the Cut
0-Cub

x+ atomic interface. Subsequently, 

C2 intermediates prefer to form sp3 hybrid C atoms, leading to the release of 

C2H5OH product at a low potential (0.68 V). 

 

Figure 16. Simplified schematic of reaction mechanism for ECR into 

CH3CH2OH on Td-Cu4@g-C3N4 and hybrid orbital analysis of carbon atom in 

CO2, CO, and CH3CH2OH. Reprinted from Bai et al. 201 with permission. Copyright 

2019 Wiley-VCH GmbH, Weinheim. 

 

3.6. Interface Engineering 

In a heterogeneous catalysis process, the interactions at the interface 

between two different materials result in simultaneous changes to their electronic 

states and chemical properties. In order to better understand the interface reaction 

and the high surface sensitivity, free mass transport, and insusceptibility to gas 

evolution, in situ attenuated total reflection infrared spectroscopy has been 

successfully adopted to study the electrochemical interface of ECR. Interface 
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engineering has been widely applied to improve the catalytic activity of 

nanomaterials because the interface can play a dominant role in altering the 

binding, transformation and transport of surface species such as intermediates, 

electrons, and adsorbents between different domains.  

Cui  and co-workers chose N-doped nanodiamond (N-ND) that contains a 

dominant N-sp3 C component as a support to construct a (N-ND)/Cu interface 32. 

They synthesized N-ND films by carrying out microwave plasma-enhanced 

chemical vapor deposition on a nanodiamond seed on a pre-functionalized silicon 

wafer substrate, and further sputtering of Cu onto the as-prepared N-ND film 

results in the desired N-ND/Cu composite (Fig. 17). The catalyst exhibits a FE 

of ~63% towards C2 oxygenates (the FECH3COOH of 34.7% and FECH3CH2OH of 

28.9%) at applied potentials of only −0.5 V (vs. RHE). Moreover, this catalyst 

shows an unprecedented persistent catalytic performance up to 120 h, with steady 

current and only 19% activity decay. DFT show that CO binding is strengthened 

at the copper/nanodiamond interface, suppressing CO desorption and promoting 

C2 production by lowering the apparent barrier for CO dimerization. 

A heterostructure with abundant interfaces allows for the tuning of the 

catalytic performance by interface engineering. For example, a designed copper 

oxide/hollow tin dioxide heterostructure catalyst 202 can tune the products from 

CO to HCOOH at high faradaic efficiency by changing the electrolysis potentials 

from −0.7 V to −1.0 V (vs. RHE). Constructing bifunctional electrocatalysts from 

heterogeneous nanostructures (i.e., heterostructures) is a promising approach, as  

they can yield synergistically enhanced kinetics relative to their single 

components due to the increase of active sites and electron redistribution at their 

interfaces.. 
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Figure 17. (a) Schematic of the preparation of N-ND/Cu composite. (b) Total 

ECR FE and FEs toward different products on N-ND/Cu. Reprinted from Wang et 

al. 32 with permission. Copyright 2020 Nature. 

 

4. Role of Electrolyte to Promote C2+ Evolution 

It has been well acknowledged that the electrolyte plays a unique role in the 

ECR reaction, which not only is indispensable as the reaction media in most cases, 

but also greatly influences the solubility and activation of CO2, stabilization of 

intermediates, reaction activity, product selectivity and so on. The evolution of 

C2+ products can be tuned by finely designing the electrolytes, including their pH, 

selecting different cations and anions, as well as changing the solvent type. 

 

4.1. pH Effect 

There have been both experimental and theoretical studies that have 

demonstrated the dependence on pH to produce C2+ products from ECR. Using 

a microkinetic model, Chan et al. 203 investigated the effects of pH on the 

activities and selectivities of C1 and C2 products. It was found that with water as 

the proton source, the rate-determining proton-electron transfer steps for C1 and 
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C2 products were different, thus resulting in a distinct dependence on pH. 

Between pH 7 and 13, the overpotential for C2 products shifted more than that 

for C1 products, which led to enhanced activity and selectivity of C2 products 

under alkaline conditions. 

Although it has been suggested that alkaline electrolytes might be beneficial 

for C2+ products, experimental study of the direct effect of hydroxide ions on the 

ECR performance has proven challenging, because at higher pH in aqueous 

solutions CO2 reacts to form carbonates upon its dissolution. To overcome this, 

Sargent et al. 156 harnessed flow cells with gas diffusion electrodes, in which the 

gas diffusion layer allowed for the access of CO2 to the catalyst surface and the 

occurrence of ECR before the formation of carbonates. In this flow cell 

configuration, the local concentration of CO2 was substantially increased and the 

direct effects of hydroxide ions were able to be clarified. In an alkaline electrolyte 

of 7 M KOH, the FE of C2H4 reached 70% with a Cu catalyst at −0.55 V (vs. 

RHE). From the experimental and characterization results, it was suggested that 

the hydroxide ions from the high concentration alkaline solution could promote 

CO2 activation and the C–C coupling reaction through their interaction with the 

Cu catalyst surface, thus decreasing the onset potential for C2H4 formation. In 

another report that also used 7 M KOH as an electrolyte, a C2H4 partial current 

density of 1.3 A cm−2 with a cathodic energy efficiency of 45% was achieved, 

which further confirmed the advantage of alkaline electrolyte for ECR to produce 

C2H4. 

 

4.2. Cation Effect 

It has been reported that ECR performance can be influenced by the alkali 

metal cations of the electrolytes 204. For example, in the initial work of Hori and 

Murata 205, the cation size was found to have a strong influence on the selectivity 

of CO2 and CO reduction on polycrystalline Cu, in which larger cations preferred 

the formation of C2+ species. There have been different explanations for the 

mechanism of this cation effect. Hori and Murata ascribed the change in ECR 
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selectivity with cation size to the difference of the outer Helmholtz plane (OHP) 

potential, based on Frumkin’s theory 206. The OHP potential will shift to a more 

positive value with specific cation adsorption on the electrode, and the value 

increases with cation size due to its lower hydration number. In another 

theoretical work, it was suggested that specific adsorption of alkali cations was 

not applicable to the conditions of ECR, in part due to the very negative reduction 

potentials of alkali ions on transition metal electrodes 207.  

In spite of the different views regarding the effects of cations on ECR 

performance, recently there has been a big step forward on the experimental side 

of ECR. In the previous section, it was concluded that alkaline solution was 

beneficial to the ECR and the formation of multicarbon products, partly due to 

the suppression of the competing HER because of the slow kinetics for water 

reduction and the lower coverage of adsorbed hydrogen. Typically, in acidic 

solutions, HER will occur more easily than the ECR reaction. While in the 

presence of a high concentration of potassium cations in the electrolyte and at the 

electrode, CO2 activation could be accelerated for efficient ECR to proceed in 

strong acidic (pH < 1) solutions 208. Since the acidic electrolyte can avoid the 

transformation of CO2 to carbonate, a single-pass CO2 utilization of 77% was 

obtained with a selectivity to multicarbon products (including C2H4, CH3CH2OH, 

and n-propanol) of 50%. The authors attributed the C2+ selectivity to electrostatic 

interactions of the potassium cation with the electric dipole of specific adsorbates, 

favoring C2+ reaction pathways. 

 

4.3. Anion Effect 

The most commonly studied electrolyte in ECR is KHCO3 with HCO3
− 

anion owing to the fact that CO2-(bi) carbonate-water equilibrium helps maintain 

a neutral bulk pH. Actually, the anions of the electrolytes also have an influence 

on the performance of ECR to C2+ products. Back to as early as 1988, Hori and 

coworkers investigated ECR on a Cu electrode in various electrolyte solutions, 

and showed that C2+ products such as hydrocarbons and alcohols were preferred 
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to form in KCl, KClO4, K2SO4, and dilute KHCO3 solutions, while K2HPO4 

solutions favored the HER 209. The authors explained this phenomenon in terms 

of a nonequilibrium local region of high pH close to the electrode based on the 

idea that solutions with high pH were beneficial to the production of these C2+ 

products.  

In a recent report, using a CuO electrocatalyst decorated with Bi single 

atoms and oxygen vacancies, Sun et al. studied the effect of various factors on 

the FE of C2H4 in ECR, among which they found that replacing HCO3
− with 

halide anions such as Cl− and Br− resulted in an obvious decease in C2H4 FE, 

probably due to the preferred adsorption of halide anions on the Bi-CuO surface 

compared to that of CO2 
210. Increasing the concentration of both K+ and Cl−, 

namely by using a higher concentration of KCl solution, gave a higher C2H4 FE 

than that in KHCO3 solution, which was due to the reaction benefiting from the 

promotional effect of the K+, as mentioned in the previous section (“Cation 

Effects”). Therefore, in the case of practical ECR, the effects of cations, anions, 

and pH are synergistic and researchers need to consider the combined effects 

together with the specific electrocatalyst involved.  

 

4.4. Solvent Type 

Aqueous solutions are the most commonly used electrolytes for ECR since 

water is cheap and environmentally friendly. With the design and development 

of electrocatalysts as well as tuning the previous discussed factors involved in 

the electrolytes, various products ranging from C1 to C3 can be obtained in 

aqueous electrolytes. Although other kinds of solvents, such as organic solvents 

and ionic liquids (ILs), have been investigated for ECR due to their merits in CO2 

solubility and suppression of the HER, most of them only exhibited enhancement 

in affording C1 products. It is still meaningful to explore other types of solvents 

for C2+ products evolution.  

Oxalate is a high value product that can be produced from ECR in organic 

solvents. From the reported results, it can be summarized that aprotic solvents, 
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such as N,N-dimethylformamide, propylene carbonate, acetonitrile (AcN), 

together with ammonium salts are the common combination for electrolytes for 

oxalate production from ECR 211-213. In a recent report by Zhang et al., a new 

aprotic and basic phosphonium-based IL ([P4444][4-MF-PhO]) was designed 

and synthesized to improve the performance for ECR to produce oxalate 214. With 

0.5 M [P4444][4-MF-PhO]/AcN as electrolyte on a Pb electrode, an oxalate FE 

of 93.8% with a partial current density of 12.6 mA cm−2  was achieved. 

Mechanism studies revealed that the ester and phenoxy functional groups in 

[P4444][4-MF-PhO] can act as double active sites to activate CO2. Additionally, 

in the electrolyte with a phosphonium-based ionic environment, the potential 

barriers for the formation of the key intermediates were lowered, which enhanced 

the performance of ECR to oxalate.  

Recently, Fortunati and coworkers showed that acetate anions (strong Lewis 

bases) imidazolium-based ILs favor CO2 capture and H2 production, whereas 

fluorinated anions (weaker Lewis bases) are beneficial for CO2 electroreduction 

215. 1-Butyl-3-methylimidazolium triflate was demonstrated to be a promising IL, 

displaying a high CO FE (>95%) with good stability for 8  h at large currents 

from −20 mA to −60 mA. Other possible explanations on enhancement of CO2 

reduction in ILs involve cation hydrogen-bond stabilization of transition species 

and carbene-tuned coordination of CO2 through cation complexes 216 A recent 

work from Gebbie et al. demonstrated the impact of collective ion correlations 

and self-assembly on ECR reactivity in IL-based electrolytes 217. Modulation of 

ionic correlations via concentration enables enhanced electrostatic screening, 

thus promoting cleavage of bonds and stabilizing the key intermediate CO2
•− via 

localizing electric field gradients to electrode surfaces. This allows for 

improvement of potential-dependent CO2 reduction rates and CO FE at 

intermediate concentrations of 0.9 M IL in acetonitrile. 

 

5. Other Factors Affecting C2+ Formation 

In addition to the type of electrolyte, pH, and ion type, the C2+ selectivity is 



50 

 

also affected by the purity of CO2 reactant. Wang et al. investigated the 

electrochemical reduction of mixed CO2/CO feeds on CuOx NPs 218. The yield 

of C2H4 was substantially enhanced, pointing to the absence of site competition 

between CO2 and CO molecules on the reactive surface. Meanwhile, the 

influence of SO2 impurity gas in the electrochemical conversion of CO2 was 

explored by Jiao and coworkers on three different materials, Ag, Sn, and Cu that 

are selective catalysts for CO, HCOOH, and C2+ products, respectively 219. They 

found that the presence of SO2 impurity decreased the CO2 conversion efficiency 

owing to the reduction of SO2 being thermodynamically more favorable than CO2. 

The presence of SO2 was observed to have no effect on the selectivity of Ag- and 

Sn-based catalysts, while inhibiting the formation of C2+ products on Cu catalyst. 

Besides, using supercritical CO2 as a solvent and reactant was shown to enable 

enhanced catalytic activity and cathodic current density. At the same time, the 

competitive HER can be suppressed 220. 

 

6. Challenges in CO2 Reduction to C2+ Species on Cu-Based Electrocatalysts 

Selective and efficient catalytic conversion of CO2 into value-added fuels 

and feedstocks provides an ideal avenue to high-density renewable energy 

storage. Cu- based electrodes exhibit excellent ECR selectivity toward C2+ 

products. However, identifying the true functional site of Cu electrocatalysts that 

governs the ECR to C2+ products remains a significant challenge due to the fact 

that the surface state of Cu is dynamic and difficult to predict under working 

conditions. Furthermore, the stability of Cu electrocatalysts is unsatisfactory, and 

the deactivation mechanism is not yet fully understood. The following discussion 

will focus on these two parts in more detail. 

 

6.1. Cu(0) or Cu(I)? 

Surveying the literature shows that Cu-based catalysts are the most efficient 

material for ECR, and Cu is a key component for forming multicarbon products. 

However, the origin of their outstanding ECR performance is elusive, and the 
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key oxidation state of Cu is still under debate. The current controversy about the 

actual active site is whether it is Cu(0) or Cu(I). On the one hand, it was found 

that Cu NPs, Cu nanocubes and Cu nanoclusters can exhibit a selectivity up to 

60% for transformation of ECR to C2+ products. Han et al. also found the Cu-

based electrodes with mixed oxidation states were all reduced to Cu(0) at the 

steady stage of ECR, suggesting that the high C2+ selectivities are not associated 

with specific oxidation states of Cu 221. In addition, an electro-reduction 

pretreatment was performed on these Cu-based electrodes with mixed oxidation 

states under harsh conditions to ensure full reduction to Cu(0) before being used 

for catalyzing ECR. The pre-treated electrodes exhibited a slightly higher 

selectivity toward C2+ products, underpinning the key catalytic role of Cu(0) and 

the negligible impact of the starting oxidation state of the Cu- based electrodes. 

Prior work by Kanan and co-workers demonstrated that the pre-oxidation of 

Cu can greatly boost its intrinsic catalytic properties toward the formation of C2+ 

products 68. They attributed this improvement to the remaining active Cu+ species 

during the ECR process. Computations conducted by Goddard and co-workers 

also showed that Cu+ can work in a synergy with Cu0 to promote the formation 

of C2+ product by facilitating CO2 activation and C–C coupling 222. Unfortunately, 

the active Cu+ species are still very prone to being reduced to metallic Cu under 

ECR conditions, degrading the C–C coupling for C2+ product generation. In 

recent years, several strategies have been used to stabilize the Cu+ species, 

including heteroatom doping 109, surface modification 223, and plasma activation 

87. For example, Yu et al. developed a simple spatial confinement approach to 

stabilize Cu+ species. They prepared a Cu2O catalyst with nanocavities, in which 

in situ formed carbon intermediates covered the local catalyst surface and thereby 

stabilized Cu+ species, resulting in a high C2+ FE greater than 75%, and a C2+ 

partial current density of up to 267 ± 13 mA cm−2 224. 

Despite these advances, operando/in situ characterization techniques should 

be further developed and employed to gain a deep mechanistic picture of Cu-
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based catalysts during ECR. 

 

6.2. Stability of Cu-Based Electrocatalysts 

For commercial applications of ECR, the catalyst should provide high 

performance, i.e., high FE, high current density, and excellent stability for long-

term operation. Nevertheless, the stability of the catalysts under ECR conditions 

has been given considerably less attention in comparison to activity/selectivity 

issues. Understanding the stability and the deactivation mechanisms of state-of-

the-art Cu-based catalysts for ECR will be crucial for developing mitigation 

strategies to enhance durability.  

Nanostructured Cu films have been demonstrated to be excellent ECR 

catalysts due to their unique features, including high surface area, numerous 

edge/low-coordinated sites, grain boundaries, and porosity 225, 226. However, the 

morphology of the Cu films is prone to change during operation, which 

profoundly affects the stability of the catalyst. Meanwhile, the complexity of 

nanostructured catalysts makes it challenging to gain insights into the 

contribution of each structural feature to the overall improvement in ECR 

performance. Ren et al. reported that the anodization process of Cu NPs to 

Cu(OH)2 and Cu2O, which are then reduced back to Cu(0) nanocrystals (Cu NCs) 

during ECR (as an in-situ reconstruction event), can improve their selectivity 

toward n-propanol 100. Cu NCs maintained a remarkable stability in producing n-

propanol over 12 hours compared to the initial Cu NPs. The authors ascribed this 

improved behavior to a decreased propensity toward CH4 formation that can 

supposedly decompose into graphitic carbon, which then blocks the catalyst 

surface. By suppressing this route of CH4 formation, the likelihood of catalyst 

deactivation via poisoning is also minimized. We note that the poisoning effects 

of reaction intermediates are still not completely elucidated. 

Li et al.68 fabricated Cu2O films through annealing of Cu foil in air at 

different temperatures, followed by electrochemical reduction of the resulting 

oxide layers. The Cu2O film showed much better ECR performance in terms of 
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activity and selectivity toward HCOOH than untreated polycrystalline Cu 

electrodes (Fig. 18). To determine if there had been any compositional changes 

to the catalyst during electrolysis, XRD and XPS were performed after operation, 

and the results showed the Cu2O layer on the annealed Cu electrode is mostly 

reduced during ECR. However, they do not completely eliminate the possibility 

of the presence of a thin metastable Cu2O layer or other surface-bound Cu+ 

species during electrocatalysis. In-depth studies are necessary to elucidate the 

degradation mechanisms of Cu-based catalysts. 

 

Figure 18. ECR electrolysis data for (a) untreated polycrystalline Cu and (b) 

Cu2O film obtained at −0.5 V (vs. RHE). Reprinted from Li et al. 68 Copyright 2012 

American Chemical Society. 

 

In the pursuit of stabilizing Cu-based catalysts, various strategies have been 

employed. One approach is to stabilize the morphology to preserve reaction 

selectivity by confinement. As an example, Li et al. demonstrated that wrapping 

Cu nanowires with graphene oxide can prevent structural changes and protect the 

CH4-selective sites. Another effective strategy to control the shape and size of 

catalysts is to bind organic stabilizer molecules. Furthermore, pulse electrolysis 

is recognized as an emerging scheme to stabilize catalysts 227-229.  

 

7. Conclusions and Outlook 

ECR has been attracting increasingly more attention in the last few decades 

as it offers the possibility of producing valuable chemicals and high energy-
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density fuels while recycling CO2 and storing renewable energy. Many intriguing 

nanoscale structure-activity and structure-selectivity relationships have been 

discovered to-date. The electrochemical reduction of CO2 to C2+ products has 

been extensively studied over various electrode surfaces. In this review, we have 

discussed in detail the mechanisms, the possible reaction paths and the 

influencing factors of C2+ production for Cu-based catalysts. To promote C2+ 

production, the following schemes can be considered:  

1) Tandem catalysis, where sequential reactions are coupled and catalyzed by a 

single nanostructured catalyst with multiple active sites, which presents a number 

of opportunities to improve chemical transformations. Different catalytic centers 

can jointly/collaboratively optimize the affinity of the reactant and key 

intermediates, facilitating coupling of intermediates toward C2+ products. It also 

eliminates the steps for intermediate separation, purification, and transportation, 

which is especially beneficial in situations where the reaction intermediates (the 

products of the first reaction) are thermally unstable or toxic.  

2) Molecular catalysts containing versatile structures that can be systematically 

tuned via ligand screening in order to optimize their catalytic performance offers 

an attractive option to promote selective ECR. Because their active sites are well-

defined and uniform, molecular catalysts are also considered as appropriate 

platforms for gaining mechanistic insights into catalysis.  

3) Design and integration of solid electrolytes (such as proton conductors 

including a porous styrene-divinylbenzene sulfonated copolymer or a caesium-

substituted tungstophosphoric acid as well as anionic conductors) enables the 

production of pure liquid products with high concentrations rather than dilute 

solutions containing potassium and carbonate residues. A liquid product is easily 

collected by using a stream of deionized water or a humidified nitrogen flow. 

This eliminates separation costs. However, the ionic conductivity, 

electrochemical and mechanical stability of solid electrolytes as well as the 

quality of the interfacial contacts should be further addressed. 
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4) Membrane electrode assemblies (MEAs) with a “zero-gap” configuration 

between a catalyst-coated gas diffusion electrode and an ion-conducting 

membrane allows high-efficiency CO2 electrolysis approaching industrial-scale 

rates. To this end, use of anion-exchange membranes and alkaline anolytes are 

preferred to inhibit the competitive HER, facilitating yield of C2+ products. The 

degree of K+ crossover from the anolyte into the cathode through the anion-

exchange membrane needs to be considered, which can have a profound 

influence on the selectivity of Cu catalysts. 

In order to bring the ECR process closer to the commercial and applied level, 

it is necessary to further enhance the catalyst stability, in addition to the 

activity/selectivity. We have discussed previous studies focusing on the stability 

of Cu-based catalysts with the aim to highlight this critical issue that has been 

underestimated so far in the latest literature related to ECR. Possible reasons for 

catalyst deactivation such as surface reconstruction, contamination, and mechanical 

failure need to be examined and addressed. Especially, future efforts need to focus 

on ECR electrolyzer design, such as gas diffusion layers, membranes, solid 

electrolytes, and interfaces, to accelerate the commercial-grade fabrication of C2+ 

products. A combination of catalytic avenues (e.g., nanostructuring and molecular 

interface functionalization) developed in an H-cell/flow cell with optimization of 

MEAs provides a promising way to enhance full electrolyzer energy efficiency 

and system stability. To efficiently regenerate CO2 consumed by KOH electrolytes 

and lower the full reactor voltage, development of bipolar-membrane-based 

MEAs may offer advantages. 

In summary, ECR offers a good opportunity for us to deal with the 

environmental issues associated with greenhouse gases emitted by human 

activities, and shows a possibility for achieving clean fuels and chemicals using 

renewable energy. The combination of advanced in situ/operando 

characterization techniques and DFT calculations will accelerate the progress of 

our understanding into the reaction mechanisms, which remains one of the 
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biggest outstanding challenges in the field. In addition, metrics such as an 

accurate quantification of energy efficiency, single cycle CO2 conversion, and 

product yield rate should be given for comparison and evaluation of ECR toward 

industrial applications. 
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