
  

 

ARTICLE 

  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 
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Thang Dinha,* 

The electrochemical reduction of carbon dioxide (CO2) to chemicals is gaining great attention as a pragmatic solution for 

greenhouse gas mitigation and for the utilization of CO2 to produce useful fuels and chemical feedstocks using intermittent 

renewable energy sources. In recent years, strategies to design electrocatalysts for CO2 reduction to ethanol, a valuable 

liquid fuel, have been increasingly reported. The mechanistic understanding providing insights into steps of the reduction 

process has allowed for further development of highly efficient and selective catalysts. Several significant breakthroughs 

have been made; however, the door toward industrial-scale production of ethanol from CO2 is still wide open as most 

electrocatalytic systems reported so far are still suffering from low energy efficiency, inferior stability, and discouraging 

selectivity. Inspired by recent advances in the field, we herein provide review of fundamental and material advances of the 

electrochemical CO2 reduction to ethanol. First, we discuss the pathways and the effects of reaction-environment factors on 

the formation of ethanol from both theoretical and spectroscopic points of view. We then give an overview of different 

strategies to design electrocatalysts for this reaction. Finally, we discuss the remaining challenges and propose promising 

future research directions, with the aim to bring this technology closer to practical applications.

1. Introduction 

The emission of greenhouse gases, especially CO2, is the main 

contributor to global warming.1 CO2 is naturally present in the 

atmosphere, and involves the circulation of carbon among the 

atmosphere, oceans, soil, plants, and animals. When more 

CO2 is emitted into the atmosphere, while natural sinks of CO2 

such as forests are removed, the atmospheric balance is 

disrupted. Currently, the global average concentration of 

atmospheric CO2 is above 400 ppm, which is higher than that at 

any point in the past 800,000 years and is 42% more than it was 

in the mid-nineteenth century when the industrial era began.2 

Mitigation of CO2 emission is now becoming a critical issue and 

a major international research priority to avoid the negative 

effects of climate change.3 

 Reducing CO2 emission into the atmosphere requires 

concerted efforts from both social movements and scientific 

solutions.4 The former includes strategies such as adopting 

carbon-capping legislation and preventing deforestation, 

whereas the latter involves the shifting of fossil fuels to 

renewable energy sources, developing and implementing 

technologies for the capture and sequestration of CO2, and 

converting emitted CO2 into value-added products. The last 

approach, in particular the electrochemical method, is drawing 

great attention due to the possibility to directly address both 

the CO2 emission and the intermittency issue of renewable 

energy sources at the same time.5 In addition, the 

electrochemical CO2 reduction (ECR) enables selective 

production of a large number of chemical feedstocks such as 

carbon monoxide (CO), formic acid (HCOOH), hydrocarbons, 

and alcohols, signifying the possibility of using ECR as a 

pragmatic solution to curb the CO2 emission. 

 Among the many products that can be produced by ECR, 

ethanol (C2H5OH), with a high market price and a large market 

size, is an attractive target.5-6 It is widely used as a solvent not 

only in chemical synthesis but also in paints and personal care 

products such as mouthwashes and perfumes. Ethanol is an 

important chemical feedstock for the production of other 

organic compounds such as acetaldehyde, acetic acid, diethyl 

ether, ethyl esters, among others. In medicine, ethanol has 

been used as an antiseptic and disinfectant. Ethanol can also be 

used directly as renewable fuel with a high energy density of 

26.8 MJ kg-1, or as an additive to gasoline. Blending ethanol into 

gasoline can help to reduce a large percentage of gasoline fuel 

in transportation.  

 The reduction of CO2 to ethanol is a 12-electron process, (2 

CO2 + 9 H2O + 12 e- → C2H5OH + 12 OH-), with the equilibrium 

potential of 0.084 V vs. reversible hydrogen electrode (RHE). 

Similar to other multi-carbon (C2+) products, most catalysts 

reported in the literature for the production of ethanol are 
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based on copper (Cu) since Cu metal allows the CO dimerization, 

which is a critical step for producing molecules with more than 

one carbon. However, there are very few existing 

electrocatalysts that produce ethanol with Faradaic efficiency 

(FE) above 30%, as other, competing C2+ products, particularly 

ethylene, are also formed.7 In fact, many studies have shown 

that the selectivity toward the production of ethylene on the Cu 

metal surface is often higher than that of ethanol because of the 

thermodynamically favoured formation of the former.8  
Understanding the factors that allow for fine-tuning of the Cu 

metal surface to suppress ethylene is one of the promising 

approaches to enhance the ethanol formation. Utilizing 

transition-metal molecular catalysts is another approach to 

achieve higher selectivity.9 Non-metal catalysts have also been 

reported, with a high FEethanol above 90% observed when the B‐ 

and N‐co‐doped nanodiamond catalyst was employed.10 

However, this high selectivity was achieved at very low current 

density (< 2 mA cm-2), limiting its practical applications. 

 Developing electrocatalysts with high activity, selectivity, 

and energy efficiency toward ethanol is still a wide-open 

question. Advances in fundamental understanding in recent 

years have led to new material designs that significantly 

improve the CO2-to-ethanol conversion. Inspired by such works, 

herein we overview the fundamentals of the ECR to ethanol 

from both the theoretical and experimental aspects. Our aim is 

to highlight strategies that allow for mainly improving the 

selectivity of ethanol, while suppressing other C2+ products. For 

a general discussion of ECR to C2+ products, several recent 

reviews are highly recommended.11 In particular, we first 

present the general understanding of the formation of C2 

products, discussing ethylene vs. ethanol pathways, and 

analyzing the influence of factors such as pH, facets of the 

catalyst, doping, and applied potential on the product 

selectivity based on theoretical studies. Spectroscopic methods 

for in situ study of the reaction progress are discussed. We then 

review different catalyst design strategies that have been 

experimentally shown to enhance CO2-to-ethanol performance. 

The remaining challenges are highlighted, and an outlook of 

promising research directions is provided.  

2. Electrochemical CO2 Reduction to Ethanol 

2.1. General CO2 Electroreduction to C2 Products 

The mechanism of ECR in aqueous solutions involves two 

primary routes: (1) *CO2 (adsorbed molecule) goes through 

surface hydrogenation and desorbs as formate ion; (2) 𝐶𝑂2 
∗  is 

transformed to 𝐶𝑂 
∗  and then either desorbs as gaseous CO or 

reacts with other adsorbed species to form alcohols, 

hydrocarbons or organic acids.12 The key distinction between 

these two competing pathways is the initial binding form of the 

intermediate, where path (1) forms 𝐻𝐶𝑂𝑂 
∗  intermediate, and 

path (2) forms 𝐶𝑂𝑂𝐻 
∗  intermediate. The stepwise transfer of 

protons and electrons helps in determining the products of ECR, 

and 𝐶 − 𝐶 coupling is considered as the most important step for 

the production of multi-carbon products. The reactions for 

ethylene and ethanol formation are as follows: 

𝐶𝑂2(𝑔) + 2𝐻
+ + 2𝑒−

               
→     𝐶𝑂(𝑔) + 𝐻2𝑂(𝑙) (1) 

2𝐶𝑂(𝑔) + 8(𝐻+ + 𝑒−)  
               
→     𝐶2𝐻4(𝑔) +  2𝐻2𝑂(𝑙) (2) 

2𝐶𝑂(𝑔) + 8(𝐻+ + 𝑒−)  
               
→     𝐶𝐻3𝐶𝐻2𝑂𝐻 

+ 𝐻2𝑂(𝑙) 

(3) 

 Many studies have investigated the conversion of CO2 to CO, 

and the reaction mechanism is well established. In the work by 

Cheng et al., quantum mechanics reactive meta-dynamics study 

on Cu catalyst shows that physisorbed CO2 overcomes a 0.43 eV 

free energy barrier to become chemisorbed on the Cu surface, 

𝐶𝑂2
𝛿−

 
∗ , which is stabilized by the hydrogen bond network of the 

water solvent.13 This process is demonstrated to be forward 

favored, as 𝐶𝑂2
𝛿−

 
∗  has no tendency to revert to the less stable 

physisorbed species. Beyond this step, the pathways toward 𝐶𝑂 

and 𝐻𝐶𝑂𝑂− diverge at the first electron transfer step: where 

CO pathways start with the chemisorption of 𝐶𝑂2
𝛿−

 
∗ , the 

𝐻𝐶𝑂𝑂− pathway proceeds via hydrogenation either by surface 

𝐻 
∗  or 𝐻+from the solvent.14 In step 2, hydrogenation occurs to 

form the 𝐶𝑂𝑂𝐻 
∗  intermediate. The specific mechanism of this 

step has been examined in detail, and three types of possible 

mechanisms have been proposed: Eley-Rideal (ER), Langmuir-

Hinshelwood (LH), and redox mechanism. In ER mechanism, one 

oxygen atom of 𝐶𝑂2
𝛿−

 
∗  is hydrogenated by a H2O molecule to 

form cis- 𝐶𝑂𝑂𝐻 
∗ , whereas in LH the other oxygen atom in  

𝐶𝑂2
𝛿−

 
∗   is hydrogenated, forming trans- 𝐶𝑂𝑂𝐻 

∗ . According to 

Cheng et al., there exists a significant difference in free energy 

barrier between the two pathways (ER ∆G≠ = 0.37 eV, LH 

∆G≠ = 1.54 eV on Cu(100)), leading to ER rate being 

significantly faster. In the redox mechanism, CO2 is dissociated 

into 𝐶𝑂 
∗  and 𝑂 

∗  before hydrogenation occurs.15 However, in 

the calculations performed by Wang et al., the free energy 

barrier associated with the redox mechanism is noticeably 

larger than ER.16 This is corroborated by calculations on other 

catalytic surfaces as well; Vidal et al. determined that on various 

Cu/TiC catalysts, 𝐶𝑂 
∗  is formed through 𝐶𝑂𝑂𝐻 

∗  mechanism.17 

Hence from here, the discussion will focus on the ER mechanism 

in the formation of 𝐶𝑂𝑂𝐻 
∗ . It is also important to note, as 

emphasized by Wang et al., that free energy barriers of 

transition states are structure dependent, so the catalyst 

surface geometry (i.e. arrangement of surface sites) must also 

be considered when determining reaction mechanisms.16 Step 

3 involves the dehydrogenation of the 𝐶𝑂𝑂𝐻 
∗  intermediate to 

form the 𝐶𝑂 
∗  intermediate which is considered as the key 

intermediate in the CO2 reduction process. The 𝐶𝑂 
∗  formed can 

either be desorbed from the surface to produce CO or be 

further reduced to form hydrocarbons, alcohols, and acids.  

 The reaction mechanisms towards C1 and C2 products vary 

after the formation of the 𝐶𝑂 
∗  intermediate. Mechanisms 

toward methane formation are thought to feature proton-

coupled electron transfer (PCET) steps18 supported by the fact 

that its formation is pH dependent. Schouten et al. attributed 

this observation to the presence of 𝐶𝐻𝑂 
∗  as a key 

intermediate.19 In their analysis of the experimental potential 

dependence of reaction rates between methane and ethylene 

on Cu (111), they concluded that ethylene formation shares the 

reaction pathway with methane. However, it is known that the 

ethylene formation rate can be pH independent on Cu (100), an 

observation that seemingly contradicts the mechanism  
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Figure 1. Comparison between CHO vs CO dimerization mechanisms. Reproduced with permission from ref 12a.

established above (that ethylene formation also features 

𝐶𝐻𝑂 
∗  as key intermediate, like methane).  Hence Schouten et 

al. proposes in another work that on certain catalytic surfaces 

the dimerization of 𝐶𝑂 
∗  to form 𝑂𝐶 − 𝐶𝑂 

∗  is the rate-

determining step and occurs before hydrogenation.12a In Figure 

1, both pathways are depicted; adsorbed *CO species can either 

undergo dimerization prior to being further reduced (step 4), or 

be first reduced to C1 intermediates, followed by dimerization 

and further reduction to C2 products (step 5). This insight 

suggests that there are different reaction pathways toward C2+ 

products that depend on catalytic surface and reaction 

environment, and this topic will be discussed in later sections. 

 The coupling of two carbon atoms is crucial to the formation 

of C2 products, and it is important to note that in the above 

proposed mechanisms, 𝐶 − 𝐶 coupling occurs relatively early, 

before the cleavage (or addition in the case of acetate) of 𝐶 − 𝑂 

bonds. This means that until the 𝑂𝐶𝐶𝑂 
∗  or 𝑂𝐶𝐶𝑂 

∗ 𝐻 

intermediate is formed, C2 products such as ethanol, ethylene 

and acetate share the same pathway. Hence, understanding 

reaction steps that follow dimerization is essential for 

developing efficient catalysts for CO2 reduction to ethanol. 

2.2. Ethanol versus Ethylene Pathways 

As mentioned above, the first step of electrochemical reduction 

of CO2 to ethanol involves the formation of adsorbed CO 

intermediate. Hence, Cu-based catalysts have been efficient for 

attaining C2+ products due to their optimal binding energies with 

CO intermediate. According to the Sabatier principle, the best 

catalysts bind atoms and molecules with an optimal strength: 

not too weakly to be able to activate the reactants, and not too 

strongly to be able to desorb the products. However, CO binding 

energy can only explain the selectivity toward C2+ products. To 

design efficient catalysts for CO2 reduction to ethanol, it is 

important to understand the mechanistic features of the 

formation of ethanol, as the C2 selectivity is usually inclined 

toward ethylene instead of ethanol. As predicted reaction 

mechanisms for C2 products are highly complex and vary due to 

factors such as catalytic surface, environment conditions, 

computational methods, etc., this section will introduce several 

perspectives in order to provide a full picture of the matter.  

Figure 2. Reaction mechanism for CO-CO dimerization featuring decoupled 
proton-electron transfer. Free energies calculated at 0 V and -0.4 V with CHE 
model. Reproduced with permission from ref 8. Copyright 2013 Wiley.  
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Figure 3. Lowest overpotential pathways for the electroreduction of CO to ethanol and ethylene. The potential-determining step is the first proton-electron 
transfer. The energy levels are given at U = 0 V vs RHE and U = -0.4 V, which is the calculated onset potential. Reproduced with permission from ref 8. Copyright 
2013 Wiley. 

Calle-Vallejo et al. studied the reaction pathways toward 

ethanol and ethylene from CO on Cu(100),8 using the 

Computational Hydrogen Electrode (CHE) model.20 In this purely 

thermodynamic approach, they calculated the lowest 

overpotential pathways, and determined that the potential-

determining step is the first step forming 

𝑂𝐶𝐶𝑂𝐻 
∗  intermediate. This result explains the observation that 

CO reduction to ethylene is unaffected by pH, which suggests 

that its key step does not involve hydrogen transfer. To justify 

the pH independence criterion, the authors proposed that the 

proton and electron transferred in this mechanism is 

decoupled, and is comprised of three sequential steps: 

∗ + 𝐶𝑂(𝑔)
               
→     𝐶 

∗ 𝑂 (4) 

𝐶𝑂∗ + 𝐶𝑂(𝑔) + 𝑒−
               
→      𝐶2𝑂2

−
 
∗  (5) 

𝐶2𝑂2
−∗ +𝐻+

               
→     𝑂𝐶𝐶𝑂𝐻 

∗  (6) 

In this process, CO first undergoes an exergonic adsorption on 

the catalytic surface as shown in Figure 2. Next, the transition 

state initiating carbon coupling is crucial, as empirical 

observations hint at a purely electron transfer step being the 

potential-determining step. Indeed, their calculations show that 

the C-C coupling is associated with the highest increase in 

reaction free energy. The coupling step leading to the 

intermediate 𝐶2𝑂2 
∗  is endergonic (though to a lesser extent), 

and the protonation step is neutral in free energy under -0.40 V 

potential bias, the lowest applied potential that makes this step 

thermodynamically feasible. 

As shown in Figure 3, the formation of 𝐶𝑂 − 𝐶𝑂𝐻 
∗  is 

followed by dehydration to form 𝐶𝐶𝑂 
∗ , and successive 

hydrogenation steps to form the 𝐶𝐻2𝐶𝐻𝑂 
∗  species. At this step, 

the pathways diverge: ethylene is formed through the cleavage 

of the remaining 𝐶 − 𝑂 bond and desorbed, leaving an 

adsorbed oxygen atom. The adsorbed oxygen atom ( 𝑂 
∗ ) is 

further hydrogenated to form a water molecule and desorbed. 

It is possible for the 𝛼 carbon to be further hydrogenated to 

form 𝐶𝐻3𝐶𝐻𝑂 
∗ ; after two more hydrogenation steps, this 

intermediate will be transformed to ethanol and desorbed. It is 

evident through Figure 3 that ethylene formation is 

energetically favoured over ethanol formation by 

approximately 0.2 eV. This corroborates empirical results that 

on Cu electrode, FE toward ethanol is generally lower than 

ethylene.21 

 While the above CHE model computational results provide 

insight into thermodynamics of the reaction mechanism, they 

provide an incomplete picture. Due to the model being purely 

based on thermodynamics, it omits considerations of many key 

kinetic factors. For instance, even though the potential-

determining step is a decoupled electron-proton transfer step, 

all subsequent steps involve hydrogenation by 𝐻+ ions, which 

are assumed to be either in solution or adsorbed species ( 𝐻 
∗ ). 

Yet this assumption does not address the changes in reaction 

kinetics when the environment is highly alkaline, where 

aqueous 𝐻+ is scarce. In addition, the reaction free energies are 

calculated at −0.40 V vs RHE, which is the calculated onset 

potential, but is far from potentials applied in experiments. 

 In a study of atomistic mechanisms of CO reduction, Xiao et 

al. approached the problem using a grand canonical quantum 

mechanics (GC-QM) method,22 which also considers solvation 

effects using the CANDLE implicit model (discussed in later 

sections). Through examining QM-based molecular dynamics 

on Cu (111) catalyst, they determined that there exists a specific 

mechanism of hydrogenation and dehydration of reaction  
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Figure 4.  Predicted complete reaction pathways to C2 products featuring H2Oad mechanism. Reproduced with permission from ref 22. Copyright 2017 American 
Chemical Society. 

intermediates, with activation energy barrier (∆𝐺≠) being pH 

dependent. They proposed a Langmuir-Hinshelwood 

mechanism featuring surface H2O as proton donor in 

dehydration steps. In this mechanism, due to the issue that 

hydration through solvated 𝐻+ ions face significant kinetic 

barrier, adsorbed water molecule (𝐻2𝑂𝑎𝑑) directly protonates 

the hydroxyl group of the adsorbed species. This process has 

been shown to be energetically favorable as the 𝑂𝐻𝑎𝑑  left 

behind is bound by 2.3 eV, whereas 𝐻2𝑂𝑎𝑑  is bound by less than 

0.1 eV to the catalytic surface. The reaction equation is as 

follows: 

𝐶𝐻𝑂𝐻𝑎𝑑 +𝐻𝑂𝐻𝑎𝑑 + 𝑒
−
               
→       𝐶𝐻𝑎𝑑 +𝐻𝑂𝐻𝑎𝑑 + 𝑂𝐻

− (7) 

Note that the 𝐻𝑂𝐻𝑎𝑑  on the right side is the dehydrated H2O 

molecule from the reaction intermediate, and the hydroxide ion 

is part of the reactant 𝐻2𝑂𝑎𝑑 , which after protonation has 

desorbed from the surface. Since the 𝐻2𝑂𝑎𝑑  mechanism does 

not require the presence of hydronium ions, ∆𝐺≠ is pH 

independent. However, as the reaction produces a hydroxide 

ion, ∆𝐺 is pH dependent. Compared to 𝐻+  or 𝐻𝑎𝑑  mechanisms 

which are pH dependent for both ∆𝐺≠and ∆𝐺, the 𝐻2𝑂𝑎𝑑  

mechanism is kinetically favored under high pH conditions. 

The introduction of the 𝐻2𝑂𝑎𝑑  mechanism, if correct, offers 

alternatives to previously proposed pathways and includes 

separate reaction pathways that are pH dependent toward 

different C2 products, as illustrated in Figure 4. According to this 

predicted reaction pathways scheme at high pH, dimerization 

occurs prior to the protonation of either 𝐶𝑂 
∗  species of 

𝑂𝐶 − 𝐶𝑂 
∗  intermediate (step 2a: 2 𝐶𝑂𝑎𝑑

               
→       𝑂𝐶 − 𝐶𝑂𝑎𝑑). 

The early occurrence of dimerization is similar to the prediction 

of Calle-Vallejo et al. where dimerization appears relatively 

early on in the reaction pathway.8 After protonation in step 2b 

to form 𝑂𝐶 − 𝐶𝑂𝐻𝑎𝑑  (step 2b: 𝑂𝐶 − 𝐶𝑂𝑎𝑑
               
→       𝑂𝐶 −

𝐶𝑂𝐻𝑎𝑑), there exists a competition between two pathways 

comparable in reaction free energy: formation of 𝐻𝑂𝐶 =

𝐶𝑂𝐻𝑎𝑑  (step 2d: 𝑂𝐶 − 𝐶𝑂𝐻𝑎𝑑
               
→       𝐻𝑂𝐶 = 𝐶𝑂𝐻𝑎𝑑 ) or 𝑂 =

𝐶 = 𝐶𝑎𝑑 (step 2e: 𝑂𝐶 − 𝐶𝑂𝐻𝑎𝑑
               
→       𝑂 = 𝐶 = 𝐶𝑎𝑑) 

intermediate. In the former case, the pathway goes through 

further 𝐻2𝑂𝑎𝑑  mechanisms (steps 2f-2h-2m) to form 𝐶 = 𝐶𝐻𝑎𝑑, 

whereas the latter is first hydrogenated by 𝐻𝑎𝑑  to form 

𝑂𝐶 = 𝐶𝐻𝑎𝑑  (step 2g: 𝑂 = 𝐶 = 𝐶𝑎𝑑  

               
→     𝑂𝐶 = 𝐶𝐻𝑎𝑑), then 

undergo 𝐻2𝑂𝑎𝑑  hydrogenation to form 𝐻𝑂𝐶 = 𝐶𝐻𝑎𝑑  (step 2i: 

𝑂𝐶 − 𝐶𝐻𝑎𝑑  
               
→     𝐻𝑂𝐶 = 𝐶𝐻𝑎𝑑), and subsequently 𝐶 = 𝐶𝐻𝑎𝑑  

(step 2m: 𝐻𝑂𝐶 = 𝐶𝐻𝑎𝑑  

               
→     𝐶 = 𝐶𝐻𝑎𝑑  ). Note that in both 

cases, the divergent pathways converge at step 2m to form 

𝐶 = 𝐶𝐻𝑎𝑑 . According to their calculations, 𝐻𝑂𝐶 = 𝐶𝐻𝑎𝑑  

preferentially goes through dehydration (step 2m) and not 

hydrogenation on carbon to form (𝐻𝑂)𝐻𝐶 = 𝐶𝐻𝑎𝑑  (step 2n: 

𝐻𝑂𝐶 = 𝐶𝐻𝑎𝑑  
               
→      𝑂𝐻𝐻𝐶 = 𝐶𝐻𝑎𝑑), as step 2n has ∆G≠ =

1.46 eV, rendering this step kinetically blocked. 𝐶 = 𝐶𝐻𝑎𝑑  is 

subsequently hydrogenated through steps 2o-2q-2r-2s and 

desorbed through β elimination to produce ethylene. According 

to Xiao et al., when conditions are favorable for 𝐻2𝑂𝑎𝑑  

mechanism, ethanol production is kinetically blocked in both pH 

7 and pH 13 conditions.22 

 In addition, the authors introduced ketene as a useful probe 

molecule to investigate reaction pathways. Ketene (CH2CO) can 

be reduced in two different ways: if hydrogenated through 𝐻+  

mechanism, it will retain its oxygen atom and be reduced into 

ethanol. If the 𝐻2𝑂𝑎𝑑  mechanism takes precedence, however, 

it will be reduced into ethylene. Experimental results show that 

even in acidic conditions (pH = 1) where hydrogenation 𝐻+ is 
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specifically targeted, only ethylene is detected as product, thus 

further supporting the kinetic dominance of the 𝐻2𝑂𝑎𝑑  

mechanism. This conclusion provides an important piece of 

information for controlling the selectivity of ethanol and 

ethylene products. It is important to note, however, that the 

validity of this mechanism heavily depends on the favorable 

process of protonation by 𝐻2𝑂𝑎𝑑 , which itself is a consequence 

of the decrease in binding free energy of 𝑂𝐻𝑎𝑑  on Cu(111) after 

protonation. Due to the specific requirements on the surface, it 

remains to be seen whether this mechanism would still 

dominate kinetically on other surfaces and conditions. 
2.2.1. Effect of pH 

Although development of suitable catalysts is of extreme 

importance in the proton-electron transfer reactions, pH of the 

reactive medium is also known to be crucial. According to Hori 

et al., a reaction on the Standard Hydrogen Electrode (SHE) 

scale is pH dependent when the rate determining step of that 

reaction involves a transfer of proton.12c This has been proven 

true for the formation of methane which is highly dependent on 

pH whereas the C2H4 formation is insensitive of pH on the SHE 

scale but pH dependent on the RHE scale. The effect of pH on 

the formation of ethanol has not been widely studied but 

considering that C-C bond formation is the rate determining 

step for ethanol generation, it would be safe to conclude that 

the reaction may not be highly dependent on the pH of the 

reactive medium on the SHE scale. On the contrary, the work 

done by Xiao et al. explains the influence of pH on the C2+ 

products generation based on DFT calculations as shown in 

Figure 4.22 The destabilization of 𝐻2𝑂𝑎𝑑  is crucial to achieve 

ethanol as the final product at neutral pH. While the 

introduction of ketene at acidic pH leads to exclusive ethanol 

production due to the kinetically favored pathway to 

𝐻𝑂𝐶𝐻𝐶𝐻2 
∗ , ethylene generation is dominant at basic pH. In our 

discussion of pH effects, it is important to make the distinction 

between bulk electrolyte pH and the local pH near the surface. 

For cathode, the local pH is driven up by the formation of 

hydroxide ions during reduction. As local pH is difficult to 

measure, the empirical correlation between local pH and ECR 

mechanism is insufficient. This is further complicated by 

cationic effects that influence local pH. Singh et al. reported that 

given the same bulk pH, the size of cations leads to different pKa 

of hydrolysis. For example, for the same bulk pH 6.8, Lithium 

cation results in a pH 9 boundary layer (~140 𝜇𝑚), whilst Cesium 

cation results in pH 7. In addition to pH effects on catalytic 

mechanisms, differences in local pH also causes discrepancies 

in local CO2 concentration, further complicating the problem.23 

Beyond the scope of moderating C2 selectivity, it is important to 

note that local pH also affects the competition between ECR and 

hydrogen evolution reaction (HER), as high local pH suppresses 

HER, reaction performed in high pH will have higher overall FE 

for all ECR products, with all else being equal.  
2.2.2. Effect of Crystal Facet and Applied Potential 

The morphology of a catalyst plays an important role in 

determining selectivity and efficiency. Since Cu has been widely 

investigated as a catalyst to produce C2+ products, it is also 

important to understand the effect of crystal facets exposed on 

the pathway to ethanol. DFT calculations were carried out 

extensively on Cu (100) and Cu (111), due to the fact that 

barriers of CO dimerization on Cu (111) and (100) are low 

enough such that C−C coupling occurs at the initial stages of 

CORR. The Cu (100) with a more open surface exhibits higher 

selectivity to C2 products than the close-packed Cu (111) facet. 

Studies carried out by Garza et al. indicate that C2H4 and CH4 

share the same intermediate, 𝐶𝐻𝑂  
∗ at high potentials on Cu 

(100).12d The (100) facets are observed to be the most influential 

facet of polycrystalline Cu because an increase in surface 

coordination results in more negative onset potentials. 

Similarly, electrode potentials also influence reaction 

pathways. As briefly discussed in Section 2.1, experiments 

indicate that on Cu (111) and Cu (100) at high potentials, 

methane and ethylene formation share a similar pathway.19 Yet 

on Cu (100) at low potentials, ethylene has a distinct pathway. 

For illustration, Figure 5 shows the reaction free energy 

associated with 𝐶𝑂 
∗  dimerization to 𝑂𝐶 − 𝐶𝑂 

∗  on Cu (100) and 

Cu (111) at different potentials calculated using Constant 

Electrode Potential (CEP) model.12d Figure 5 also shows  

Figure 5. a-b) Dimerization step reaction free energies on Cu (100) and 
Cu(111) at different potentials, calculated using CEP model. c-d) Possible 
dimerization mechanisms on Cu (100) and Cu (111) according to CEP 
calculations.  Reproduced with permission from ref 12d. Copyright 2018 
American Chemical Society. 

dimerization pathways along with the reaction free energy 

associated. On Cu (100), it is shown that at −0.50 V the 

dimerization of two adsorbed CO molecules has ∆G = 0.05 eV, 
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whereas the hydrogenation of carbon has ∆G = 0.65 eV. This 

means that above −0.50 V, 𝑂𝐶 − 𝐶𝑂 
∗  is more energetically 

favorable, but at more negative applied potentials, 𝐶𝐻𝑂 
∗  is 

more stable. Hence there exist two separate mechanisms that 

are potential dependent. On Cu (111), 𝑂𝐶 − 𝐶𝑂 
∗  is associated 

with high reaction free energy of 1.24 eV, and even at −1.0 V, 

∆G remains at 0.89 eV, which is much higher than 0.60 eV 

associated with the 𝐶𝐻𝑂 
∗  intermediate. Hence on Cu (111) the 

mechanism for dimerization is potential independent. 
2.2.3. Effect of Doping 

The influence of doping on product selectivity has not been 

extensively studied theoretically, but some extent of doping is 

found to be useful for enhancing CO reduction to ethanol. This 

is also accompanied by suppression of H2 production. Such a 

suppression characteristic of intermediate adsorption for 

hydrogen formation is useful as it also controls the 

hydrogenation of CO-related intermediates towards ethylene. 

Silver doping, for example, leads to formation of more ethanol 

than ethylene.24 The Ag to Cu ratio and proportions of Ag-Cu 

biphasic boundaries on the surfaces is important to drive the 

pathway towards ethanol production. While the dopant, Ag, is 

crucial for CO production, the Ag-Cu distance gives way to an 

efficient CO-insertion process.  

Adding other transition-metal dopants to Cu catalyst can 

also result in higher selectivity towards alcohol products from 

the CO electroreduction.25 This strategy is based on the 

diverging mechanistic pathway following the formation of 

𝐻𝑂𝐶𝐶𝐻 
∗  intermediate, which involves two possibilities: 

𝐻𝑂𝐶𝐶𝐻∗ + 𝐻 
∗

               
→       𝐶𝐻𝐶𝐻𝑂𝐻 

∗  (8) 

𝐻𝑂𝐶𝐶𝐻∗ + 𝑒−
               
→       𝐶𝐶𝐻 

∗ + 𝑂𝐻− (9) 

Equation 8 is a hydrogenation pathway, and Equation 9 is a 

dehydroxylation pathway. According to Xiao et al., the two 

pathways determine the selectivity toward ethanol (Equation 8) 

or ethylene (Equation 9).22 To obtain higher selectivity towards 

ethanol, the reaction in Equation 8 should be promoted. After 

screening potential dopants using DFT calculations, Pd dopant 

was found to be optimal since the addition of Pd dopant to Cu 

surface decreases the free energy of hydrogenation (or increase 

the free energy of dehydroxylation).25 This study is one example 

of utilizing knowledge of mechanistic pathways to identify a key 

mechanism, and using DFT to realize how to influence it toward 

the desired direction. As we established that the specific CO 

reduction mechanisms are circumstantial and often 

competitive, this approach can be applied to other reaction 

conditions, catalyst surfaces, etc. to reap further results. 

Beyond metal-doped Cu catalyst, there have been 

interesting forays into nitrogen-doped, graphene supported Cu 

catalysts for ECR to ethanol, such as the use of nitrogen-doped 

few layer graphene electrode with intensely textured surfaces 

characterized by folds and spikes from the high nitrogen 

content.26 DFT calculations were conducted to investigate the 

effects of the carbon nanospike, and they found that compared 

to bare graphene, the curvature surface of carbon nanospike 

increases the binding energy of C2 dimer OC-CO from 0.19 eV 

on graphene to 0.64 eV. However, the intermediate has an 

even higher binding energy of 1.21 eV to the Cu surface through 

a covalent bond. These calculations suggest that in the reaction 

pathway, C2 intermediates are strongly bound to Cu surface on 

one end, and weakly bound to N-doped graphene on the other 

end of the molecule. Combining the effects of the two 

observations above, the authors propose that this catalytic 

surface results in one oxygen atom at the end bound to the Cu 

catalyst and completely reduced to 𝐶𝐻3, while the other oxygen 

is weakly bound (though not desorbed) to the carbon nanospike 

surface, and this protects the oxygen from being completely 

reduced to hydrocarbons. This synergistic effect between 

graphene with nanostructures and Cu deserves further 

investigation, as its proposed mechanism differs from the ones 

discussed earlier on polycrystalline Cu. 

 A boron and nitrogen co-doped diamond (BND)—a novel 

non-Cu-based material—was also employed for the reduction 

of CO2 to ethanol.10 The efficient and stable BND generates 

defect-induced active sites for CO2 reduction due to the doping.  

Figure 6. a) Free energy diagram for ECR on (111) facet of BND. b) 
Energetically favorable configurations for elementary ECR on (111) facet of 
BND (gray-C, pink-B, blue-N, red-O, white-H). Reproduced with permission 
from ref 10. Copyright 2017 Wiley. 

Furthermore, the H2 evolution potential of BND is more 

negative than many other conventional electrocatalysts which 

helps in better CO2 reduction performance with higher FE. 

Figure 6-a shows the possible free energy pathways for CO2 

reduction to ethanol on the (111) facet of BND. The two 

neighboring 𝐶𝑂 
∗  species easily link together 𝐶𝑂 

∗ +

𝐶𝑂 
∗

               
→     𝑂𝐶 − 𝐶𝑂 

∗  with an exergonic reaction free energy of 

3.32 eV, suggesting that 𝐶 − 𝐶 coupling takes place with ease 

on BND. Additionally, the free energy for the elementary 

reaction and overall process of ethanol production is negative, 

which indicates that the reduction of CO2 to ethanol is 

thermodynamically favorable on BND. Figure 6-b shows the 

energetically favorable structures for elementary steps of CO2 

reduction at diamond (111) surface. Initially, the doped boron 

atom may lead to enhanced CO2 capture by bonding with an O 

atom of 𝐶𝑂2 
∗ . The following 𝐶𝑂2 

∗  reduction process proceeds 
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through the addition of H and the doped nitrogen can facilitate 

𝐻 
∗  transfer in the elementary reactions involving 

hydrogenation. For example, the energy barrier required for the 

reaction 𝐶𝑂 
∗ 𝐶𝑂

               
→     𝐶𝑂 

∗ 𝐶𝑂𝐻 is 2.74 eV when H is 

transferred from the top C atom of diamond (without nitrogen 

doping), whereas it is 0.89 eV for H transferred from N atom 

(with doping). Similarly, B atom is crucial for forming 𝐵 − 𝑂 

bond in the reactions, 𝐶𝑂𝑂𝐻 
∗

               
→     𝐶𝑂 

∗ , and 

𝐶𝑂 
∗ 𝐶𝐻𝑂𝐻

               
→     𝐶𝑂 

∗ 𝐶𝐻2𝑂𝐻
               
→     𝐶𝐻𝑂 

∗ 𝐶𝐻2𝑂𝐻
               
→      

𝐶𝐻2𝑂 
∗ 𝐶𝐻2𝑂𝐻 which can promote these elementary reactions. 

The importance of synergetic effect of boron and nitrogen co-

doping for ethanol production is confirmed by both 

experimental and DFT analysis. 
2.2.4. Spectroscopic Studies 

The use of spectroscopy to study ECR complements the 

computational approach, and in recent studies many of such 

methods have been employed.27 Zhu et al. probed ECR on 

various metal nano-catalysts using in situ attenuated total 

reflection-surface enhanced infrared adsorption spectroscopy 

(ATR-SEIRAS).28 ATR-SEIRAS is powerful for detecting reaction 

intermediates, such as the commonly reported 𝐶𝑂 
∗  

intermediate. Through in situ spectroscopy, the authors verified 

that significant 𝐶𝑂 
∗  presence is necessary for multi-carbon 

products. In addition, they reported the presence of bridge-

bonded 𝐶𝑂 
∗  ( 𝐶𝑂 

∗
𝐵, coordinated with two Cu atoms). It is of 

significance that 𝐶𝑂 
∗

𝐵 can hardly be reduced even at more 

negative potentials (−1.75 V vs. SHE),29 and evidence suggests 

that linearly bonded 𝐶𝑂 
∗  can potentially be converted to 𝐶𝑂 

∗
𝐵. 

From this insight, it can be hypothesized that if surface 

conditions are favorable for 𝐶𝑂 
∗

𝐵 formation, reactive sites may 

become permanently blocked. It is also possible that 𝐶𝑂 
∗

𝐵 

affects C2+ products disproportionately, as 𝐶 − 𝐶 coupling is 

required for these products. Further investigation is required to 

determine if 𝐶𝑂 
∗

𝐵 poses a significant negative impact to 

catalysts for C2 products as a poisoning agent, and how its 

effects may be mitigated. 

 Eren et al. used ambient-pressure X-ray photoelectron 

spectroscopy (APXPS) to study CO2 adsorption on Cu (100) and 

Cu (111) catalytic surfaces.30 By dosing Cu catalyst with CO2 

under different pressures, they discovered that the adsorption 

mode is both pressure and facet dependent: at low pressures 

(<0.05 torr), molecular adsorption is favored; whilst at higher 

pressures (0.3 torr), dissociative adsorption of CO2 is favored. 

Also, Cu (100) favors dissociative adsorption across the range. 

This observation is significant due to the fact that adsorbed O 

atom poisons Cu active sites, a fact often neglected in 

microkinetic calculations. In addition, dissociative adsorption 

has been identified to deform Cu surfaces into clusters, as 

confirmed by their high-pressure scanning tunneling 

microscopy (HPSTM) results. In other words, Eren et al. showed 

that the energy gain in dissociative adsorption is larger than the 

formation energy of Cu clusters. This poses a challenge to 

computational studies that assume oxygen free faceted 

catalytic surfaces. With this information, we encourage future 

research to further investigate the effects of CO2 adsorption on 

the catalytic surface.   

 

Figure 7. In situ Raman spectroscopy during CO2 reduction reaction under 
constant potentials, the spectra are zoomed into region of CO stretching 
frequency. Ag/Cu is shown in blue, Cu is shown in red. Light grey lines are 
deconvolved peaks for Ag/Cu broad peak. Reproduced with permission from 
ref 31. Copyright 2019 American Chemical Society. 

Li et al. conducted CO2 electroreduction on Ag/Cu surfaces, 

which shows significant increase in FEethanol in comparison to the 

Cu control.31 To understand this improvement, they probed 

using in situ surface-enhanced Raman spectroscopy (SERS). 

Figure 7 shows Raman spectroscopy zoomed into the region 

near CO vibration peak at different potentials. The broad peak 

associated with Ag/Cu (blue) is noticeably broader than that of 

the Cu (red), suggesting that on Ag/Cu there exists multiple 

binding configurations for CO. DFT studies show that this 

diversity of reaction sites destabilize intermediates in the 

ethylene pathway, leading to a high FEethanol. 
2.2.5. Labeled Molecules Studies 

Zhu et al. reported a labeled carbon electrochemical 

experiment probed using ATR-SEIRAS in an alkaline, non-flow 

reactor.28 By using 13C in the bicarbonate buffer and 12C in 

continuously injected CO2 stream, the real-time spectroscopic 

results show that, initially, the adsorbed 𝐶𝑂 
∗  is primarily 

associated with 13C and not 12C. This result offers an alternative 

to the common understanding that in alkaline cells with two- 

phase catalytic interface (solid-liquid), dissolved CO2 directly 

adsorbs to the catalyst. Instead, the evidence suggests that 

adsorption is modulated by CO2 and bicarbonate equilibrium. 

Product analysis shows that during the period when 13C 

dominates the spectrum, both gaseous (CO) and aqueous 

(formate) products contain predominantly 13C. Kinetic analysis 

based on partial pressure of CO2 and bicarbonate ion 

concentration suggest that CO2 in equilibrium with 

bicarbonates is the actual source of carbon in ECR, and the mass 

transport phenomenon of CO2 adsorption is mediated by 

bicarbonate ions. This theory is further corroborated by an 

experiment using an Ar-saturated cell with bicarbonate 
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electrolyte. Under reducing conditions with Ar-saturated 

electrolyte, 𝐶𝑂∗  band is observed on ATR-SEIRAS spectra. This 

indicates that even low concentration of CO2 is enough to drive 

the equilibrium with bicarbonate and allow reaction to occur. 

Zhu et al. were unable to measure the amount of CO2 in 

equilibrium with solution bicarbonate, so presently how CO2 

affects the mass transport phenomenon is unknown. Overall, 

their investigation provides valuable insight to the ECR 

mechanism in H-cell type configurations and electrolyte 

engineering, and further knowledge regarding the proposed 

𝐻𝐶𝑂3
−mediated CO2 transport may provide opportunities to 

enhance ECR in two-phase alkaline systems. 

In an effort to understand the origin of oxygen atoms in 

oxygenate products from CO reduction, Lum et al. designed 

experiments featuring reduction of C16O with H2
18O solvent.32 

Their results show that on Cu (100), Cu (111) and Cu (751) 

surfaces, 66% of oxygen atoms are 18O, and thus come from the 

solvent. For acetate featuring two oxygen atoms, there are 

three possible O combinations: (16O16O, 16O18O, 18O18O). The  

Figure 8. Complete CORR mechanistic pathway toward ethanol and ethylene. 
Note that the branching pathway (orange) explains the solvent origin of 
oxygen atoms in ethanol products under some conditions. Reproduced with 
permission from ref 32. Copyright 2018 American Chemical Society. 

third combination was not observed on any surfaces, while the 

ratio between the first two are surface dependent. 

Furthermore, experiments on pH and potential effects show 

that while oxygen composition of ethanol is unaffected by pH, 

1-propanol became increasingly 18O favored at higher pH, 

whereas acetate saw 16O18O decrease in composition as pH 

increases. Potential variations at fixed pH show no effect on the 

oxygen composition. This evidence affirms the presence of 

multiple reaction pathways toward ethanol in competition, and 

is similar to the previously mentioned mechanisms proposed by 

Xiao et al.,22 which shares certain key proposed reaction 

intermediate where pathways diverge ( 𝐶𝐻 = 𝐶𝑂𝐻 
∗ ). However, 

the 𝐻2𝑂𝑎𝑑  mechanism by Xiao et al. does not consider oxygen 

from solvent water. As their computations could not identify a 

thermodynamically favorable pathway toward ethanol, they 

concluded that 𝐻2𝑂𝑎𝑑  kinetically blocks ethanol formation. In 

contrast, Lum et al. reported a new mechanistic pathway that 

can explain the solvent origin of oxygen atoms in ethanol; this 

mechanism is shown in Figure 8. 

 DFT along with in-situ spectroscopy studies have concluded 

that subsurface oxygen enables the adsorption of CO2 and 

increases the coupling of 𝐶𝑂 
∗  to form 𝐶 − 𝐶 bonds. This 

indicates that subsurface oxygen on oxide derived Cu may lead 

to the improved activity and selectivity for generation of C2 

products. Researchers are not yet confident regarding the 

stability of the subsurface oxygen under the highly reducing 

conditions employed for ECR. Hence, to address the mentioned 

issue along with concerns such as ex-situ performance 

quantification of oxygen content and corrosion caused by 

moisture reacting with oxygen, Lum et al. used 18O isotope 

labeling to understand the mechanism of residual oxides in  

 

Figure 9. Rapid re-oxidation of oxide-derived Cu. Reproduced with permission 
from ref 33. Copyright 2018 Wiley. 

oxide-derived Cu (OD-Cu) during ECR.33 They concluded that 

residual oxides are unstable in OD-Cu catalysts as only less than 

1% of the original 18O remained in the samples. The presence of 

high-density grain boundaries in such catalysts may also lead to 

rapid re-oxidation (Figure 9) which would result in an inaccurate 

ex-situ measurement of oxygen content of the catalyst. 

3. Catalyst Design for CO2 Electroreduction to 
Ethanol 

In this section, we review different catalyst designs and analyze 

their performance for ECR to ethanol. As discussed above, Cu is 

the most commonly used catalyst for the production of C2+ 

products; however, the selectivity toward these molecules is 

often inadequate. Early work by Hori et al. showed that the ECR 

on a pure Cu electrode in aqueous electrolytes gives a range of 

products including CO, methane, ethylene, ethanol and 

propanol.34 Kuhl et al. reinvestigated this reaction and found 

that a total of 16 products could be identified, with the 

hydrocarbons methane and ethylene having the largest partial 

current efficiencies, while the remaining 14 products are 

oxygenates, 11 of which are C2+ products.35 This dismal 

selectivity is due to the heterogeneity of catalytic sites present  
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Table 1. Summary of the performances of representative catalysts for ECR to ethanol. 

Materials Electrolyte Cell Potential 

(V vs RHE) 

FEEtOH 

(%) 

│J│EtOH 

(mA cm-2) 

Operating 

time (hr) 

Ref. 

Cu4Zn 0.1 M KHCO3 H-Cell −1.05 29 8 5 38
 

Ag-Cu2OPB 0.2 M KCl H-Cell −1.20 34 1 3 24
 

Ag0.14/Cu0.86 1.0 M KOH Flow Cell −0.67 41 250 2 31
 

Cu3Ag1 0.5 M KHCO3 H-Cell −0.95 44 17 18 39
 

Cu2S/Cu-V 1.0 M KOH Flow Cell −0.92 25 94 2.5 40
 

Ce(OH)x/Cu/PTFE 1.0 M KOH Flow Cell −0.70 43 128 6 41
 

Cu/CNS 0.1 M KHCO3 H-Cell −1.20 63 2 6 26
 

Cu0.5NC 0.1 M CsHCO3 Flow Cell −1.20 43 16 1 42
 

NGQ/Cu-nr 1.0 M KOH Flow Cell −0.90 45 148 100 43
 

N-C/Cu 

1.0 M KOH Flow Cell −0.68 52 156 - 

44
 

- MEA - 52 83 15 

Cu/N-ND 0.5 M KHCO3 H-Cell −0.50 29 0.6 120 45
 

OD Cu/ C 0.1 M KHCO3 H-Cell −0.50 35 1 15 46
 

Cu/C 0.1 M KHCO3 H-Cell −0.70 90 1 16 47
 

FeTPP(Cl)/Cu 1.0 M KHCO3 Flow Cell −0.82 41 > 100 12 48
 

RuPC/NPC 0.5 M KHCO3  H-Cell −0.97 27 0.7 3 9
 

MC-CNT/Co 0.5 M KHCO3 H-Cell −0.32 60 4 20 49
 

BND 0.1 M NaHCO3 H-Cell −1.00 93 <1 48 10
 

Note: the current density J has a negative sign.  

 

on the surface of the Cu foil; moreover, one catalytic site can 

facilitate the formation of a number of different products that 

are thermodynamically and kinetically accessible. Later works 

by different research groups revealed that the surface 

morphology of Cu has an important effect on controlling the 

selectivity of CO2 reduction,36 and oxide-derived reconstructed 

Cu surfaces tend to improve the selectivity toward the C2 

products.37 However, in most cases, ethylene is the dominant 

product while ethanol is rarely obtained with a substantial FE, 

which is in agreement with theoretical studies previously 

discussed. 

  To selectively produce ethanol via ECR, new catalyst designs 

have been developed recently. The strategy to suppress the 

ethylene formation learned from theoretical understanding 

previously discussed requires the modification of the Cu surface 

that promotes CO local concentration, enhances the presence 

of adsorbed H atoms (Had), and prevents the complete 

reduction of intermediates. The employment of Cu-based 

alloys/mixed metals, Cu/metal oxide/sulfide hybrids, Cu/carbon 

hybrids, and Cu/molecular catalyst hybrids have shown 

improvement of the CO2-to-ethanol conversion and are 

reviewed in the sections below. Besides modifying the 

composition, controlling the morphology and oxidation states 

of the catalyst also allows for boosting the selectivity toward 

ethanol. In addition to copper-based catalysts, catalysts other 

than Cu have attracted great attention recently and will also be 

discussed. The list of representative catalysts for ethanol 

production and their performance are summarized in Table 1. 

3.1. Cu-based Catalysts 

3.1.1 Modifying Composition of Cu-based Catalysts 

3.1.1.1 Cu-based Alloys/Mixed Metals 
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Figure 10. Proposed mechanism for the electroreduction of CO2 to ethanol on CuxZn catalysts: stages 1 → 2, four protons and four electrons reduce two 
CO2 molecules to CO on Cu and Zn, respectively; stages 2 → 3, four protons and four electrons reduce CO molecule to *CH2 on Cu, while CO produced by Zn 
desorbs and migrates near the *CH2; stages 3 → 4, CO inserts into the bond between Cu and *CH2 to form *COCH2; stages 4 → 5, two protons and two electrons 
reduce *COCH2 to CH3CHO (acetaldehyde); stages 5 → 6, two protons and two electrons reduce CH3CHO to CH3CH2OH (ethanol). The protons transferred are 
presumably drawn from water molecules. Reproduced with permission from ref 38. Copyright 2016 American Chemical Society.

Cu-based alloys/mixed metals were employed for ECR back in 

the 2000s and they were shown to catalyze the formation of C2+ 

products.50 The approach of using these alloys/mixed metals for 

selective ECR to ethanol arose again after the report of Li et al. 

that ethanol could be produced from CO with a high FE of more 

than 40% on oxide-derived Cu electrodes.51 The current density 

of the CO reduction was very low, < 0.5 mA cm-2, due to the low 

solubility (~1 mM) and mass transport limitation of CO in 

aqueous electrolytes. This observation implies that by 

introducing a co-catalyst that can efficiently produce CO during 

the CO2 reduction, the local concentration of CO is increased, 

which might allow mitigation of the mass transport issue. A 

representative Cu-based alloy  was reported by Ren et al., who 

prepared phase-segregated oxide-derived Cu-based catalysts 

with different quantities of Zn dopants (Cu, Cu10Zn, Cu4Zn, and 

Cu2Zn) and studied their ECR performance in H-cells with 

aqueous 0.1 M KHCO3 as the electrolyte.38 The role of Zn during 

the electrolysis is to continuously produce an in situ source of 

mobile CO, which can diffuse to neighboring Cu sites to react 

with another C1 intermediate (*CO or *CH2) (Figure 10). While 

the single metal electrodes (Cu or Zn) either produced ethylene 

with significantly higher FE than that of ethanol or only 

catalyzed the CO2 reduction to CO, H2, and formate, the CuxZn 

catalysts were shown to exhibit synergy between Zn and Cu, 

producing ethylene and ethanol with different selectivities 

depending on the concentration of the Zn dopant. It was found 

that the ratio of FEethanol/FEethylene could be tuned by a factor of 

up to around 12.5. The maximal FEethanol of 29.1% was obtained 

with Cu4Zn, while the highest FEethanol for bare Cu was 11.3%. 

The FEs of ethylene decreased as the concentration of Zn 

increased, down to only 4.1% on Cu2Zn. The authors also 

observed that the FEs of CO significantly decreased 

concurrently with the increase of FEs of ethanol, suggesting that 

gaseous CO formed from the Zn sites being further reduced to 

ethanol. In addition, when Cu-Ag and Cu-Ni samples were 

investigated, the preferred selectivity toward ethanol over 

ethylene was also observed on the former and not on the latter 

because different from Ag, Ni is not a good catalyst for CO2 

reduction to CO. This observation indicates the important role 

of the CO-producing sites near Cu. The partial ethanol current 

density for Cu4Zn, however, only reached 8.2 mA cm-2 at −1.05 

V vs. RHE with Cu4Zn, in this aqueous ECR system. 

Similar to Zn, Ag is a well-known catalyst for CO2 reduction 

to CO; therefore, Cu-Ag catalysts have also been developed. Lee 

et al. prepared two types of Ag-incorporated Cu2O materials, 

phase-separated (PS) and phase-blended (PB), on gas diffusion 

layers, denoted as Ag-Cu2OPS and Ag-Cu2OPB.24 The authors 

tested the ECR performance of Ag-Cu2OPS, Ag-Cu2OPB, and Cu2O 

without Ag dopants and found that ethanol was formed with 

the maximal FE of 34.15% for Ag-Cu2OPB, which is much higher 

than that for the other two samples. The production of ethylene 

was dominant on Cu2O but was significantly suppressed on the 

Ag-incorporated Cu2O catalysts. The total current densities for 

the CO2 reduction, however, are quite low, of ~3 mA cm-2 at −1.2 

V vs. RHE for both the Ag-incorporated Cu2O catalysts. The 

better performance of Ag-Cu2OPB over Ag-Cu2OPS was attributed 

to the more presence of Ag atoms and the higher population of 

Ag-Cu biphasic boundary (neighboring sites being occupied by 

different elements) on the surface of Ag-Cu2OPB than on Ag-

Cu2OPS, suppressing the ethylene pathway and favoring the CO-

insertion reaction to proceed toward ethanol formation. This 

work indicates that not only is the nature of the co-catalyst in 

Cu-based alloys important but also the atomic arrangement 

within the alloy is a critical factor to improve the selectivity of 

ethanol production. 

The strategy that employs more than one catalyst, as in 

Zn/Cu and Ag/Cu discussed above and in other Cu-M bimetallic 

catalysts, to produce a product otherwise not accessible by a 

single catalyst is called ‘tandem catalysis’. Combining previously 

reported theoretical and experimental studies,12c, 52 a CO 

spillover mechanism was proposed, in which the CO2 molecules 

first bind to either Cu or M sites and are reduced to CO, which 

is further reduced to *CHO or *CHx (x = 1–3). Due to the weaker 

adsorption of CO on M site than that on Cu site, CO spills over 

from the M site to the Cu site to insert itself into the bond 

between the Cu surface and *CH2 to form *COCH2, producing  



ARTICLE Journal Name 

12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

Figure 11. a) Schematic illustration of the catalyst electrode, consisting of the PTFE substrate and catalyst. CO2 gas diffuses through the PTFE and reaches the 
catalyst-electrolyte interface to generate ethanol. b) SEM image of the as-prepared Ag0.14/Cu0.86 catalyst on PTFE. c) STEM image and EDX mapping of the 
Ag0.14/Cu0.86 catalyst showing uniform Cu and Ag distribution. All scale bars are 100 nm. d) Faradaic efficiency toward the major CO2 reduction products of the 
Ag0.14/Cu0.86 catalyst. Reproduced with permission from ref 31. Copyright 2019 American Chemical Society. 

acetaldehyde and finally ethanol. Recently, Ting et al. 

investigated the detailed mechanism of the tandem system 

using a Cu-Ag catalyst prepared from the composite consisting 

of Ag nanoparticles and oxide derived Cu nanowires (OD-Cu 

NW).53  By varying the Ag:Cu ratios in the catalysts, it was found 

that the enhancement of ethanol selectivity over ethylene is 

positively proportional to the surface area of Ag nanoparticles, 

i.e., the density of the Ag-Cu boundaries. The enhanced ethanol 

production in this work is different from previously reported 

CuAg bimetallic catalysts,7a, 54 as the catalyst lacks the CuAg 

alloy phase, and the Ag nanoparticles are not strongly adhered 

to the OD-Cu NWs.  

There remains a general question in the tandem system: 

what the status of the locally generated CO is (bound or 

adsorbed *CO vs. unbound and gaseous CO). Using DFT 

calculations, it was found that the barriers for a Langmuir-

Hinshelwood (L-H) mechanism, i.e., the coupling of bound *CO 

and *CHx on a Cu(111) surface are smaller than that for an Eley-

Rideal (E-R) mechanism, i.e., the coupling of unbound CO and 

*CHx.53 Therefore, it is more likely that the spilled-over CO takes 

part in the formation of ethanol in the form of adsorbed state. 

The concentration of CO can exceed its saturation limit locally, 

supported by studies of diffusional simulations.55 As long as the 

formation of C2 intermediates, either *CHCO or *CH2CO, the 

DFT study showed that the ethanol pathway is always more 

favorable than the ethylene pathway, leading to a favored 

selectivity toward ethanol. This may explain the similar 

observations in other CuAg catalysts and CuAu catalysts.22, 56 

Another origin of the enhanced ethanol selectivity over 

ethylene is proposed to be lower applied potentials, which 

could be beneficial to the C–C coupling step to form *OCCHO 

instead of the hydrogenation of *CO to *CHO.55b 

 Clark et al. suggested that the presence of Ag atoms on the 

surface of a CuAg alloy, besides being the catalytic centers for 

CO formation, results in compressive strain in the neighboring 

Cu atoms, inducing a shift in the valence band density of states 

of Cu to deeper levels.54 This electronic structure modification 

reduces the binding energies of H, resulting in a 60−75% 

reduction in the hydrogen evolution reaction activity of Cu 

during ECR; therefore, the production of products derived from 

CO is enhanced. Furthermore, the distribution of these products 

favors multi-carbon carbonyl-containing compounds while 

hydrocarbons such as ethylene are suppressed due to the 

reduced oxophilicity of the compressively strained Cu. Li et al. 

went further and demonstrated that a CuAg alloy with an 

optimized Cu:Ag ratio can be an efficient electrocatalyst to 

produce ethanol from CO2.31 The authors prepared the 

electrocatalysts by co-sputtering Ag and Cu on a PTFE substrate, 

in which the Ag and Cu atoms were evenly distributed (Figure 

11 a, b, c). In a flow cell using 1 M KOH electrolyte, the best 

catalyst (Ag0.14/Cu0.86) was shown to exhibit impressive 

selectivity toward ethanol, with FEethanol reached 41% (Figure 11 

d) and a current density of 250 mA cm-2 at −0.67 V vs RHE. The 

authors also prepared a layered-Ag/Cu sample by sequential 

sputtering of Ag and Cu. This layered catalyst, however, only 

displayed FEethanol of 26%, which was attributed to the low 

population of diverse binding sites on the catalyst surface. It is 

worth noting that not all CuAg alloys promote ethanol 

formation over ethylene. For example, Hoang et al. reported a 

CuAg catalyst prepared via co-electrodeposition on carbon 

paper and showed that this bimetallic catalyst displays much 

higher selectivity toward ethylene than that of ethanol,7a 

suggesting that the preparation method of alloys can be 

another factor that affects the ethylene vs. ethanol selectivity. 

Lv et al. suggested that the poor ethanol selectivity on Cu 

catalyst is due to the unfavorable adsorption of key 

intermediates in the ethanol pathway. To improve the 

adsorption of these intermediates, the authors developed a Cu 

catalyst with electronic deficiencies,39 by galvanic replacement 

of Cu atoms using Ag+. The obtained catalyst has a dendritic 

morphology and a surface Cu/Ag ratio of 3:1, i.e. Cu3Ag1. The 

electron deficiency of the Cu atoms on the catalyst surface is 

caused by the electron transfer from Cu atoms to Ag atoms, 
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which was found to be critical to enhance the selectivity toward 

ethanol while the CO-spillover mechanism38 does not play an 

important role. Cu3Ag1 exhibited an impressive FEethanol of 44% 

(the overall FE for ethanol and n-propanol is 63%) and a 

maximum current density of 17.2 mA cm-2 at −0.95 V vs. RHE. 

The catalyst is also relatively stable, retaining the FEalcohol ~ 60% 

for at least 18 hours. It would be interesting to investigate this 

catalyst on gas-phase CO2 electrolyzers that are more 

industrially relevant than the conventional H cell. 

3.1.1.2. Metal Oxide/Sulfide Hybrids 

Engineering the Cu electrode surface/subsurface with sulfide or 

oxide/hydroxide is another approach to break the scaling 

relations to improve the ECR performance. The surface 

treatment allows for tuning the energetics of intermediate 

binding or tailoring the electrochemical environments to 

enhance the production of ethanol. These strategies are often 

supported by computational studies. For example, via DFT 

calculations, Zhuang et al. showed that different from pristine 

Cu, a core-shell structure of Cu2S/Cu-V, with vacant Cu atoms 

on the copper shell, has an increased energy barrier for the 

ethylene formation while leaving the ethanol pathway mostly 

unaffected. This suggests the possibility to shift selectivity away 

from ethylene.40 Experimentally, the authors demonstrated 

that such a core-shell nanoparticulate catalyst in a flow cell 

allowed for obtaining ethanol with a maximal FE of ~25%. 

Propanol was also detected with an FE of ~7%, while ethylene 

formation was kept at ~21%. The partial current density for 

multi-carbon alcohols exceeded 120 mA cm-2 at −0.92 V vs. RHE; 

nevertheless, more efforts are still needed to improve the 

selectivity of ethanol in this system. 

Luo et al. suggested another strategy, utilizing hydroxide 

and oxide doping of the catalyst surface to achieve high ethanol 

selectivity.41 Through DFT calculations, the authors found that 

the presence of adsorbed H atom (Had) on the Cu surface can 

influence the reaction pathway since the Had binds to the 

*HCCOH intermediate, forming *HCCHOH (Equation 7), which is 

the key intermediate towards ethanol (Figure 12 a–c). Had is 

only involved in the branching reaction towards ethanol but 

does not affect the ethylene pathway; therefore, when the 

Had coverage is increased, the ethanol production is expected to 

be more selective. To achieve high Had coverage, the catalyst 

was designed by doping Cu with a metal oxide/hydroxide such 

as Ce(O/OH)x since the presence of oxides/hydroxides can 

accelerate the dissociation of the water molecules near the 

surface to yield Had. This also allows for using the catalyst in an 

alkaline environment, which is a crucial factor for promoting 

carbon–carbon coupling. The authors tested the designed 

catalyst (denoted as Ce(OH)x/Cu/PTFE) in a flow-cell set up with 

1 M KOH solution as the electrolyte, and showed that the 

maximal FE reached a high value of 43%, together with a partial 

current density of 128 mA cm-2 at −0.7 V. vs RHE (Figure 12 d). 

The ethanol : ethylene ratio was found to increase from 0.65 for 

a control Cu/PTFE electrode to 1.26 for Ce(OH)x/Cu/PTFE 

(Figure 12 e). 

3.1.1.3. Cu/Carbon Catalysts 

 

Figure 12. a-c) Density functional theory calculations on the ethanol pathway. 
Top views of geometries (a) initial state, (b) transition state, and (c) final state 
of key reaction towards ethanol. d) Partial ethanol current density of 
Ce(OH)x/Cu/PTFE and bare Cu/PTFE under various potentials. e) Product 
distribution of Ce(OH)x/Cu/PTFE and bare Cu/PTFE at the −0.7 V vs. RHE. 
Reproduced with permission from ref 41. Copyright 2019 Nature. 

In recent years, there has been a growing interest in combining 

a carbon matrix with Cu nanoparticles /clusters/single atoms to 

prepare electrocatalysts for ECR. Different types of carbon 

matrix can be used, such as carbon nanoparticles (0-D), carbon 

nanotubes (1-D), the graphene family (2-D), and carbon 

frameworks and diamond (3-D). They are often doped with a 

heteroatom such as N, or modified with functional groups such 

as carbonyl and hydroxide, to increase the interaction with the 

metal catalyst. Several advantages of using a carbon matrix 

allowing for tuning the ECR products include: i) the high surface 

area of the Cu/C material provides a large electroactive area for 

CO2 conversion and minimize the diffusion resistance for mass 

transfer and electrons mobility; ii) the carbon atoms adjacent to 

N in N-doped carbon matrix are positively polarized, which can 

provide an active site adjacent to the metal catalyst for 

intermediates’ adsorption;26 iii) N‐doped carbon catalysts 

enhance the adsorption of oxygen‐containing reaction 

intermediates owing to its high oxophilicity, allowing the 

generation of deep reduction products besides CO;43 and iv) the 

carbon matrix can protect the incorporated Cu from 

deactivation/aggregation during electroreduction of CO2, 

prolonging the life of the catalyst.45-46 It is worth noting that N-

doped carbon materials themselves have been shown to 

efficiently catalyze the ECR to ethanol with a high FE of 77%, but 

the current density was very low, less than 1 mA cm-2.57 

One of the early works reporting Cu nanoparticles deposited 

on a N-doped carbon matrix (named carbon nanospike (CNS)) 

for selective CO2 conversion to ethanol was reported by Song et 

al.26 The Cu/CNS exhibited a high FE for ethanol of 63%, 

although the partial current density is only ~2 mA cm-2 at −1.2 V 

vs. RHE. Interestingly, ethylene was not detected, which was 

attributed by the authors to the synergy between Cu and CNS, 

in which the oxygen atom on one end of the C2 intermediate 

(e.g. OCCO) is bound on the copper surface, while the oxygen 

atom on the other end is adsorbed on CNS. The intermediate is 

thus protected from complete reduction to hydrocarbons. 

 



ARTICLE Journal Name 

14 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. a)-c) SEM, TEM, and HR‐TEM image of the NGQ/CuO‐nr. d)–f) Energy‐dispersive X‐ray spectroscopy maps of the NGQ/CuO‐nr. g) and h) The 
distribution of C2+ products at different potentials over NGQ/Cu‐nr and Cu‐nr, respectively. i) The current density and FE of C2+ products on NGQ/Cu‐nr at −0.9 
V vs. RHE with 100‐hour potentiostatic electrolysis tests. Reproduced with permission from ref 43. Copyright 2020 Wiley. 

 

A unique feature of N-doped carbon materials is that they 

can be used to create single-metal-atom catalysts,58 which have 

shown high activity for the ECR; however, the products are 

often C1 compounds such as CO and formic acid since the C-C 

coupling on a single-metal atom is extremely rare. Karapinar et 

al. showed that by reversibly converting single-atom Cu sites on 

N-doped graphene to Cu nanoparticles, the catalyst (Cu0.5NC) in 

a flow cell can produce ethanol with high selectivity of 43% and 

with a current density of 16.2 mA cm-2 at −1.2 V vs RHE.42 

Notably, similar to the work of Song et al., ethanol was found as 

the sole product in the liquid phase, and ethylene was not 

detected in the gas phase.26 When the gas phase is recycled, the 

selectivity reached 55% as the CO by-product could be further 

converted to ethanol. 

The enhanced selectivity of ethanol over ethylene for Cu/N-

doped graphene was also observed by Chen et al., who used the 

composite of Cu nanorods (Cu-nr) and N‐doped graphene 

quantum dot (NGQ) for ECR (Figure 13 a-f).43 The NGQ/Cu-nr 

was shown to produce C2+ alcohols with FE of 52.4% (Figure 13 

g) and a partial current density of 147.8 mA cm-2 at −0.9 V vs. 

RHE in a flow-cell electrolyzer. The alcohol-to-ethylene ratio 

was enhanced from 0.81 on the Cu-nr to 2.18 on the NGQ/Cu-

nr (Figure 13 g, h). The authors performed continuous CO2 

reduction for 100 h and found that both the current density and 

FE of the products remain unchanged, suggesting the high 

stability of NGQ/Cu-nr (Figure 13 i). Wang et al. fabricated N-

doped C (N-C)/Cu catalysts via sputter deposition of a layer of 

N-C on the surface of sputtered Cu nanoparticles on the PTFE 

substrate.44 DFT calculations showed that the ethanol pathway 

on N-C/Cu is thermodynamically favoured compared to that on 

the bare Cu. The authors suggested that the N-C layer on the Cu 

surface suppresses the breaking of the C–O bond in HOCCH* 

(which would form *CCH (Equation 9)), promoting ethanol 

selectivity. The optimized catalyst, 34% N-C/Cu, delivers an 

ethanol FE of 52% in a flow cell reactor, with a partial current 

density of 156 mA cm−2 at −0.68 V vs. RHE. The catalyst was also 

integrated into an MEA system, which exhibits ethanol FE of 

52%, with a partial current density of about 83 mA cm−2 under a 

full-cell voltage of −3.67 V for 15 hours.  

Figure 14. The hypothesized reaction mechanism suggested by the operando 

XAS study on the Cu active site. Reproduced with permission from ref 47. 
Copyright 2020 Nature. 

As above-mentioned, one of the advantages of using the 

carbon matrix is that it can protect the incorporated Cu  
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Figure 15. a) Schematic illustration of the heterogenization of molecular complexes on the Cu surface. The locally generated high-concentration CO favours 
the ethanol pathway over the ethylene pathway on the bare Cu surface. b) Key reaction pathways for ECR to ethanol and ethylene illustrated using two *CO 
for C–C coupling at the presence of one additional *CO. Blue, copper; grey, carbon; red, oxygen; light blue, hydrogen. c) Ethanol FE and partial current density 
over applied potentials of the FeTPP(Cl)/Cu and Cu catalysts. Reproduced with permission from ref 48. Copyright 2020 Nature. 

nanoparticles from deactivation. Wang et al. sputtered Cu onto 

the surface of N-doped nanodiamond (N-ND) to form a 

composite between the carbon matrix and small Cu 

nanoparticles.45 The Cu/N-ND catalyst was shown to produce 

mainly acetate and ethanol, with FEacetate of 34.7% and 

FEethanol of 28.9%, and only a small amount of ethylene. 

Although the total current density is small, ~0.6 mA cm-2 at −0.5 

V vs. RHE, the catalytic performance remains highly stable for at 

least 120 hours. Via DFT calculations, the authors found that the 

incorporation of Cu onto the H-terminated surface results in 

dehydrogenation, and the Cu atoms at the interface are 

partially oxidized, i.e. Cu+δ, with each Cu donating 0.12 e− to 

diamond. The average binding energy between Cu and C of the 

N-ND is of −1.17 eV, illustrating the high kinetic stability of the 

Cu/C interface, preventing Cu nanoparticles’ coalescence into 

larger aggregates.  

It is worth noting that besides N-doping, embedding Cu 

nanoparticles in porous carbon frameworks is also an 

interesting strategy to prepare electrocatalysts for ECR. For 

example, Zhao et al. prepared oxide-derived Cu/carbon (OD Cu/ 

C) catalysts by carbonization of the Cu-based MOF HKUST-1.46 

The optimized catalyst was shown to produce ethanol with a 

maximal FE of 34.8% at −0.5 V vs. RHE; however, the current 

density at this potential is < 1 mA cm-2
. 

Another strategy to incorporate Cu nanoparticles/clusters 

into the carbon matrix is to modify the carbon materials with 

oxygenated functional groups. Xu et al. first deposited single Cu 

atoms on a carbon support (XC-72) containing hydroxyl and 

carbonyl groups activated by a LiOH solution.47 The Cu/C 

catalyst gave ethanol as the major product with a maximal FE 

reached > 90% at −0.7 V. vs RHE, and a current density of ~1 mA 

cm-2. Similar to the work of Karapinar et al.,42 through operando 

XAS measurements, the authors suggested that the actual 

catalytic sites during the CO2 reduction are the ultra-small Cu 

clusters, Cun (n = 3 or 4), which were formed from the 

aggregation of the Cu2+ single atoms under a reducing potential. 
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When the cell voltage was switched off, these Cun clusters 

reoxidized to Cu2+ single atoms and the catalyst was recovered 

(Figure 14). 

3.1.1.4. Cu/Molecular Catalyst Hybrids  

In the tandem systems based on bimetallic catalysts, the ratio 

of the heteroatom (Au, Ag, Zn) to Cu on the catalyst surface is 

often low, which leads to only limited interfaces with locally 

enriched CO environment. In order to create more abundant 

interfaces, Li et al. devised a molecule–metal composite 

material in which the molecular catalyst covers the surface of 

Cu in a ratio as high as unity (Figure 15 a).48 The generated CO 

could migrate from the molecular catalyst to the Cu surface and 

tune the coverage of *CO on Cu surface via Langmuir 

adsorption.46, 59 
Using DFT calculations, the authors found that 

the increased coverage of *CO not only decreases the reaction 

energy for the C–C coupling step, but also steers the selectivity 

from ethylene to ethanol (Figure 15 b): when additional *CO 

was introduced, the reaction energy decreased more for the 

formation of *CHCHOH (ethanol pathway) compared with that 

of *CCH (ethylene pathway). The highest ethanol FE could reach 

41% with a partial current density of >100 mA cm-2 in a flow cell 

with neutral electrolyte (Figure 15 c). 

3.1.2. Morphology- and Oxidation-State Induced Ethanol 

Selectivity 

It has been well established that the morphology of nanocrystal 

catalysts has significant influence on the activity and selectivity 

of the ECR. For example, different shapes of the nanocrystals 

could expose favorably different facets, tuning the binding 

strength of intermediates and thus tuning catalytic 

performance.60 Beyond that, the construction and assembly of 

nanostructures with specific morphology could bring about 

unique benefit, such as nanoconfinement and field 

enhancement.61 

The morphology was found to tune the ECR selectivity to 

ethanol, in a study using Cu catalysts with different 

morphologies: 3D spheres assembled from nanorods, 3D 

spheres assembled from nanoparticles, 2D structures 

assembled from nanoparticles, 2D nanosheets, and nanorods.62 

A maximum ethanol FE of 36.1% was achieved on the 3D 

spheres of nanorods, which is twice or more times higher than 

that on other samples. The enhanced selectivity could not be 

simply attributed to the larger electrochemical surface areas of 

this sample, but the detailed mechanism was not elucidated in 

this work. 

A dendritic Cu catalyst prepared by first electrodeposition 

under mass transfer control condition and then thermal 

annealing under air showed high selectivity toward multi-

carbon alcohol (ethanol and n-propanol) with a sum-up FE of 

24.8% at −1.0 V vs. RHE in neutral electrolyte in an H-cell.64 

Beside the pH effect caused by the dendritic structures, which 

has been proven to promote C–C coupling previously,8, 65 the 

structural effect was also found to contribute to the promoted 

alcohol selectivity by providing more dense catalytically active 

sites. Sufficient number of low-coordinated binding sites in 

closest proximity to each other is proposed to be critical for 

single or even multiple C–C coupling reactions. 

Figure 16.  The product selectivity at a constant voltage of −1.0 V vs. RHE (no 
pulse) and pulsed conditions with different applied anodic potentials (Ea). 

Reproduced with permission from ref 63. Copyright 2020 Nature. 

Besides the morphology of the catalyst, the oxidation state 

of Cu can play a crucial role in determining the ethanol 

selectivity. It has been well documented that the concurrence 

of CuI and Cu0 can lead to enhanced CO dimerization.66 Arán-Ais 

et al. studied Cu catalysts by using pulsed electrolysis,63 in which 

CuI can be continuously in situ regenerated under an applied 

anodic potential. Significantly enhanced selectivity for ethanol 

on a electropolished Cu(100) electrode was observed when the 

anodic potential was 0.6 V (Figure 16), with  32% ethanol among 

a total of 76% of C2+ products. The same Cu electrode measured 

under potentiostatic conditions at −1.0 V vs. RHE produced only 

8% ethanol while the selectivity for ethylene was 45%. This 

study highlights that an appropriate combination of the 

morphology and oxidation state of the metal catalyst can allow 

for tuning the selectivity of ECR products. 

3.2. Non-Copper Catalysts 

Cu has been the center for studies of ECR to C2+ products but 

other metallic and non-metallic catalysts have been noticed. 

One of the strategies for developing metallic catalysts other 

than Cu is to couple the metal that produces CO with another 

catalyst that allows for dimerization of the CO intermediate, i.e. 

tandem catalysis. The work of Liu et al. is a representative 

example for this method in which the RuII polypyridyl carbene 

(RuPC),9 which is known as a single electrocatalyst for CO2-to-

CO conversion,67 was integrated into N-doped carbon (NPC) 

nanomaterials  that have been documented to be capable of C–

C dimerization.68 In the H-cell, RuPC/NPC catalysts exhibited the 

maximal FE for ethanol of 27% at −0.97 V vs. RHE; other 

products include CO, formate, methanol and acetate. The 

current density of ~ 0.7 mA cm-2 remained unchanged for at 

least 3 hours of electrolysis. This ethanol efficiency for 

RuPC/NPC was attributed to the synergistic effect of RuPC and 

NPC at the interface. 

A similar approach was demonstrated by Du et al., in which 

CoO was used to catalyze the formation of *CO intermediates, 

which spill over to an N-doped carbon material composed of 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 17  

Please do not adjust margins 

Please do not adjust margins 

mesoporous carbon (MC) and carbon nanotubes (CNT) for C-C 

coupling to form C2+ products via PCET steps (Figure 17).49 In an 

H-cell set up, ethanol and acetaldehyde were found as the only 

liquid products from the ECR by MC-CNT/Co. The maximal FE for 

ethanol is quite high, of 60% at -0.32 V vs. RHE, which is retained 

with electrolysis time over 20 hours. 

Non-metallic catalyst such as carbon-based materials, 

including boron-doped diamond (BDD), nitrogen-doped carbon 

nanotubes (N-CNTs), graphene and nanocarbon, have recently 

been reported as promising electrocatalysts for ECR, but mostly 

with a selectivity toward C1 products (CO, HCHO, or HCOO–) and 

some rare cases for C2+ products (CH3COO–, alcohols).68-69 By co-

doping B and N to diamond (BND) to regulate the electronic 

structure of diamond, the BND was reported to selectively carry 

out ECR to ethanol with a maximum FE of 93.2% at -1.0 V vs. 

RHE in neutral media in an H-cell.10 As previously discussed in 

section 2.2.3, the synergistic role between B and N may have 

the potential to break the scaling relations usually encountered 

in metal catalysts with one type of binding site.70 It is interesting 

to note that the product profile is different from that usually 

obtained on Cu catalysts: only ethanol, methanol and formate 

were detected as the ECR product using BND while the common 

products on Cu, CH4, C2H4, and CO, were not observed. Song et 

al. reported the use of hierarchical micro/mesoporous N‐doped 

carbons (MNCs) for ECR, in which the medium micropores are 

embedded in the mesopore channel wall. These micropores 

enrich the active sites (pyridinic and pyrrolic N) and induce 

desolvation to accumulate electrolyte ions, resulting in 

enhanced ethanol production compared to that of mesoporous 

N-doped carbons.71 The FE for ethanol reaches 78 % at −0.56 V 

vs. RHE; however, the current density is low, about 0.5 mA cm-

2. The low current density is apparently the major challenge to 

be overcome for ECR using carbonaceous materials. 

Figure 17. Proposed mechanism for the electrochemical reduction of CO2 to 
ethanol on an MC–CNT/Co electrode. Reproduced with permission from ref 
49. Copyright 2020, Royal Society of Chemistry. 

4. Summary and Outlook  

The production of multi-carbon alcohols, such as ethanol, from 

ECR would contribute greatly to the mitigation of the 

concerning energy issues by helping in synthesis of sustainable 

fuels. So far, CO2-to-ethanol conversion has suffered from low 

selectivity due to the favorable formation of competing C1 

products such as carbon monoxide and methane and C2 

products such as ethylene. While minimizing C1 products has 

been successful via both catalyst and reaction environment 

engineering, achieving C2+ selectivity of up to 90% while 

suppressing ethylene is still very challenging because the 

formation of ethylene and ethanol follows a similar reaction 

pathway. Despite that, a few strategies have been found to be 

useful to direct the selectivity towards ethanol. Doping is one of 

such techniques that has been researched which results in 

exclusive production of ethanol. Zn or Ag-doped Cu, and boron 

and nitrogen-doped diamond are a few of such catalysts that 

produce ethanol with high FE. Incorporating sulfur atoms into 

the catalyst core, and Cu vacancies in its shell is another strategy 

to enhance CO2 reduction to ethanol. Tandem catalyst design 

combining CO targeting active sites with CO coupling sites has 

been found effective in increasing ethanol selectivity. Future 

studies focusing on improving the porosity of catalysts, e.g. 

introducing micro/mesopores or creating multi-hollow 

structures, increasing the number of defects, and controlling 

the grain boundary between different components within the 

catalyst might allow for enhancing the catalyst’s performance.  

From a theoretical perspective, targeting specific 

mechanistic pathways may be promising in blocking unwanted 

products. As Xiao et al. proposed, 𝐻2𝑂𝑎𝑑  mechanism can 

kinetically block ethanol pathway regardless of pH.22 In 

principle, if the 𝐻2𝑂𝑎𝑑  mechanism can be destabilized 

(destabilizing 𝑂𝐻𝑎𝑑) without significantly changing the free 

energies of steps in the C2 pathways, selectivity toward ethylene 

could be suppressed. Hence, synthesising catalysts by 

alternating the surface morphology and arrangement along 

with intermediate stabilization may result in improved ethanol 

production. The bridge-bound CO being resistant to reduction 

or desorption on Cu surfaces is also an issue;28 therefore, more 

studies are required to gauge the extent of 𝐶𝑂𝐵 
∗  effects and 

determine whether it limits multi-carbon product formation. 

This can be done through experiments monitored by in situ 

spectroscopic methods capable of distinguishing single Cu-

carbon covalent bond and carbon coordination bonded with 

two Cu atoms.  

Regarding DFT studies targeted at reaction mechanisms, it 

is encouraging to see that recent studies are advancing to 

feature solvation effects and potential effects, but there is a 

need to move beyond catalytic surfaces of solely polycrystalline 

Cu. There has been evidence that doped, or graphene 

supported Cu catalyst proceeds through different reaction 

mechanisms due to surface geometry and thus feature different 

reaction free energies for the various intermediates. 

Experimental results show that on these novel catalysts, 

enhanced selectivity towards ethanol is not predicted by 

previous DFT studies. In addition to further mechanistic 

investigations, such theoretical knowledge can be applied to 

catalyst design. For example, drawing inspiration from the work 

of Song et al.,26 it may be advantageous to specifically design a 

doped/carbon supported Cu catalyst that protects C2 
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intermediate from full oxidation to hydrocarbons, and then 

attempt to reproduce said design in experiments.  

Practical CO2-to-ethanol electrochemical conversion 

demands not only a high selectivity, but many other 

performance metrics, including reaction rate, energy efficiency, 

stability, and product concentration, needs to be met.72 

Achieving these targets requires breakthroughs in both catalyst 

design and electrochemical system engineering. Gas-phase CO2 

reduction using gas diffusion electrodes provides a powerful 

tool to achieve high CO2 conversion rate.73 However, stable CO2-

to-ethanol conversion at high current densities has not been 

demonstrated due to the low stability of the gas diffusion 

electrode. Most of the electrochemical CO2 conversion to 

ethanol studies were performed in either an aqueous H-cell or 

a flow-cell reactor. In such systems, the dilution of ethanol in 

liquid electrolyte results in a low product concentration, which 

requires a significant amount of extra energy for product 

separation.74 A recent study demonstrated that high ethanol 

concentration can be achieved using a membrane electrode 

assembly system, overcoming the low liquid product 

concentration limitation of the flow-cell electrolyzer.75 

While membrane-electrode-assembly electrolyzers offer a 

scalable platform for CO2 conversion to ethanol, these systems 

suffer from both products and carbonate/bicarbonate 

crossover. Ethanol transported to anode side is diluted into 

anolyte while carbonate/bicarbonate crossover produces CO2 

gas mixed with oxygen. Consequently, these crossovers require 

extra energy for separation, reducing the overall energy 

efficiency of the CO2 conversion process. Thus, for ECR to be 

economically feasible, besides the performance metrics 

mentioned above, preventing product and reactant crossover 

remains critical. Future studies on developing new membranes 

or multilayer membranes to control both local reaction 

environment and product crossover would help advancing ECR 

technology.  
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