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Abstract 12 

The discovery of oxide-derived copper catalysts for CO2 electroreduction is an 13 

outstanding advance in the field of electrocatalysis. Their low overpotentials and 14 

improved selectivity towards C2 products make them unique. However, the structure of 15 

the active sites responsible for these improvements remains unclear. Herein, by means 16 

of a computational model including thermodynamic, kinetic, solvent and cation effects, 17 

we outline the atomic structure of the active sites responsible for ethanol evolution in 18 

OD-Cu catalysts. We also point out the specific features that determine selectivity and 19 

pinpoint the design criteria that should be fulfilled to enhance the catalysts’ selectivity 20 

toward ethanol. Specifically, we propose that square, four-atom Cu islands are the 21 

active sites of OD-Cu for CORR to ethanol, as they display favorable *CO dimerization 22 

and ethanol selectivity by virtue of their square, undercoordinated structure. 23 
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Introduction 35 

In recent years, the electroreduction of CO2 (CO2RR) to high-value fuels for energy 36 

storage and environmental mitigation has received great attention and experienced 37 

pronounced advances.1-4 Whereas numerous electrocatalysts are able to reduce CO2 to 38 

CO, further reduction of CO (CORR) is needed to produce “electrofuels”. Pioneering 39 

studies by Hori and coworkers showed that Cu is the most active metal towards CO2RR 40 

and CORR to valuable commodities and fuels such as methane, ethylene, acetaldehyde, 41 

ethanol, and other minor products.5-7 In spite of the great insight and important 42 

advances, some issues still hinder a large-scale implementation of CO2 electrolyzers, 43 

namely large overpotentials and copper’s low selectivity and faradaic efficiency.  44 

Among the strategies devised to address those challenges, we highlight the redox 45 

treatments of metal electrodes.3,8,9 In particular, oxide-derived Cu (OD-Cu) catalysts 46 

display relatively low overpotentials (< 0.4 V) and enhanced selectivity towards C2 47 

products, with ethanol appearing in substantial quantities,10,11 compared to regular Cu 48 

catalysts. In spite of the significant enhancement and clear synthesis routes, the 49 

structure of the active sites at OD-Cu remains elusive. Some authors have proposed that 50 

such sites are located at grain boundaries.11,12 According to them, engineering the grain 51 

boundaries by altering the oxide reduction method or modifying the synthesis procedure 52 

could yield catalysts with higher selectivity and activity towards multi-carbon products. 53 

Moreover, by using different kinds of OD-Cu catalysts, they show that high CORR 54 

activity on OD-Cu is concomitant to surface sites that bind CO more strongly than low-55 

index and stepped Cu facets.12 56 

Other authors have proposed that the presence of subsurface oxygen (Osb) is the 57 

reason behind the noteworthy catalytic properties of OD-Cu.13-15 Their works suggest 58 

that Osb increases the CO binding energy to Cu surfaces. They argue that larger CO 59 

surface coverage results in more frequent C-C coupling, hence promoting the formation 60 

of C2 products. However, recent computational and experimental works on the matter 61 

concluded that the stability of Osb in OD-Cu catalysts is insufficient for it to stay at the 62 

subsurface under reaction conditions. It was also claimed that if Osb were indeed 63 

present, it would have a negligible effect on CORR.16-18 Instead, the results support the 64 

idea that the activity and selectivity improvements of OD-Cu versus metallic Cu are due 65 

to undercoordinated sites at rough surfaces, i.e. grain boundaries. 66 

Since an atomic-scale understanding of OD-Cu catalysts remains elusive, we 67 

aim in this work at providing insights into the structure of their ethanol-producing sites. 68 
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Specifically, we propose that the active sites are square-symmetry four-atom islands 69 

sitting on neighboring fourfold hollow sites of Cu(100) facets (hereon denoted 70 

4AD@Cu(100), where AD stands for Cu adatoms). This is justified by the following 71 

observations: (I) it has been shown experimentally and computationally that square sites 72 

promote C-C coupling.19,20 (II) Cu(100) features square sites and is selective to 73 

ethylene,20,21 whereas OD-Cu catalysts have enhanced ethanol selectivity.11 (III) The 74 

active sites on OD-Cu bind CO more strongly than terraces and typical step-edge sites 75 

and their number grows alongside the amount of grain boundaries.12 (IV) Acetaldehyde 76 

reduction to ethanol is enhanced at undercoordinated sites,22 and acetaldehyde is an 77 

intermediate of CO reduction to ethanol on Cu catalysts.21,23 (V) Experiments suggest 78 

that ethanol and ethylene are produced on different active sites on OD-Cu.24  79 

For completeness, we supplemented the study with a non-square island 80 

(4AD@Cu(111)) and two common flat terraces (Cu(111) and Cu(100)). Our 81 

calculations indicate that 4AD@Cu(100) fulfills all the requirements set in I-V, as apart 82 

from being square and undercoordinated, it binds CO more strongly than terraces and 83 

step-edge sites and, more importantly, is selective to ethanol. 84 

 85 

Computational Details 86 

The density functional theory (DFT) simulations were performed using the Vienna ab 87 

initio simulation package (VASP)25 with the Perdew-Burke-Ernzerhof (PBE) exchange-88 

correlation functional,26 known to be among the best functionals for the description of 89 

transition metal systems.27 In addition, we used the projector augmented-wave method28 90 

to describe the effect of the inner cores on the valence electron density. The Cu(100) 91 

surfaces and the 4AD@Cu(100) model site were represented by a (4242)R45 92 

supercell slab including 32 atoms per layer, while for Cu(111) and 4AD@Cu(111) (a 93 

four-atom island sitting on four neighboring fcc sites on Cu(111)) a p(44) supercell 94 

including 16 atoms per layer was used. Cu(211) was modeled as 31 supercell. These 95 

large supercells avoid lateral interactions between atom islands, adsorbates, and cations. 96 

All slab models were composed of four metal layers and modeled with the converged 97 

PBE lattice constant of Cu, namely 3.64 Å. The topmost two layers, the Cu islands and 98 

the adsorbates were relaxed in all directions, while the bottommost two layers were 99 

fixed at the bulk equilibrium distances to provide an adequate bulk environment to the 100 

surface region. On average, around ten different initial geometries for each adsorbate on 101 
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each active site were optimized, including monodentate, bidentate, and tridentate 102 

structures, when possible. A plane-wave cutoff of 450 eV was used and the Fermi level 103 

was smeared following the Methfessel-Paxton approach29 with kBT = 0.2 eV to 104 

facilitate convergence, always extrapolating the total energies to 0 K. The conjugate-105 

gradient optimization scheme was used to search for the minimum-energy structures 106 

with iterations carried out until the maximal force on any atom was below 0.05 eV·Å-1. 107 

Monkhorst-Pack meshes of 221 for Cu(100) and 4AD@Cu(100) were used to carry 108 

out the numerical integration in the reciprocal space, while for Cu(111) and 109 

4AD@Cu(111) we used 331 meshes, which ensured convergence of adsorption 110 

energies within 0.05 eV. For Cu(211) a 451 mesh was used. The distance between 111 

repeated images in the vertical direction was larger than 13 Å and dipole corrections 112 

were applied. Isolated molecules were calculated in boxes of 9 Å × 10 Å × 11 Å using 113 

Gaussian smearing with kBT = 0.001 eV, with further extrapolation to 0 K and 114 

considering the  point only. Transition-state geometries were found using the 115 

climbing-image nudged elastic band method,30 ensuring that only one imaginary 116 

frequency along the reaction coordinate was obtained at the saddle point. The potential-117 

dependent barriers were approximated as described in section S8. 118 

The reaction free energies were approximated as ∆𝐺 ≈ ∆𝐸𝐷𝐹𝑇 + ∆𝑍𝑃𝐸 − 𝑇∆𝑆 +119 

∆𝐸𝑠𝑜𝑙𝑣𝑎𝑡𝑖𝑜𝑛, where ∆𝐸𝐷𝐹𝑇 is the DFT-calculated reaction energy, ∆𝑍𝑃𝐸 is the zero-point 120 

energy change between reactants and products, 𝑇∆𝑆 is the corresponding entropy 121 

change at 298.15 K, and ∆𝐸𝑠𝑜𝑙𝑣𝑎𝑡𝑖𝑜𝑛 is a solvation correction to the free energy. ZPE 122 

and TSvib values were obtained from vibrational frequency calculations within the 123 

harmonic approximation. ∆𝑆 includes only the vibrational entropy for adsorbates and all 124 

contributions for free molecules. TS values of the free molecules were extracted from 125 

thermodynamic tables.31 Solvation contributions to the free energies (∆𝐸𝑠𝑜𝑙𝑣𝑎𝑡𝑖𝑜𝑛) were 126 

modelled as an external correction depending on the chemical nature of the adsorbates. 127 

Specific values calculated in previous works are given in Table S3 in the Supporting 128 

Information (SI).21,32 For a brief summary on the assessment and use of such ad hoc 129 

solvation corrections, we refer the reader to ref. 33.  130 

Considering previous reports on OD-Cu,13,14,15 we performed a number of 131 

calculations including subsurface oxygen on 4AD@Cu(100) and 4AD@Cu(111). Most 132 

optimizations resulted in distorted slabs and/or the oxygen atom at the surface.  133 
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The computational hydrogen electrode was used to model proton-electron 134 

pairs.34 Cation effects were modelled by explicit inclusion of a K atom on top of the 135 

slabs. Its most stable position was found by evaluating different possible sites around 136 

the adsorbate, see section S6. Although we calculated CO coupling barriers, we did not 137 

compute proton−electron transfer barriers, since, as noted recently by Rossmeisl et al.,35 138 

there is “not (yet) a method to obtain electrochemical barriers between realistic states at 139 

constant electrochemical conditions”. Furthermore, we stress that Brønsted-Evans-140 

Polanyi (BEP) relations exist for reactions where C, H, and O-containing species are 141 

involved.36,37 Thus, we assume that kinetics and thermodynamics are well correlated for 142 

the reaction steps considered in this work. 143 

Further computational details appear in the SI (Sections S1 to S3), and all the 144 

adsorption energies and corrections are reported in Section S4. Electrochemical stability 145 

considerations for 4AD@Cu(111) and 4AD@Cu(100) are provided in section S5. The 146 

coordinates of all the optimized systems appear in Section S9 and the corresponding 147 

images appear in Figures S1-S4. 148 

 149 

Results and Discussion 150 

We computed the thermodynamics of each proton-electron transfer of the CORR to C2 151 

products for the four different slab models described in the Computational Details 152 

section and shown in Figure 1a. Cu(100) was selected in view of the known ability of 153 

its square sites to catalyze C-C coupling.3,19,21,38-41 4AD@Cu(100) features favorable C-154 

C coupling energetics in view of its square symmetry, and presumably enhanced ethanol 155 

selectivity by virtue of its undercoordination.20,22 Thermodynamically, Cu(111) is the 156 

most stable facet of Cu and is probably abundant in polycrystalline Cu and OD-Cu. We 157 

note, however, that Cu(111) is not ostensibly active for the production of C2 158 

species,3,20,38 and its selectivity is inclined towards methane. 4AD@Cu(111) is included 159 

to show that hexagonal-symmetry defects increase Cu(111)’s activity for C2 production 160 

but are less active for C-C coupling than square facets. The analysis in section S5 161 

suggests that 4AD@Cu(100) and 4AD@Cu(111) are stable under CORR conditions. 162 

We modeled the reaction pathway in Figure 1b,21,39 which is known to comply with 163 

several key experimental observations.3,40 However, we note that some other pathways 164 

have been proposed in the literature,42-45 and we analyze some of them in section S7. 165 

We conclude that, at this level of theory, the pathway in Figure 1b is 166 

thermodynamically more favorable. 167 
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 168 

Figure 1. a) Schematics of the four different surface models used in this work. Cu(100), 4AD@Cu(100), 169 

Cu(111), and 4AD@Cu(111) surfaces are provided in red, green, orange, and blue, respectively. Island 170 

atoms are shown in darker colors. b) Reaction pathway for CORR to C2 species. We depicted Cu, C, O, 171 

and H atoms as grey, brown, red, and pink spheres, respectively. Figures S1-S4 contain the optimized, 172 

minimum-energy geometries for each intermediate on each active site. 173 

 174 

Previous studies have shown that alkaline cations affect the product selectivity 175 

of the CORR.40,46,47 Thus, we included solvent and cation effects in our calculations to 176 

obtain a more realistic picture of the active sites. In the following, only the most stable 177 

situation for each adsorbate is considered, either solvated, with cations, or both in some 178 

specific cases (see Table S3 and section S5). Figure 2 shows the results in two separate 179 

free-energy diagrams: panel (a) contains the data for Cu(100) and 4AD@Cu(100), and 180 

panel (b) contains the data for Cu(111) and 4AD@Cu(111). 181 

In these diagrams, the advance of the reaction can be followed for each of the 182 

four surface models and each one is depicted with a specific color. As also seen in 183 

Figure 1b, the reaction pathway bifurcates at the sixth proton-electron transfer, where 184 

one path leads to ethylene and the other to ethanol. This branching is represented in the 185 

diagrams by introducing a lighter version of each color that indicates the respective 186 

ethanol pathway. Similarly, the formula of each intermediate is depicted on the upper 187 
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part of Figure 2, where black corresponds to ethylene-pathway intermediates and grey 188 

to ethanol-pathway intermediates. 189 

 190 

 191 

Figure 2. Free-energy diagrams including solvent and cation effects for all intermediates of the reactions 192 

on all four surfaces studied at 0 V vs RHE. a) Cu(100) (red) and 4AD@Cu(100) (green). b) Cu(111) 193 

(orange) and 4AD@Cu(111) (blue). The same colors in a lighter tone are used to represent the ethanol 194 

pathway, which drifts from that of ethylene upon the sixth proton-electron transfer. EtOH: ethanol. 195 
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Within the thermodynamic approach used here, the potential-limiting step (PLS) 196 

is the step with the largest positive free energy. In all four model active sites the PLS is 197 

the first proton-electron transfer. Indeed, this C-C coupling step is experimentally 198 

known to be critical in the C2 pathway.41,48 Concretely, 0.50, 0.52, 1.14, and 0.66 eV are 199 

the free energies of the PLS for the Cu(100), 4AD@Cu(100), Cu(111), and 200 

4AD@Cu(111) surface models, respectively. The considerably larger value for Cu(111) 201 

is consistent with previous experiments and calculations, which showed that this facet is 202 

probably one of Cu’s least active facets toward C2 products, and usually favors CH4 203 

evolution.19,20,49 Comparing the 4AD@Cu(111) model with Cu(111), we observe that 204 

undercoordination helps in lowering the free energy of the PLS by appreciably 205 

stabilizing *C2O2H, i.e. the hydrogenated *CO dimer. However, the least endothermic 206 

energies correspond to the square-symmetry slabs Cu(100) and 4AD@Cu(100), which 207 

display similar values, indicating that the presence of square sites is a more important 208 

factor for *CO dimerization than surface coordination. 209 

 Figure 3 dissects the energetics of the first electrochemical step in Figure 2 210 

(2CO(g) + * + H+ + e- → *C2O2H), including a *CO dimer configuration proposed 211 

previously.50 The kinetic barriers for the formation of the dimer (*C2O2) were calculated 212 

and found to be essentially equal to the thermodynamic energy difference between 2 213 

*CO and *C2O2, implying a late transition state. These values are provided in the inset 214 

of Figure 3. Kinetic barriers at 0 V vs RHE of 1.52 and 1.22 eV for Cu(111) and 215 

4AD@Cu(111), confirm that C-C coupling is not favored on hexagonal symmetry 216 

surfaces. Lower values of 0.81 and 0.91 eV are calculated for Cu(100) and 217 

4AD@Cu(100) at that potential. Note in passing that in the formation of *C2O2H, the 218 

proton-electron transfer is known to be decoupled,7,21,38,41 such that the electron is 219 

transferred first, and the proton transfer follows. This explains an important 220 

experimental observation of CO reduction: on Cu(100), CH4 formation depends on the 221 

pH in the SHE scale while C2H4 formation does not.7,41,51  222 

Moreover, this decoupled transfer implies that the activation barrier for *CO 223 

dimerization is potential-dependent and pH-independent in the SHE scale.21 Through 224 

Bader analysis52 we determined that, at the transition state, ~0.9 e- have been transferred 225 

to the activated complex. Following the method described in section S8, at a potential of 226 

-0.4 V vs RHE, where C2 species are typically reported to start evolving from Cu 227 

electrodes,3,41,53 the dimer formation barriers are 0.45 and 0.55 eV for Cu(100) and 228 

4AD@Cu(100). At such potential, the barriers for Cu(111) and 4AD@Cu(111) are 1.16 229 
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and 0.86 eV. Typically, surmountable barriers at room temperature are below 0.75 eV.53  230 

All this suggests that regarding CO-CO coupling, 4AD@Cu(100) does not feature an 231 

improvement with respect Cu(100). However, CO dimerization is favored at square 232 

symmetry sites (Cu(100) and 4AD@Cu(100)) with respect to hexagonal sites (Cu(111) 233 

and 4AD@Cu(111)) and the barriers are surmountable under experimental conditions. 234 

 235 

 236 

Figure 3. Free-energy diagram at 0 V vs RHE for CO dimerization at the four types of active sites under 237 

study. Color code as in Figure 1, see top left corner. Inset: *CO dimerization barriers at 0 V vs RHE for 238 

each active site. Note that the formation of *C2O2 takes place through a decoupled electron-then-proton 239 

transfer. 240 

 241 

While CO dimerization energetics is paramount for C1 vs C2 selectivity, it does 242 

not influence the selectivity among C2 products. The sixth proton-electron transfer is 243 

key in this context, as it is the step where the ethanol and ethylene pathways bifurcate. 244 

As shown in Figure 2, both hexagonal surfaces (Cu(111) and 4AD@Cu(111)) have a 245 

clear preference for ethanol formation, since after the sixth proton-electron transfer 246 

acetaldehyde is the thermodynamically more stable intermediate. However, as 247 

mentioned before, unfavorable CO dimerization prevents these surfaces from producing 248 

significant amounts of multi-carbon products, which can be mitigated by opening 249 

alternative pathways upon e.g. alloying Cu with Ag.54,55 Conversely, Cu(100) features 250 
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favorable energetics for C-C coupling and is inclined toward ethylene formation. This 251 

leaves 4AD@Cu(100) as the only model active site able to couple two *CO at 252 

reasonably negative potentials and exhibiting a clear preference for ethanol evolution. 253 

A closer look at the free-energy diagram of 4AD@Cu(100) in Figure 2a, reveals 254 

that the ethylene pathway requires an energy input of 0.61 eV at the sixth proton-255 

electron transfer. This value is slightly larger than the energy needed for producing 256 

*C2O2H from 2*CO, indicating that for those specific sites the ethylene and the ethanol 257 

pathway have different PLSs and ethylene formation likely requires a more negative 258 

onset potential than ethanol evolution. This is yet another reason to postulate this atomic 259 

configuration as a plausible atomic configuration for the ethanol-producing active sites 260 

at OD-Cu catalysts, although the main reason is explained in detail below.  261 

 Analyzing the energetics of the sixth proton-electron transfer, we observed that 262 

the ethanol vs ethylene selectivity is essentially modulated by the interplay of three 263 

factors: the adsorption energy of acetaldehyde, the stability of acetaldehyde in solution, 264 

and the *O adsorption energy. Note in passing that the adsorption energy of *CH2CHO 265 

is not a determining factor, since it is the reference for the formation of both *O + 266 

C2H4(g) and CH3CHO. In Figure 4, a closer look at the dependence of the 267 

aforementioned three factors with the surface coordination number is displayed. The 268 

step edge of Cu(211) slabs, with a coordination number of 7, is also featured in the plot 269 

for completeness and we emphasize that essentially any site with such coordination 270 

number might have been added. Adsorbed acetaldehyde values are shown in green, and 271 

*O + C2H4(g) data in blue. The stability of liquid acetaldehyde is independent of the 272 

surface structure and is shown as a dotted black line at a free energy of zero, since all 273 

the data in the figure are referenced to it.  274 

If adsorbed or liquid acetaldehyde are more stable than *O + C2H4(g), the ethanol 275 

pathway is thermodynamically preferred; otherwise, ethylene evolution would be 276 

preferred. Liquid acetaldehyde is usually more stable than its adsorbed counterpart at 277 

high coordination sites, as is the case of Cu(100) and Cu(111) surfaces, with 278 

coordination numbers 8 and 9, respectively. However, undercoordinated sites bind 279 

acetaldehyde strong enough to prevent its desorption once formed, inclining the 280 

selectivity towards ethanol production. Hence, active sites that tend to bind 281 

acetaldehyde strongly, i.e. sites with coordination number 7 or lower, are good 282 

candidates for enhancing ethanol selectivity.  283 
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Furthermore, ethanol evolution will be favored when the active sites bind *O 284 

weakly. It is known that less coordinated sites at metals generally bind adsorbates more 285 

strongly than the more coordinated ones (e.g. Figure S5 for 2*CO),56-59 but this is not 286 

forcedly the case for all metals and adsorbates. In the case of *O at Cu, as seen in 287 

Figure 4, there is no clear correlation between adsorption energies and coordination 288 

numbers. Conversely, the correlation is evident for acetaldehyde, which exhibits a good 289 

correlation coefficient. Thus, we conclude that weak *O adsorption enhances ethanol 290 

evolution, but it is difficult to predict what atomic structure is needed to fulfill this 291 

requisite. According to Figure 4, 4AD@Cu(100) sites bind *O more weakly than 292 

Cu(100), indicating that the square, four-atom islands incline the selectivity towards 293 

ethanol. In fact, *CH3CHO is more stable than *O + C2H4 by 0.46 eV (see Table S3). 294 

Note in passing that this type of comparisons (i.e. G2 vs G1) is habitually used in 295 

computational electrocatalysis to predict/rationalize the selectivity of reactions.60,61 In 296 

line with Lum et al. conclusions,24 Figure 4 suggests that in OD-Cu catalysts in which a 297 

multiplicity of sites coexist, 4AD@Cu(100) is primarily responsible for producing 298 

ethanol, whereas other sites such as (100) terraces mainly produce ethylene.  299 

 300 

 301 

Figure 4. Free energies of adsorption of CH3CHO (green) and *O + C2H4(g) (blue) versus the 302 

coordination number of the active sites at different surface models. The linear regression for each set of 303 

values is provided together with the corresponding Pearson regression coefficient (r). The linear equations 304 

are y = -0.76 + 0.11x and y = 0.03 + 0.02x for the green and blue lines, respectively.  All energies are 305 

referenced to liquid acetaldehyde (black dashed line). 306 

 307 
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Conclusions 308 

Oxide-derived Cu catalysts are remarkably active for CORR to C2 species. In spite of 309 

the extensive research devoted to exploit and enhance their electrocatalytic activity and 310 

selectivity, the atomic-scale nature of their active sites has not been fully identified yet. 311 

On the basis of a computational model including thermodynamic and kinetic data, 312 

solvent and cation effects, here we proposed square, four-atom islands (4AD@Cu(100)) 313 

as the active sites of OD-Cu for CORR to ethanol. These sites feature favorable *CO 314 

dimerization energetics by virtue of their square shape, and ethanol selectivity granted 315 

by their undercoordination. We ruled out active sites with hexagonal symmetry, either 316 

with large or low surface coordination numbers.  317 

Finally, we pointed out that the relative thermodynamic stability of adsorbed and 318 

liquid acetaldehyde with respect to *O determines the CORR selectivity of the active 319 

sites towards ethylene or ethanol. Since we found no apparent correlation between *O 320 

adsorption and coordination numbers on Cu, sites with enhanced selectivity need to be 321 

engineered with great caution and using more advanced structural descriptors. We hope 322 

this all provides insightful guidelines for the design of CO and CO2 reduction active 323 

sites with enhanced ethanol selectivity. 324 

 325 
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