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Abstract 

Electrochemical CO2 reduction presents a sustainable route to storage of intermittent 

renewable energy. Ethanol is an important target product, which is used as fuel additive 

and as a chemical feedstock.  However, electrochemical ethanol production is 

challenging as it involves the transfer of multiple electrons and protons alongside C−C 

bond formation. To date, the most commonly employed and effective catalysts are 

copper-based materials. This review presents and categorizes the most efficient and 

selective Cu-based electrocatalysts, which are divided into three main groups: oxide-
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derived copper, bimetallics, and copper- and nitrogen-doped carbon materials. Only a 

few other specific examples fall outside this classification. The catalytic performance of 

these materials for ethanol production in aqueous conditions is discussed in terms of 

current density, overpotential and faradaic efficiency. A critical evaluation of the factors 

that contribute to high performance is provided to aid the design of more efficient 

catalysts for selective ethanol formation.  
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The electrochemical CO2 reduction reaction (CO2RR) enables the conversion of 

electrical energy into important organic chemical building blocks. Among the different 

reported CO2 electroreduction products (typically CO, formic acid, methane, ethylene, 

ethanol and propanol), ethanol is a notable target molecule. With a worldwide production 

of ca. 88.5 Mt/y,1 ethanol is one of the most important organic commodity chemicals. 

The high energy density and compatibility with existing combustion engines means 

ethanol is predominantly used as a fuel blend component, but is also a key precursor in 

the synthesis of various chemical compounds and in the medical and food industries. 

Currently, ethanol is mainly produced from starch-based biomass (e.g. sugar cane, corn) 

through fermentation. In recent years, electrochemical CO2 reduction has gained interest 

as a potentially more effective and sustainable alternative. Although technically less 

mature, this route to ethanol production enables the integration of renewably-sourced 

electricity through either direct (e.g. integrated solar-driven approaches2) or indirect (e.g. 

electrical grid coupling3) technologies. The economic feasibility is ultimately dependent 

on technological advancements that enhance the practicality of this approach.4, 5 Here, 

recent developments in electrochemical CO2 reduction are critically assessed to outline 

specific catalyst features that have contributed to efficient ethanol production. 

The main goal for CO2 electroreduction to ethanol is to enhance selectivity at high 

reaction rates. These factors are influenced by the catalyst, the reactor architecture and 

the process conditions. Systems are most frequently operated in (bulk) neutral or 

alkaline pH and although alkaline conditions are known to enhance ethylene selectivity 

from CO2 reduction, the effects on ethanol production are less explored, therefore 

differentiation is made within to provide further insight into these effects. Acidic pH 
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reactions are avoided because of competitive H2 production through the hydrogen 

evolution reaction (HER), an undesired side reaction which is favored by elevated 

concentrations of protons. Alkaline pH conditions generally allow high geometric current 

densities to be obtained. However, the main disadvantage of alkaline electrolysis is the 

undesired reaction of CO2 with OH− in the electrolyte solution to form carbonate and 

bicarbonate, which negatively impact the long-term electrolyzer stability and which are 

much less reactive than CO2.
6, 7 These effects should be considered, as the total energy 

input of the complete process will be strongly dependent on losses of this type (e.g. 

electrolyte regeneration/replacement).  

CO2 electroreduction is operated in either H-cells or flow cell reactors. Reactor 

architectures in which the CO2 is diluted in the electrolyte or continuously bubbled 

around the cathode are termed H-cells and limit CO2 electroreduction to low specific 

reaction rates (geometric current densities typically less than 50 mA cm−2) – this is 

because of CO2 mass transfer limitations due to the low solubility of CO2 in aqueous 

electrolyte solutions (≈ 30 mM). Hence, gas-diffusion electrodes (GDEs), typically 

implemented in flow cell reactors, are nowadays commonly used to overcome these 

mass transport limitations and obtain higher geometric current densities (greater than 

100 mA cm−2). In this configuration, KOH can be used as the electrolyte and carbonate 

formation limited with CO2 flowing from one side of the electrode through the gas 

diffusion layer (GDL) to react at the catalyst/solution interface at the other side of the 

electrode. This enables higher current densities to be achieved at respectively lower 

overpotentials when compared to H-cells.8-12  
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Cu is the foremost metal capable of C-C coupling reactions and hence conversion of 

CO2 to products with two or more carbon atoms (C2+).
13, 14 With such Cu-based 

catalysts, the formation of ethanol competes mainly with ethylene in terms of C2 

products.15 Numerous efforts have been made to enhance the catalytic activity and 

selectivity of catalysts towards ethanol. Examples include: varying surface morphology16-

19; combining different oxidation states of the Cu atoms;20-24 and modifying the 

composition of the material25-29. Here, we summarize and discuss the state-of-the-art 

Cu-based catalysts for electrochemical CO2 reduction into ethanol (Tables 1 and 2). In 

order to evaluate performance, we have considered the following reported parameters: 

current density, applied potential and faradaic efficiency (FE).  Based on this analysis 

from the literature, we have identified eighteen catalysts with reported FE above 30% at 

current densities above −1 mA/cm2, a threshold that we used in order to discuss the 

most selective systems. Fourteen of these operated under neutral conditions (Table 1) 

and six under alkaline conditions (Table 2), two of which were conducted under both 

conditions. Although CO2 conversion values are often not provided and experiments 

were carried out at different current densities, the maximal FE was used for each 

catalyst, thereby providing meaningful comparison of performance. Additionally, we 

summarize the few computational studies aimed at understanding how the separation 

between the ethylene and the ethanol pathways can be tuned. Interestingly, fifteen of 

the selected systems can be assigned to three classes: oxide-derived Cu, bimetallic Cu-

M catalysts, and copper- and N-doped carbon materials – the four remaining systems 

have specific characteristics that differ from these classifications. 
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Table 1 – Catalysts for CO2 electroreduction to ethanol in neutral pH electrolyte solution with FEEtOH > 30%.  

Catalyst Electrolyte Potential  
(V vs. 
RHE) 

Current 
Density[b] 
(mA/cm2) 

Other CO2RR products[a] FEmax 
EtOH 
(%) 

Cell type Time[c] 
(min)  

Ref. 
 

Oxide Derived Copper 
 
OD Cu/C 0.1 M KHCO3 −0.5 −1 HCOOH, CH3OH 34.8 H-cell 180 30 

 
Cu sandwich  0.1 M KHCO3 −0.3 −1.25 CO, HCOOH, CH3OH 31 H-cell 120 31 

 
Cu-Cu2O-3 0.1 M KCl −0.4 −7.3 CO, CH4, CH₃COOH 39.2 H-cell 300 32 

 
Bimetallic 
 
Ag-Cu2OPB 0.2 M KCl −1.2  −3 CO, HCOOH, C2H4 34 H-cell 180 33 

 
Ag0.14/Cu0.86 1 M KHCO3 −0.84 −300 CO, CH4, C2H4, 

CH₃COOH 
 

37 Flow cell  20 34 
 

Cu4Zn 0.1 M KHCO3 −1.05 −28.1 CO, HCOOH, C2H4 30 H-cell 60 35 
 

ZnO-CuO 0.1 M KHCO3 −1.15 −31.8 CO, CH4, C2H4, C3H7OH 32 H-cell 60 36  
 

Cu3Au 0.1 M KHCO3 −0.7 −1 CO, HCOOH, CH3OH 45 H-cell 180 37 
 

Copper- and Nitrogen-Doped Carbon-Based Catalysts 
 
CuNP/N-doped CNS 0.1 M KHCO3 −1.2 −4.8 CO, CH4 63 H-cell 60 38 

 
CuNP-N-doped GO 0.1 M KHCO3 −0.25 −4.5 - 56.3 H-cell n.r. 39 

 
CuNC 0.1 M CsHCO3 −1.2 −16.2 CO 43 H-cell 60 40 

 
Cu/C-0.4 0.1 M KHCO3 −0.7 −1.23 (CH3)2CO 91 Rotating 

disk 
electrode 

~65 41 
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Cu GNC-VL 0.5 M KHCO3 −0.87 −10.4 HCOOH, CH3OH 70.5 H-cell 60 42 

 
Other Copper-Based Catalysts 
 
Surface modified Cu 0.1 M KHCO3 −1.1 −1.04 HCOOH, C2H4, C3H7OH 30.6 H-cell ~65 43 

 
FeTPP/Cu 0.1 M KHCO3 −0.82 −124 HCOOH, C2H4, C3H7OH, 

CH₃COOH 
 

41.2 Flow cell n.r. 44 

n.r. not reported, [a] Remaining FE was assigned to H2, [b] Current density according to the exposed geometric surface area, [c] 
Duration of the electrolysis which the maximum FE for EtOH was obtained 
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Oxide Derived Copper: Neutral pH 

Recent studies have demonstrated that Cu materials derived from copper oxides (OD 

Cu) display high activity and selectivity for electroreduction of CO2 to C2 products 

(ethylene and ethanol).45-48 OD Cu electrodes are generally obtained by growing Cu2O 

layers from various Cu-based precursors (e.g. Cu foil, Cu-based MOFs) at high 

temperature on the surface of the electrode and subsequently reducing this oxide to 

form Cu0 sites. The enhanced selectivity for ethanol of such catalysts has been 

tentatively ascribed to: (i) the presence of residual subsurface oxygen atoms that modify 

the electronic structure of the surface Cu atoms and increase the CO binding energy, 

which kinetically favors C–C coupling;47 (ii) the presence of residual Cu+ which might 

work synergistically with adjacent Cu0 by providing a strong H2O adsorption site favoring 

CO2 conversion to CO;49, 50 and (iii)  morphological features, such as an optimized 

population of edges and steps as well as a high density of grain boundaries.17, 22, 49, 51 

We note that although oxides and Cu+ species in some cases were reported to be 

unstable  under reductive reaction conditions,51-53 there are examples which provide 

compelling evidence for their stability with specific material modifications.54-57 Table 1 

highlights three different OD Cu systems, showing the highest selectivity for ethanol 

formation from CO2RR within this class of catalysts. 

 

Zhao et al. prepared a porous OD Cu/C electrocatalyst, consisting of Cu/Cu2O particles 

embedded in a porous carbon matrix, through pyrolysis of a Cu-based metal-organic 

framework (HKUST-1).30 First, the MOF was prepared through hydrothermal synthesis 

using Cu(NO3)2·3H2O and benzene-1,3,5-tricarboxylate as precursors. The resulting 
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MOF was pyrolyzed under an Ar atmosphere at 1000 °C generating the catalyst denoted 

as OD Cu/C-1000.  This catalyst selectively converted CO2 into ethanol with a maximum 

FE of 34.8% at a potential of −0.5 V vs. RHE in 0.1 M KHCO3, however at a low total 

current density of −1 mA/cm2. HCOOH (FE 9.2%) and CH3OH (FE 13.8%) were also 

produced from the CO2RR.  Lower activity and selectivity was obtained when pyrolysis 

was carried out at 900 or 1100 °C. Porous Cu (obtained from a two-step calcination of 

OD Cu/C-1000 in order to remove carbon species) and porous carbon (obtained from 

acid treatment of OD Cu/C-1000 in order to remove Cu) electrodes were less active, 

showing the importance of combining Cu with a porous carbon template. While porous 

Cu showed lower FE to ethanol and methanol than OD Cu/C-1000 at the same 

reduction potentials, porous carbon did not show any alcohol production at all.  

 

A ‘Cu sandwich’ catalyst, composed of a dense array of nanowires, containing a mixture 

of Cu2O and CuO on copper foam, exhibited  a high FE of 31% for ethanol formation.31 

The material was prepared via a two-step synthesis: (i) Cu2O oxide layer formation on 

commercially available copper foam via controlled anodization; and (ii) low temperature 

annealing (400 °C) resulting in Cu2O oxidation to CuO and reorganization of the surface 

into nanowires. The ‘Cu sandwich’ electrode was able to convert CO2 to ethanol with a 

FE of 31% at a very low applied potential of −0.3 V vs. RHE however with a quite low 

but stable current density of −1.25 mA/cm2. At this potential, HCOOH (FE of 6%), 

CH3OH (FE of 14%) and trace amounts of CO were also obtained. Catalysts formed 

solely through the anodization step (‘Cu anodized’; FE= 4-9 %) or annealing step (‘Cu 

annealed’; FE= 16%) proved much less efficient for ethanol production. The high 

selectivity of the ‘Cu sandwich’ electrode was tentatively explained by the presence of 
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an oxide sublayer which prevents the exposed Cu2O species from being completely 

reduced, thus providing the surface with a favorable mixture of Cu+/Cu2+ ions with 

metallic Cu0.  XRD characterization of the ‘Cu sandwich’ electrode after 18h of 

electrolysis indeed showed the presence of a Cu2O layer, which was also the case for 

the ‘Cu annealed’ sample but not for ‘Cu anodized’. However, no in situ analysis was 

provided, therefore the exact nature of the oxide under reductive potentials is unknown. 

The greater selectivity of ‘Cu sandwich’ with respect to ‘Cu annealed’ was assigned to 

the observed larger density of composite nanowires, leading to a greater density of 

active sites. ‘Cu sandwich’ was also shown to contain a higher concentration of oxygen 

vacancy defects (determined by electron paramagnetic resonance spectroscopy), which 

were suggested to promote CO2 adsorption, stabilize radical intermediate species and 

thus lower the activation barriers.58, 59. However, none of these attributes provided any 

insight into the ethanol vs. ethylene selectivity.  

A 3D dendritic Cu-Cu2O/Cu catalyst was obtained by electrooxidation of a Cu foil anode 

in the presence of different benzoic acid or pyridinecarboxylic acid derivatives (L) to form 

Cu2+-L films on a Cu substrate. The resulting electrode was subsequently exposed to 

cathodic potentials for electroreduction of the Cu2+ ions to Cu0.32  XPS and XRD analysis 

confirmed that the film was composed of Cu and Cu2O. A dendritic structure with a high 

density of grain boundaries between Cu and Cu2O, supposed to favor catalytic activity, 

were observed using scanning and transmission electron microscopy. The best 

performance towards ethanol production was obtained with the catalyst prepared from 

the ligand L=1,3,5-benzenetricarboxylic acid (denoted as Cu-Cu2O-3) – this catalyst 

reduced CO2 into ethanol with high FE (39.2%) in 0.1 M KCl, at a low applied potential of 
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−0.4 V vs. RHE with a current density of roughly −10 mA/cm2. Other products included 

CO (FE 13.8%), CH4 (FE 14.2%) and acetic acid (FE of 17.5%). It was assumed that the 

efficiency of Cu-Cu2O/Cu came from the high density of exposed active sites and a 

favorable Cu2O:Cu ratio. 

Bimetallic Systems: Neutral pH 

Addition of a secondary metal in copper-based systems is a widely used approach to 

tune the electronic structure of Cu and the binding energy of the key intermediates of the 

CO2RR and thereby improve the activity and selectivity for ethanol.60, 61 The binding 

strength of CO, as a key intermediate for ethanol formation, on Cu-based catalysts is 

related to the d-electron availability, which can be tuned by the introduction of second 

metal via hybridization of the atomic orbitals.62, 63 In addition, considering that ethanol 

requires the initial coupling of two adjacent *CO intermediates on Cu atoms, thus 

requiring a high local concentration of CO and high coverage of *CO intermediates on 

the catalyst surface, a CO-generating metal such as Ag, Au or Zn, is most often chosen 

as a promotor element within M-Cu bimetallics – this is referred to as sequential 

catalysis. The increased selectivity is often ascribed to a combination of these two 

effects, with the dominant mechanism being dependent on the length scale of metal 

mixing. Segregated catalysts are typically influenced more by sequential catalysis 

whereas alloyed catalysts are more influenced by electronic effects.64 In Table 1, the five 

best systems in terms of selectivity for ethanol illustrate the effectiveness of the 

bimetallic strategy. 

Lee et al. prepared Ag-incorporated Cu2O electrodes through electrochemical co-

deposition using either NH3 or KCN solutions containing Cu and Ag precursors.33 XRD 
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characterization of the electrode prepared in KCN (abbreviated as Ag-Cu2OPB) showed a 

phase-blended Ag/Cu2O structure, whereas a phase-separated composition was 

obtained when the electrode was prepared in NH3 solution (Ag-Cu2OPS). EDX analysis of 

Ag-Cu2OPB showed a more homogeneous dispersion of Cu and Ag atoms on the surface 

than for Ag-Cu2OPS. All the electrode samples had a high atomic Cu content (∼66%). 

Ag-Cu2OPB displayed selective ethanol formation in KCl with a FE of 34% at a very 

negative applied potential of  −1.2 V vs. RHE, representing a high overpotential for such 

low current density (≈ −3 mA/cm2).33 CO (FE 2.3%), C2H4 (FE 9.5%) and a trace amount 

of CH4 were also formed. The biphasic Cu2O-Cu catalyst without the Ag dopant showed 

higher H2 formation and lower ethanol selectivity (FE 9.7%) at the same applied 

potential. Instead, ethylene was the major C2 product, however no clear explanation for 

the obtained selectivity was provided.   

 

In a recent work, Li. et al. and coworkers prepared several Ag/Cu alloys, with different 

Ag:Cu ratios, through co-sputtering.34 The best performances for ethanol formation in 1 

M KHCO3 were obtained with a Ag0.14Cu0.86 catalyst. High current densities up to −400 

mA/cm2 were achieved in a flow cell reactor configuration using a gas diffusion 

electrode. The catalyst was deposited on a PTFE substrate, allowing CO2 gas to diffuse 

through the PTFE and reach the catalyst-electrolyte solution interface where the CO2RR 

takes place. This is one of the rare examples of CO2 to ethanol conversion in neutral 

electrolyte using a flow cell system. Under these conditions, the highest FE (37%) for 

ethanol was obtained at an applied current density of −300 mA/cm2. C2H4 (FE 25%), 

CH4 (FE 20%) and acetic acid (FE ≈ 5%) were also produced. It is interesting to note 
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that under neutral conditions, the performance closely approached that obtained with the 

same catalyst in 1 M KOH (see below) –  this is likely because, under such high current 

density conditions, the local pH at the catalyst- electrolyte solution interface is expected 

to become alkaline even in KHCO3.
65 These experiments were complemented with DFT 

calculations, as discussed in the computational studies section below.  

Oxide-derived Cu materials with various amounts of Zn dopant (CuxZn) were prepared 

by Ren et al. through electrodeposition35. SEM images showed that the CuxZn oxide 

materials were made of spherical particles (with an average diameter of hundreds of 

nanometers). In contrast, pure Cu oxides were found in the form of smooth polyhedron 

particles (with average diameters of 100 nm to 1 μm) and pure Zn oxide films were 

found in the form of interconnected platelets (with an average diameter of hundreds of 

nanometers). Selected area electron diffraction (SAED) patterns showed the presence 

of distinct Cu0 and Zn0 crystallites in the CuxZn catalysts, indicating phase segregation 

of Cu and Zn and thus excluding alloys. The study also showed that the concentration of 

Zn in the CuxZn catalyst significantly altered the product distribution. The best 

performance for ethanol formation (FE = 30% at −1.05 V vs. RHE ) was achieved with a 

4:1 Cu:Zn ratio and the material proved stable for at least 5 h during electrolysis. C2H4 

(FE 10%) and CO (FE 10%) were also obtained. On pure copper oxide the selectivity to 

ethylene was roughly two times higher than for ethanol across all studied potentials, 

while zinc oxide generated no ethylene or ethanol. Zn is thus important for promoting 

ethanol formation. However, increasing the concentration of Zn above a certain 

threshold resulted in a decrease of the FE for ethanol, probably because of a too large 
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decrease of the surface density of active Cu sites, again showing the importance of 

finding the right balance between the two metals in bimetallic systems. 

Similarly, Ren et al. coated the surface of CuO nanowires with ZnO using atomic layer 

deposition.36 Such ZnO/CuO materials were then electrochemically pre-reduced to the 

metallic state CuZn before being used for electrolysis. EDX spectroscopic mapping 

indicated that the CuO/ZnO layer boundaries had disappeared during reduction and that 

Cu migrated to the surface. In addition, XRD showed only Cu and Zn phases, with no 

indication of alloys. The CuZn material catalyzed ethanol formation with a FE of 32% at 

a very cathodic applied potential of −1.15 V vs. RHE. C2H4 (FE 7.9%), CO (FE 15.3%) 

and C3H7OH (FE 3.2%) were also produced. Compared to CuZn, the monometallic Cu 

catalyst produced much lower amounts of ethanol (FE 9.1%). In this study CH3* was 

suggested as a possible key intermediate towards ethanol formation, however no DFT 

calculations were performed. The proposed mechanism involved *CO/*CH3 coupling, 

leading to a *COCH3 intermediate which is further reduced to ethanol. 

Gold has also been used as a promotor metal. Zhu and coworkers prepared various 

CuxAuy nanowire arrays (NWAs), with a length of roughly 20 μm and a diameter of 

roughly 35 to 40 nm, through potentiostatic pulse-electrodeposition using CuSO4 and 

HAuCl as metal precursors.37 Different Cu:Au ratios in CuxAuy were obtained by 

changing the codeposition potential. SAED patterns of the CuxAuy nanowires showed 

that the materials were polycrystalline and EDS mapping showed that Au and Cu were 

uniformly spatially distributed. Ethanol formation was maximized on Cu3Au with the 

highest FE (48%) obtained at −0.5 V vs. RHE in 0.1 M KHCO3. However, at this 

potential the current density was very small (less than −1 mA/cm2) and H2 increased 



15 
 

drastically (up to 60%) with small increase of the overpotential. Since a planar Cu3Au 

film with the same crystalline structure did not produce any ethanol under the same 

conditions, the selectivity of Cu3Au NWA was attributed to its specific morphology. The 

authors proposed that the nanowires limit diffusion of both hydroxide and CO to the bulk 

of the solution, thus increasing the local pH and the concentration of trapped CO thereby 

favoring C-C coupling. However, while explaining the large FE for C2 products, this 

hypothesis did not explain the preference for ethanol.  

Copper- and Nitrogen-doped Carbon-based Catalysts: Neutral pH 

Porous carbon materials are promising supports due to their excellent electronic 

conductivity, stability, high surface area and tailorable porosity.66, 67  Furthermore, high 

performance for the CO2RR can be obtained through heteroatom doping (N, P, and S 

etc.) due to changes in the charge and spin densities of active carbon atoms in the 

vicinity of the dopants.68, 69 Nitrogen has been the predominant dopant resulting in novel 

NC (nitrogen-doped carbon) electrocatalysts. The high electronegativity of nitrogen 

atoms enables strong polarization of adjacent carbon atoms in the graphitic lattice, while 

maintaining a high electrical conductivity.69-73 Several studies reported CO2 

electroreduction into CO71, 74-76, formate70, 77 as well as to hydrocarbons78 and C2-

products79, 80 catalyzed by NC catalysts. Such materials can be further improved through 

doping with metallic species (Fe, Ni, Co and Cu), in the form of isolated atoms or metal 

particles.81-89 Interestingly, in the specific case of copper doping, this strategy resulted in 

efficient catalysts for the CO2RR towards ethanol. To illustrate those achievements, we 

have highlighted four of the best systems for selective ethanol production from CO2 

electroreduction (Table 1). 
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Song et al. developed a nanoscale catalyst consisting of copper nanoparticles (CuNP) 

deposited on a N-doped graphene-like carbon nanospike (CNS) film.38 CNS was grown 

on Si wafers through plasma-enhanced chemical vapor deposition (PECVD) in the 

presence of ammonia (NH3) at 650°C for 30 min. Copper nanoparticles were 

electronucleated from CuSO4 solution directly onto the CNS film. The particle size 

ranged from roughly 30 nm to 100 nm, as determined by SEM and CNS. XPS analysis 

showed three main types of nitrogen: pyridinic (≈ 25%), pyrrolic (≈ 25%), and graphitic (≈ 

40%).90 Electrochemical experiments showed that CuNP/CNS material catalyzed CO2 

reduction to ethanol with a remarkably high FE (63%), however at a relatively high 

overpotential (applied potential of −1.2 V vs. RHE) and low current density (−2 mA/cm2). 

Only CO (FE = 5%) and CH4 (FE = 5%) were found as other carbon products, H2 

accounting for 10-15%. Neither pure CNS nor Cu nanoparticles supported on glassy 

carbon electrodes displayed ethanol production at any potential. It was proposed, as 

supported by DFT calculations discussed below, that the selectivity was due to the 

synergistic effect of Cu and N-activated C centers, further illustrating the importance of 

different reactive sites in close proximity for not only favoring C-C coupling but also 

controlling the ethylene/ethanol selectivity.  

A similar study using N-doped graphene oxide (GO) was carried out by Yuan et al.39 The 

material (GOVB6) consists of GO, in which the carboxylic groups have been used to 

covalently attach vitamin B6 (VB6 or pyridoxine) as the source of nitrogen.91 XPS 

revealed that the material had only pyridinic N atoms with a content of around 2.3%. Cu 

nanoparticles were chemically deposited on GO-VB6 through reduction of Cu(NO3)2 

using hydrazine. The materials with different Cu loadings of 5% (GO-VB6-Cu-1), 10% 
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(GO-VB6-Cu-2), 20% (GO-VB6-Cu-3) and 40% (GO-VB6-Cu-4) were prepared. The 

highest FE for ethanol (56.3%) was obtained in 0.1 M KHCO3 at a very low applied 

potential of −0.25 V vs. RHE (current density of approximately −5 mA/cm2) with GO-VB6-

Cu-2 as the catalyst. XPS and XRD analysis revealed that this catalyst contained 

metallic copper as well as Cu2O. A GO-Cu catalyst (no VB6 functionalization) and a GO-

VB6 catalyst (no deposited Cu particles) both displayed lower FEs for ethanol (10.3% 

and 36.4% respectively) at more cathodic potentials (−0.4 V vs. RHE). The good activity 

and selectivity of this class of materials was proposed to be related to the large 

electrochemical surface are (ECSA), the enhanced CO2 adsorption and local CO 

concentration due to the high concentration of pyridinic N atoms, and low electron 

transfer resistance. However, the specific role that each of these features play in 

controlling the ethylene/ethanol separation was not clarified.  

Karapinar et al. prepared a CuNC material containing Cu sites in a CuN4 coordination, 

atomically dispersed in a N-doped conductive-carbon matrix.40. The catalyst was 

prepared via pyrolysis of a powder mixture of ZIF-8, a Zn(II) zeolitic imidazolate 

framework, Cu(II) chloride and 1,10-phenanthroline (phen) as a source of N. The mass 

of CuCl2 was chosen to give 0.5 wt% of Cu in the final material before pyrolysis. The 

presence of isolated Cu atomic sites in a CuN4 environment was shown from XANES 

and EXAFS spectra, which were reminiscent of Cu(II)-phthalocyanine, molecular 

complexes in which Cu is chelated by four N atoms of the macrocyclic ligand. 

Furthermore, High Angle Annular Dark Field Transmission Electron Microscopy 

(HAADF-TEM) showed isolated Cu atoms and the absence of Cu particles, as confirmed 

by electron energy loss spectroscopy at these sites. XPS analysis revealed the 
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presence of pyridinic, pyrrolic, graphitic and porphyrin-like N atoms as well of Cu2+ and 

Cu+ ions. CuNC reduced CO2 selectively into ethanol with a maximum FE of 43% at −1.2 

V vs. RHE in aqueous 0.1M CsHCO3 with an intermediate current density of −16.2 

mA/cm2. Ethanol was the only liquid product and CO (FE 30%) was the only other 

carbon product. The selectivity of the CO2RR was dependent on the flow rate of CO2 

(lower flow rates gave higher FE for ethanol) as well the size of the cation, in the order 

Li+ < Na+ < K+ < Cs+,  which is likely due to bigger cations serving as better buffering 

agents and thus increasing the local CO2 concentration.92 As a reference material, the 

copper-free nitrogen-doped carbon material, prepared identically in the absence of 

copper chloride in the precursor mixture, did not show any ethanol production. In-situ 

operando X-ray Absorption Spectroscopy (XAS) showed that under the cathodic 

potentials required for CO2RR to ethanol, the initial isolated Cu sites partially 

disappeared upon reduction to Cu0 and were converted into small Cu clusters, 

containing no more than 20 atoms, which suggests that these clusters are the 

catalytically active species. Unexpectedly, as shown by XAS, this transformation is 

reversible, since upon returning to oxidizing conditions the clusters disappeared and all 

Cu isolated sites were regenerated – this is likely a consequence of the strong Cu ion 

chelating ability of the N4 sites.  

A similar study using carbon materials doped with Cu and O (not N) atoms resulted in a 

catalytic material which was highly selective for ethanol production, confirming the above 

assumptions about the importance of Cu clusters.41 Cu bulk metal was dissolved by 

sonication into molten lithium and the resulting Cu-LiOH was mixed with a carbon 

support. Leaching of LiOH with water resulted in a carbon material containing isolated 



19 
 

Cu atoms ligated by hydroxyl and carboxyl groups from the carbon surface. Electron 

microscopy, IR and XAS characterization confirmed the presence of isolated sites. This 

novel catalyst proved highly selective for ethanol during electrolysis in 0.1 M KHCO3. 

The highest FE (91%) is the highest value reported so far and was obtained at −0.6/−0.7 

V vs. RHE. However, this remarkable selectivity was only obtained with low loadings of 

Cu (< 0.8 wt%) and only in the foot of the catalytic wave, therefore at these potentials 

only extremely small current densities could be obtained (approximately −1 mA/cm2). At 

slightly more negative applied potentials the FE for ethanol dropped and CO and H2 

became the major products. Interestingly, as shown from in situ XAS experiments, 

during electrolysis the atomically dispersed Cu atoms converted to ultrasmall Cun 

clusters, with n= 3 to 4, which were proposed to be the active species, as in the case of 

CuNC, above. This transformation is reversible since only the isolated atoms could be 

observed after removing the applied potential. 

Zhang et al. prepared a Cu/Cu2O nanocomposite loaded on the surface of a N-

containing carbon material (Cu GNC-VL).42 For its preparation, a two-dimensional 

zeolitic imidazolate framework-L (ZIF-L) was vertically grown on graphene oxide (GO). A 

copper precursor was then introduced into the top mesoporous supporting layer followed 

by carbonization at 1000 °C for 2 h. XRD analysis and HAADF-TEM images revealed 

the presence of Cu and Cu2O nanoparticles. N1s XPS spectra revealed the presence of 

pyridine-, pyrrole- and graphene-like N atoms. The catalyst exhibited remarkably high 

selectivity towards ethanol formation reaching FE up to 70.5% at −0.87 V vs. RHE, with 

a moderate current density of −10.4 mA/cm2. Pyrolyzed ZIF-L in the absence of Cu 

showed almost ten times lower faradic efficiency for ethanol (FE 8.6%). In addition, as a 
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reference material, a Cu-ZIF-L@GO material with a different orientation of ZIF-L on GO 

showed lower ethanol production (FE 40.2%). Cu GNC-VL displayed the highest ECSA 

of these materials, as determined from double layer capacitance measurements. This 

work provides an additional illustration of the potential of MOF-derived graphene-based 

N-doped porous carbon nanocomposites as CO2RR catalysts.   
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Other Cu-based Catalysts: Neutral pH 

Recent developments in tuning the binding energy of reaction intermediates, local 

chemical environment, and consequently selectivity have been based on surface 

modification with molecular adsorbents.93, 94,95 Recent studies have emphasized that the 

utilization of additives such as thiols96-98 amines97, 99 and pyridinium salts43, 100-102  is a 

potential strategy for controlling the CO2RR selectivity including for maximizing ethanol 

production. Such molecules provide an opportunity to tune the selectivity via variations 

of the functional groups that can be synthetically introduced in the additives.43, 101-103  

Han el al. reported that polycrystalline copper combined with N-substituted aryl 

pyridinium additives was able to form high yields of ethanol from electrochemical CO2 

reduction.43 The electrode was an electropolished copper foil working in the presence of 

pyridinium derivatives in 0.1 M KHCO3. The best FE for ethanol (FE 30.6%) was 

achieved with 10 mM N-tolylpyridinium chloride at an applied potential of −1.1 V vs. 

RHE. C2H4 (FE of 40.5%) was nevertheless the major carbon product, interestingly 

together with C3H7OH (FE of 7.1%). The bare polycrystalline copper electrode showed 

lower selectivity toward ethanol (FE of 7.2%) in the studied potential range, generating 

mainly H2 (FE of 42.8%). The superior activity was shown to be due to the presence of a 

stable colorless film, derived from reductive dimerization of the N-tolylpyridinium cation, 

as shown by 1H-NMR spectroscopy and X-ray crystallography, and deposited on the 

electrode. The activity of the electrode could be tuned by varying the substituents on the 

N-arylpyridinium compounds suggesting that the steric profile of these additives could 

play a role in the reactivity of the Cu active sites, resulting in differences in binding to 
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specific Cu sites and in film packing. In a subsequent study aiming at improving further 

the selectivity for ethylene and not ethanol via the investigation of a library of organic 

molecules, Li et al. explained the high selectivity for C2 products through the effect of the 

nitrogen atom of the N-aryl-substituted pyridine ring, which stabilized the bound 

intermediate *CO, thus favoring C-C coupling.102 This study further supports molecular 

strategies complementing heterogeneous catalysts for stabilizing intermediates and 

controlling selectivity through local molecular tuning. 

A different rationale, reminiscent of that used for bimetallics (see above), led to the 

investigation of a molecule-copper composite, FeTPP/Cu, in which an iron-porphyrin, a 

CO2 reduction catalyst selective for CO production, serves to generate a high 

concentration of CO on nearby Cu atoms.44 The copper electrode was sputtered on a 

hydrophobic porous polytetrafluoroethylene PTFE substrate and the iron porphyrin was 

spray-coated on the surface. This indeed was shown to favor not only C-C coupling but 

also ethanol vs. ethylene formation, occurring on Cu atoms. In a flow cell system using 1 

M KHCO3, this hybrid catalyst generated ethanol with a FE of 41% at −0.82 V vs. RHE 

at a current density of −124 mA/cm2.  

 



23 
 

Table 2 – Catalysts for CO2 electroreduction to ethanol in alkaline electrolyte solution with FEEtOH > 30%.  

Catalyst Electrolyte Potential  
(V vs. RHE) 

Current 
Density 
(mA/cm2) 

Other CO2RR products[a] FEmax EtOH 
(%) 

Cell type Time[b] 
((hour) 

Ref. 
 

Ag0.14/Cu0.86  1M KOH −0.67 −250 CO, CH4, C2H4, 
CH₃COOH 

41.4 Flow cell  2 34 

ZnO-CuO 1M KOH −0.69 −200 CO, C2H4, C3H7OH 41 Flow cell  10 36 

N-C/Cu 1M KOH −0.68 −300 CO, CH4, C2H4, CH₃COOH 52.3 Flow cell  16 104 

NGQ/Cu-nr 1M KOH −0.9 −282.1 C2H4, C3H7OH ≈ 45 Flow cell  100 105 

Ce(OH)x/Cu 1M KOH −0.7 −300 C2H4, CH₃COOH 42.6 Flow cell 6 106 

GB-Cu 1M KOH −1.3 −45 CO, CH4, C2H4 31.7 Flow cell  n.r. 107 

n.r. not reported, [a] remaining FE was assigned to H2, [b] Duration of the electrolysis which the maximum FE for EtOH was 
obtained. 
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Recent implementation of gas diffusion electrodes (GDEs) in gas-fed flow cells has 

enabled the use of alkaline electrolytes.108 We briefly here describe the few systems that 

have led to relatively high selectivity for ethanol. The comparison suggests that alkaline 

conditions do not specifically favor ethanol production over neutral conditions, since the 

highest reported faradaic efficiencies are roughly 40-50% (Table 2).  

Bimetallic Systems: Alkaline pH 

One clear comparison between alkaline and neutral conditions comes from the 

investigation of the Ag0.14Cu0.86 catalyst described in a previous section. This material 

was studied in both 1 M KHCO3 and 1 M KOH under similar flow conditions using a 

GDE.34 Comparable FE values for ethanol were obtained (37 vs. 41 %) at similar current 

densities. This could in part be related to the similar local environment expected for both 

conditions, where the pH is known to rise significantly with such high current density.109, 

110  

D. Ren and collaborators draw a similar conclusion from the CuZn catalyst they 

developed.36 This catalyst was prepared through electroreduction of a bimetallic oxide 

consisting of CuO nanowires coated with ZnO through atomic layer deposition. During 

electroreduction Cu atoms migrate to the surface to yield 6% surface atomic percentage 

and the boundary between the CuO and ZnO layers disappear. Only Cu and Zn/ZnO 

phases were present with no evidence for a CuZn alloy. This catalyst was studied in a 

H-cell with a KHCO3 electrolyte as well as in a flow cell, allowing CO2 gas to diffuse 

through the GDE towards the catalyst/electrolyte interface with a KOH electrolyte. 

Although the flow cell setup provided much higher current densities (−200 vs. −10 
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mA/cm2) at lower applied potentials, maximum FEs for ethanol were comparable (40% 

vs. 32%). 

 

Copper- and Nitrogen-doped Carbon-based Catalysts: Alkaline pH 

The following studies follow the rationale discussed above: that the combination of Cu 

with N-doped carbon (NC) provides selective catalysts for ethanol. Wang and 

collaborators developed a highly selective NC/Cu catalyst for ethanol.104 The NC/Cu 

catalyst was fabricated through sequential sputter deposition of Cu nanoparticles and 

NC on the surface of a PTFE membrane. The highest FE for ethanol (52%) was 

obtained at a current density of −300 mA/cm2 at −0.68 V vs. RHE. It was also found that 

the selectivity was significantly dependent on the atomic percentage of nitrogen in the 

NC layer, likely due to the different electron-donating abilities of such layers. The most 

efficient catalyst contained roughly 34% nitrogen and the highest amount of pyridinic N, 

which is the most electron-donating species as it has a lone pair of electrons in the plane 

of the carbon matrix. 

A similar approach adopted by Chen et al. combined N-doped graphene quantum dots 

(NGQs) with Cu. NGQs were obtained by N-doping of graphene oxide and were blended 

with CuO nanorods (CuO-nr) obtained through calcination of Cu(OH)2.
105 The catalyst 

precursor was deposited on PTFE and the active NGQ/Cu-nr catalyst was formed in situ 

by electroreduction of CuO. This stable catalyst enabled more selective ethanol 

production than a Cu-nr catalyst which lacked the NGQ component, (42% vs. 15%), with 

a current density of −282 mA/cm2 at −0.9 V vs. RHE. The performances of NGQ/Cu-nr 
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were not assigned to increased active surface area or higher local CO concentration but 

rather to the synergistic effect of NGQ and Cu-nr. This conclusion was based on DFT 

calculations, as discussed below.   

 

Other Examples: Alkaline pH 

Very recently, introduction of a stable metal oxide was shown to improve the selectivity 

of Cu for ethanol.106 This was based on the rationale that oxides promote water 

dissociation into hydroxide and an adsorbed *H atom.111 This is expected to favor 

ethanol formation, since H2O stimulates ethylene formation while increased *H coverage 

stimulates ethanol through hydrogenation.112, 113 In one example, Ce(OH)x was 

electrodeposited on a Cu-sputtered PTFE substrate to generate a GDE. This 

Ce(OH)x/Cu catalyst proved stable and more selective for ethanol than the undoped Cu 

material with a FE of 43% (as compared to 29%) at a current density of −300 mA/cm2 

and an increased ethanol/ethylene ratio. Cerium oxide proved superior to other oxides 

(Ga, Mn, Zr, Ti). 

Chen et al. used poly-vinylpyrrolidone (PVP) as an additive to introduce a high density of 

grain boundaries into metallic copper during electrodeposition. The GDE-deposited 

catalyst exhibited relatively high selectivity for ethanol (FE 31.7%) and a high ethanol-to-

ethylene ratio, when compared with metallic Cu deposited in the absence of PVP.107 

This result further supported the idea that the density of grain boundaries is an important 

parameter with respect to controlling the product selectivity of the CO2RR.114, 115 
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Computational studies  

While extensive DFT calculations have provided valuable insights into the C-C coupling 

step leading to C2 products, ethylene and ethanol, as well as into the possible 

intermediates, they failed to explain the bifurcation between the ethylene and the 

ethanol pathways.15 This is unfortunate since ethylene is in general the major C2 product 

during CO2 electroreduction catalyzed by Cu-based materials and a better 

understanding of how this bifurcation is controlled would help in designing more 

selective catalysts for ethanol. 

Briefly, computational studies have well established that the major mechanism for C−C 

coupling involves two adjacent adsorbed *CO molecules, therefore C1 vs. C2 selectivity 

greatly depends on the coverage of surface *CO intermediate. It is worth mentioning that 

some calculations invoke more reduced C1 intermediates, such as *CH2, leading to C2 

intermediates via *CO−*CH2 coupling.15 However, these mechanisms are less likely to 

operate as their kinetics are less favorable due to the much lower surface density of 

such C1 intermediates as compared to *CO. Accordingly, recent time-resolved 

monitoring of intermediates on Cu surface (*CO, *CHO and *OCCO) have shown that 

the hydrogenation of *CO and its dimerization are kinetically independent and that the 

former has slower kinetics so C-C coupling occurs without the participation of *CHO.116 

After the C−C coupling step, several reduction steps involving one electron, one proton 

and the loss of  one of the two oxygen atoms, generates a series of C2 intermediates, 

which have been proposed to proceed either through loss of the last oxygen atom 

towards ethylene or via hydrogenation towards ethanol. Two intermediates, either 

*C2H2O or *C2H3O shown in Figure 1, are most often proposed as the main points of 
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bifurcation between the ethylene and ethanol pathways. A recent significant 

computational work established that the C-C coupling energy decreased with increased 

CO coverage on Cu (111) surface, due to increased adsorbate-adsorbate interaction. 

But more interestingly, calculations showed that the reaction energy associated with the 

conversion of *C2H2O into *C2H3O towards ethanol also decreased as a function of *CO 

coverage more than that associated with the formation of *CCH towards ethylene.44 

These calculations pointed out for the first time the importance of high *CO coverage as 

for steering selectivity from ethylene to ethanol and validated the approaches based on 

combinations of Cu with a component selectively active for CO2 reduction to CO.   

 

Figure 1: Possible mechanistic pathways of CO2 reduction to C2H4 and C2H5OH.15  

C C

OO

HC C
OH

C CH

C2H4

H2C C
H

O O*

H2C CH

OH

4H+/e ̶−H2O

−H2O

H+/e ̶ 3H+/e ̶

H+/e ̶

H+/e ̶

2H+/e ̶

C2H5OH

CH3CHO

C2H4+
2H+/e ̶

H2O + C2H4

HC
C

H

O

O
H2C

H
C

HC CH
OH

C OO CH2

CH2 HH3C

*C2H2O

*C2H3O

*C2H4O



29 
 

 

Within the studies presented in Tables 1 and 2, most of them provided only hypotheses 

and speculations regarding the selectivity of the specific catalyst under investigation.  

Very few included parallel theoretical characterization. Furthermore, most of these 

calculations, while establishing favourable pathways towards C2 vs. C1 products, provide 

a vague explanation for the larger selectivities for ethanol. Here we briefly discuss the 

outcomes of the most relevant studies.34, 38, 104-106, 117  

The specific reactivity of oxide-derived copper materials is often assigned to the 

presence of subsurface oxygen atoms and residual copper ions.47 However, certain 

studies have shown that the stability of either species is limited under the very reducing 

reaction conditions and therefore the presence of oxides and/or Cu+ is highly dependent 

on the catalyst being used.54-57 Nonetheless, there is an agreement that 

undercoordinated sites located at grain boundaries are active catalytic sites. As 

discussed above, grain boundary-rich Cu materials generate high yields of ethanol from 

CO2 reduction.107  

On this basis, Piqué et al. modeled square four-atom Cu islands on Cu(100) facets on 

which CO reduction showed a clear preference for ethanol formation vs. ethylene 

formation, as compared to Cu(100) facets.117 In this study, the key intermediate from 

which the ethanol and ethylene pathways bifurcate is *C2H3O (Figure 1). Based on the 

analysis of the energetics of the proton-electron transfer to *C2H3O, it appears that the 

ethanol preference can be modulated by 3 factors: (i) the O* adsorption energy; or (ii) 

the adsorption energy of acetaldehyde, *C2H4O (Figure 1). Specifically, the binding of 
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*C2H4O on this model of undercoordinated sites at grain boundaries is much stronger 

than that of *O, explaining the preference for ethanol formation.   

With respect to bimetallics, the Ag0.14Cu0.86 system was studied computationally.33 In 

contrast to the previous studies, the branching intermediate in that case was *C2H2O. 

Here, DFT calculations on both Cu(111) and Ag-doped Cu(111) showed that the 

presence of Ag has a stabilizing effect almost exclusively on the next intermediate, 

*C2H3O, in the ethanol pathway, making it more energetically favorable than the 

ethylene pathway. 

Two computational studies addressed the ethanol selectivity of Cu catalysts associated 

with nitrogen doped carbon materials, N-C/Cu and NGQ/Cu-nr in Table 2. In the case of 

N-C/Cu, the catalyst was modelled as a N-C (N-doped graphene) layer above a Cu 

surface with the reaction taking place in the space between the two layers.104 Here, the 

branching intermediate is *C2H2O, Figure 1. Calculations of the reaction energies 

showed that the ethanol selectivity was facilitated only when the graphene layer was 

doped with N, while with undoped graphene layer or in the absence of graphene, 

ethylene was favored. Due to N atoms in the N-C layer, the C-O bond in *C2H2O was 

stabilized, the stabilizing effect dependent on the distance between the NG and the Cu 

planes. In the second study,105 the branching intermediate is *C2H3O. The Cu(111) 

surface was selected as the model of Cu and a layer of N-doped graphene (NG) 

covered the surface, giving the NG/Cu model, in which the reaction takes place at the 

top of the surface. While, as expected, the calculations showed a preference for 

ethylene in the case of a Cu surface without the NG layer, the ethanol pathway was 

more favorable on NG/Cu. It was specifically shown that in the case of NG/Cu, the more 
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stable *C2H3O intermediate had its O atom attached to the NG layer resulting in the 

stabilization of the C-O bond. This is caused by the uplift and the lower occupation of the 

antibonding state.118 As a consequence, the subsequent proton-electron transfer to 

generate *C2H4O, towards ethanol production, had a free energy barrier lower than that 

of ethylene formation. 

 

  



32 
 

  

 

Figure 2: Electrocatalysts exhibiting a FEmax ≥ 30% for CO2-to-Ethanol conversion: a) 

Partial current density of ethanol production (jEtOH) versus maximum FE for ethanol 

production, b) The applied potential at which FEmax is achieved maximum versus FE for 

ethanol production. Different catalyst families are highlighted with colored clouds and 

symbols: oxide-derived Cu (orange); bimetallics (purple); NC-Cu (grey). All H-cell 

conditions are represented with empty symbols, flow cell conditions with filled symbols, 

and those operated in KOH with an asterisk (*).  
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Summary and Outlook 

Among the nineteen best Cu-based catalysts for CO2 electroreduction to ethanol, fifteen 

belong to three classes: oxide-derived Cu, Cu-M bimetallics and Cu-doped carbon 

materials, with the four others having very specific characteristics which place them 

outside the aforementioned classification. Figure 2 shows an overview of the 

performance of the aforementioned catalysts for electrochemical CO2 reduction into 

ethanol with FEmax ≥ 30%. The plots have been selected to allow a direct comparison of 

the different catalysts in terms of selectivity (FEmax values) and activity (partial current 

density for ethanol, obtained by multiplying the total geometric current density by FEmax 

for ethanol) (Figure 2a), as well as in terms of the applied potential required to achieve 

FEmax (Figure 2b).  

Analysis of these data show the following trends: 

- The selectivity for ethanol increases in the order: oxide-derived Cu (FEmax 30-40%) ≈ 

bimetallics (30-45%) < Cu-doped Carbon (45-90%) (Figure 2a) 

- Regarding the most selective Cu-doped Carbon systems, the largest FEmax values 

were obtained in H-cells at very low current densities (jEtOH = −1 to −7 mA/cm2) while 

at the largest current densities in flow cells (jEtOH= −120 to −150 mA/cm2) FEmax 

values were below 52%. Furthermore, the largest FEmax values were generally 

obtained at quite negative applied potentials (−0.7 to −1.3 V vs. RHE), with the only 

exception being CuNP-Ndoped-GO (−0.25 V vs. RHE). The oxide-derived Cu 

systems catalyze ethanol formation at significantly lower applied potentials (−0.3 to 

−0.5 V vs. RHE) but unfortunately with very low current densities. The bimetallic 
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systems function at much higher  potentials (−0.7 to −1.2 V vs. RHE) however with 

larger current densities (jEtOH = −10 to −110 mA/cm2) than the oxide-derived Cu.  

-  GDEs under flow conditions in KOH generate very high current densities (jEtOH = −80 

to −160 mA/cm2). However, they do not provide significant improvement in selectivity 

for ethanol (FEmax ≈ 40-50%). For example, ZnO−CuO gave a FEEtOH of 41% in a 

flow cell in KOH, compared with 32% in a H-cell in KHCO3. Again, the best catalyst 

was NC−Cu, a member of the Cu-doped carbon family with FEmax of 52% and jEtOH of 

−160 mA/cm2. 

- Outside of the three classes, both the Ce(OH)x/Cu and Fe(TPP)/Cu catalysts, studied 

in flow conditions, compare well with the other systems studied under similar 

conditions, with high current density (jEtOH = −120 to −130 mA/cm2) and FEmax ≈ 40%. 

From the collation and analysis of reported systems for ethanol production, it can be 

seen that while the level of current density is a matter of device design and experimental 

conditions the ethanol vs. ethylene selectivity is more a matter of catalyst, with large 

differences between the classes of catalysts. 

Care must be taken in differentiating between the systems studied in H-cells and flow 

cells, and between flow cells operated in neutral or alkaline conditions. In fact, only two 

systems among the nineteen catalysts have been studied in two different conditions. 

Ag0.14Cu0.86 was studied only in a flow cell using either KHCO3 or KOH electrolyte, 

without any significant differences in terms of performances, which as mentioned could 

be due to the similarly high local pH observed in carbonate buffers under high current 

density operation. ZnO−CuO was studied either in a H-cell using KHCO3 or in a flow cell 

using KOH, leading to large differences in terms of current density but with a lower 
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applied potential required to reach FEmax in KOH – this highlights the important role that 

device design plays in overall performance, where mass transport is less limited in the 

flow cell enabling higher currents to be achieved. However, this does not play a 

significant role in selectivity towards ethanol. 

The trends we have observed in performance identify carbon-based materials doped 

with copper and heteroatoms such as nitrogen, as frontrunners. The highest selectivity 

towards ethanol production, irrespective of operating conditions, arises from this class of 

materials making them a notable target for future research. However, there is still a 

substantial amount of effort required to improve the integration of such catalysts in flow 

cells, which would allow them to selectively generate ethanol at high current densities. 

Ultimately, a combination of experimental, analytical (both in situ and ex situ), and 

computational results will provide the mechanistic insights required to systematically 

design carbon-based Cu catalysts for enhanced CO2 electroreduction to ethanol. 
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