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Abstract 16 

The deactivation of copper electrodes is a serious problem that can affect the scalability and 17 

deployment of CO2 electrolyzers. The effect is generally attributed to the cathodic deposition 18 

of Fe and Zn impurities from the electrolyte. Herein, an experimental-theoretical study 19 

shows the existence of potential- and facet-dependent pathways for CO2 reduction to CH4 20 

on Cu. The small-overpotential pathway deactivates the electrodes, while the large-21 

overpotential pathway does not. Theoretical modeling traces the origin of the deactivation 22 

to *COH and *CHO, the two *CO hydrogenation products. *COH, which reduces to *C 23 

(precursor to coke), is more stable than *CHO around the equilibrium potential, but its 24 

symmetry factor is smaller. Hence, the *COH-based coking pathway opens first until the 25 

potential is negative enough for the *CHO-based pathway to dominate. This highlights the 26 

often-neglected role of symmetry factors in electrocatalysis design and suggests that small 27 

increases in *CHO’s symmetry factor can mitigate Cu deactivation.  28 
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Introduction 33 

Copper is well known for its singular ability to catalyze the electrochemical reduction 34 

of CO2 (CO2RR) [1] toward a variety of hydrocarbons and alcohols such as methane, 35 

ethylene, ethanol and 1-propanol [2-4]. If renewable energy is used to drive the process, the 36 

much-needed carbon-neutral cycle for chemical and fuel synthesis is achievable [5]. 37 

However, the implementation of Cu-based electrolyzers for CO2RR in the industrial scale is 38 

hindered by three factors: (i) the large overpotentials required to overcome the energy 39 

barriers for product formation, (ii) the poor selectivity of the reaction on Cu, and (iii) the 40 

deactivation of the Cu electrodes during long-term operation. Thus far, considerable efforts 41 

have been directed to solving (i) and (ii). This has proven challenging [6], as the rational 42 

development of more active and selective Cu-based catalysts for the CO2RR requires a 43 

thorough theoretical and experimental understanding of the reaction mechanisms, which are 44 

influenced by local pH, mass transfer, and the interplay at the electrical double layer between 45 

solvents, electrolytes, and surface structure [7-10].  46 

Addressing (iii) is also critical, because frequent deactivation during operation is a clear 47 

obstacle to the scalability and long-term deployment of Cu electrodes for CO2RR. The highly 48 

influential work by Hori and coworkers attributed the deactivation to the deposition of Fe 49 

and Zn contaminants from the electrolyte onto the Cu cathode during CO2 electrolysis [11]. 50 

Thus, solutions to mitigate deactivation by contaminants from the electrolyte include the use 51 

of ultrapure salts for preparing the electrolytes and cation-exchange resins to scavenge for 52 

these trace metal ions [12].  53 

Interestingly, the possibility of the surface being deactivated and poisoned by reaction 54 

intermediates, so often observed in the field of gas-phase thermal catalysis [13], has been 55 

generally side-stepped. A notable exception was the study by Dewulf and Bard [14], where 56 

CO2 was suggested to reduce to graphite via formate. Equally noteworthy is that Cu surfaces 57 

that tend to deactivate are frequently CH4-selective [15]. On the other hand, oxide-derived 58 

copper catalysts, which reduce CO2 dominantly to ethylene and ethanol, do not deactivate at 59 

the same rate [16, 17]. These observations strongly suggest that, apart from deactivation by 60 

trace metal contamination, there could be mechanistic pathways that lead to the deactivation 61 

of Cu electrodes during CO2 reduction, and such pathways should operate particularly while 62 

producing CH4. 63 
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Different reaction pathways for CO2 reduction on Cu have been proposed [18] and 64 

several reaction intermediates have been identified, for example, *CO [19], *C2O2H [20], 65 

and acetaldehyde [21, 22], among others [23]. The surface morphology and the applied 66 

potential can significantly affect the product distribution of Cu [24-29] and Cu-based 67 

electrodes [30-32], and two main pathways have been proposed for CH4 formation, namely, 68 

one that proceeds through a *CHO intermediate and the other through a *COH intermediate. 69 

Further hydrogenation of these two intermediates leads to CH4 formation. We highlight some 70 

of these possible routes: (a) *CHO → *CH2O → *OCH3 → CH4, (b) *CHO → *CHOH → 71 

*CH → *CH2 → *CH3 → CH4, (c) *COH → *CHOH → *CH2OH → *CH2 → *CH3 → 72 

CH4, and (d) *COH → *C → *CH → *CH2 → *CH3 → CH4 [33-38]. Interestingly, route 73 

(d) can lead to the formation of coke due to the early C-O bond scission of *COH to form 74 

*C. 75 

In this work, we show that two pathways exist during CO2RR to CH4 on Cu at different 76 

potentials. The small overpotential pathway deactivates the electrodes, whereas the large 77 

overpotential pathway does not. Experiments on Cu(111) and Cu(100) reveal that the onset 78 

potentials of the two pathways are facet-dependent. A model with input from experiments 79 

and theory is devised to analyze the two competing pathways. Based on the symmetry factors 80 

[39] and the kinetic barrier heights of *CO hydrogenation to *COH and *CHO, we trace the 81 

origin of the deactivation back to the formation of *COH, which then forms *C and 82 

deactivates the electrodes via coking. The different symmetry factors for *COH and *CHO 83 

production eventually make the latter more favorable at larger overpotentials, thereby 84 

avoiding coking. Consequently, the deactivation of Cu electrodes can be alleviated, while 85 

observing high activities for CH4 formation by applying negative enough potentials.  86 

Our results illustrate that the deactivation of Cu catalysts may not be solely due to their 87 

contamination by trace metals, as commonly believed, but may also be a consequence of a 88 

parasitic *COH-based coking pathway. To be able to produce CH4 at low overpotentials, it 89 

is advisable to stabilize *CHO with respect to *COH and/or increase its symmetry factor.  90 

  91 
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Methods 92 

Electropolished polycrystalline copper 93 

Each polycrystalline copper disc (Goodfellow, 99.99%, 0.385 cm2) was polished 94 

successively with SiC paper (Grit 1200, Struers), 15- and 3- μm diamond slurries (Diapro, 95 

Struers). The disc was then electropolished at 259.7 mA cm-2 for 60 s in phosphoric acid 96 

(85% w/w in H2O, Sigma Aldrich), with a platinum wire as the counter electrode. After that, 97 

the electrode was thoroughly rinsed with deionized water (18.2 MΩ·cm ultrapure water) and 98 

used immediately for CO2RR. 99 

Copper single crystals 100 

The surface of each copper single crystal was gently polished with a 0.25 μm diamond 101 

slurry (Diapro, Struers). Next, it was electropolished at 2 A cm-2 for 1 s (Autolab 102 

PGSTAT100) in a solution consisting of 130 mL H3PO4 (85% w/w in H2O, Sigma-Aldrich), 103 

20 mL H2SO4 (96%, VWR) and 60 mL deionized water. After electropolishing, the single-104 

crystal electrode was rinsed with deionized water and 0.1 mM HClO4 (70%, Sigma Aldrich). 105 

The final acid rinsing step aids the restoration of the single-crystal surface after exposure to 106 

oxygen from environment [40, 41]. 107 

Electrochemical reduction of CO2 108 

The polished Cu discs were used as catalysts for CO2RR. Aqueous 0.1 M KHCO3 109 

(99.995%, Meryer) was used as electrolyte. A three-electrode configuration was used. The 110 

reference electrode was Ag/AgCl (saturated KCl; Pine) and the counter electrode was 111 

graphite. An anion exchange membrane (AMV, AGC Asahi Glass) was used to separate the 112 

cathodic and anodic compartments. The gaseous products were analyzed by online gas 113 

chromatography (GC) (Agilent, 7890A), while the liquid products were analyzed by 114 

headspace-GC (Agilent, 7890B and 7697A) and high-performance liquid chromatography 115 

(Agilent, HPLC-1260 Infinity Series). During each electrolysis period of 120 min, twelve 116 

aliquots of gas samples were automatically analyzed by GC at intervals of 612 s. To ensure 117 

that the reported data correspond to a system under equilibrium conditions (totally purged 118 

of residual atmospheric gases), only data from the 3rd GC measurement and onwards were 119 
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used in the data analysis. Details of our chromatography systems have been described in our 120 

previous work [42]. 121 

A potentiostat (Gamry reference 600) was used for controlling CO2 electrolysis. The iR 122 

drop was compensated using the current interrupt mode. Unless stated otherwise, the 123 

potentials in this work are referenced to the RHE scale using Equation 1. 124 

/ 0.197 0.059RHE Ag AgClU U pH= + +                            (1) 125 

Inductively coupled plasma-optical emission spectroscopy (ICP-OES, Perkin-Elmer 126 

Avio 500) was used to verify the presence of metal impurities in the electrolyte 127 

(0.1 M KHCO3). The detection limit of ICP-OES is about 0.003 ppm, with a quantification 128 

limit of 0.01 ppm.  129 

Characterization of catalysts 130 

X-ray photoelectron spectroscopy (XPS) (Thermo ESCALab 250i-XL, Al Kα radiation) 131 

was used to analyze the surface composition of the Cu electrodes. Calibrations of the binding 132 

energies were based on the adventitious C1s peak at 285.0 eV. 133 

Cyclic voltammetry (CV) was used to characterize the surface structure of the Cu single 134 

crystals. The electrolyte used was 0.1 M KOH (99.99%, Meryer) purged with N2. The scan 135 

rate of the CV was 50 mV s-1. 136 

Raman spectroscopy was employed to analyze the Cu surfaces. A Raman microscope 137 

(Horiba Jobin Yvon) equipped with a He-Ne laser (CVI Melles Griot) of 633 nm wavelength 138 

was used. The focusing and collecting of the incident and scattered laser light were carried 139 

out using an air objective (Olympus MPlan N, 50, numerical aperture of 0.75). The 140 

backscattered light was filtered by a 633 nm edge filter before being directed into a 141 

spectrograph (iHR 320)/ charge-coupled device detector (Synapse CCD). The acquisition 142 

time for each spectrum was 60 s. 143 

Computational details 144 

The DFT calculations were performed using VASP [43], the PBE exchange-correlation 145 

functional [44], and the PAW method [45]. We used a plane-wave cutoff of 450 eV and the 146 

conjugate gradient algorithm for the geometry optimizations. The maximum force allowed 147 

for such optimizations was 0.05 eV Å-1. To smear the Fermi level, the Methfessel-Paxton 148 
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method [46] was used with an electronic temperature of 0.2 eV and all energies were 149 

extrapolated to 0 K. We used periodic slabs with at least 15 Å of vacuum, and dipole 150 

corrections were applied. We simulated slabs with 4 layers, with the bottommost two fixed 151 

at the optimized bulk distances for PBE, and the uppermost two and the adsorbates fully 152 

relaxed (see Figure S1 in the Supporting Information, SI). Details on the assessment of 153 

adsorption free energies for *CO, *CHO and *COH are provided in Section S1 of the SI. 154 

The solvation contributions to the adsorption energies were taken from previous works [37], 155 

see further details in section S1.2 in the SI. 156 

The symmetry factor (𝛽𝑖), used for single-electron transfer steps in an electrochemical 157 

reaction, is defined as the fraction of the electrostatic potential energy affecting the reaction 158 

rate [39]. For *CO hydrogenation, 𝛽𝑖 is the fractional electron charge transferred to the 159 

transition state (TSi, where i = *COH, *CHO):  160 

* *i iCO e TS −+ →                        (2) 161 

In this order of ideas, the potential-dependent Gibbs energy required to reach the 162 

transition state as ( #

iCO TSG → ) is given by a constant value calculated at 0 V vs RHE 163 

(
iTS COG G − ) and a correction (

i eU  , where e is the elementary charge of an electron) 164 

that accounts for the contribution to the Gibbs energy of the applied potential (U): 165 

#

i iCO TS TS CO iG G G eU→ =  − +                       (3) 166 

Mechanistically, *CO and i = *CHO, *COH differ by one proton-electron pair, so that 167 

the reaction free energies for * *CO H e i+ −+ + →  are 
CO i i COG G G eU→ =  − +  in the 168 

RHE scale.  169 

Results 170 

Experimental CO2RR on polycrystalline and single-crystal Cu surfaces 171 

The chronoamperometric behavior of the CO2RR in aqueous 0.1 M KHCO3 electrolyte 172 

over a two-hour period for polycrystalline Cu (denoted as Cupoly), Cu(111) and Cu(100) 173 

electrodes at -0.90, -1.05 and -1.20 V vs RHE is presented in Figure 1 (see also Figures S2-174 

S3 and Tables S4-S12 in Section S2 of the SI). These three potentials were chosen to 175 
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exemplify important catalytic scenarios: significant deactivation, little, and unnoticeable 176 

deactivation. Time-dependent production of gaseous products, including CH4, C2H4, CO and 177 

H2, were measured during the CO2RR.  178 

The production of CH4 is closely linked to catalyst deactivation due to coke formation 179 

[16, 47]. Hence, in this work, we use the geometric partial current density of CH4 (jCH4) to 180 

assess the activity of the catalyst: a decrease in jCH4 corresponds to catalytic deactivation. 181 

Note, though, that the trends in jCH4 are similar to those in jCO2RR (Figure S2). Catalyst 182 

deactivation is assessed via the percentage change in the jCH4 from the 3rd and 12th GC 183 

measurements taken during CO2RR. The results presented are an average of three sets of 184 

measurements. 185 

For Cupoly at -0.90 V vs RHE, CO2 reduces to CH4 with activities from -0.01 186 

to -0.03 mA cm-2 (Figure 1a; Tables S4-S6). The small jCH4 is consistent with previous 187 

CO2RR works on polycrystalline Cu in the same electrolyte [4]. Nonetheless, despite the 188 

low formation of CH4, catalyst deactivation was observed. At -1.05 V vs RHE, more CH4 189 

was produced, in line with the application of a larger overpotential to drive the CO2RR. We 190 

observed clear and significant deactivation of CH4 production over the two-hour electrolysis 191 

period: specifically, jCH4 decreased by 66% from -2.3 to -0.8 mA cm-2. Interestingly at an 192 

even more negative potential of -1.20 V vs RHE, deactivation was not observed for CH4, as 193 

shown by its nearly constant production at about -11.1 mA cm-2. However, hydrogen 194 

production decreased from -9.9 to -2.4 mA cm-2 over the reaction timeframe (Figure S3c; 195 

Table S6). This indicates that CO2RR becomes more facile than hydrogen evolution at this 196 

potential during electrolysis. Such a result is distinctive of this work, as previous works 197 

showed that H2 production tends to increase during prolonged reduction reaction, due to 198 

contamination by the deposition of unwanted trace metals such as Zn and Fe on the working 199 

electrode [11, 12]. Our results at -1.20 V vs RHE indirectly rule out the presence of this 200 

effect. 201 
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202 

Figure 1. Methane production, as measured by jCH4 (mA cm-2), during two-hour CO2 electrolysis on (a) Cupoly, 203 

(b) Cu(100), and (c) Cu(111) electrodes at -0.90, -1.05 and -1.20 V vs RHE. 204 

 205 

CO2RR was performed on Cu(100) and Cu(111) to determine if the deactivation 206 

phenomenon observed on Cupoly is facet-dependent (Figure 1b-c). At -0.90 V vs. RHE, 207 

deactivation was observed on Cu(100), where jCH4 decreased by 67% 208 

from -0.037 to -0.012 mA cm-2 (Figure 1b, Tables S7-S9). However, at -1.05 V vs RHE, the 209 

same facet showed a smaller deactivation (jCH4 decreased by 57% from -3.0 to -1.3 mA cm-210 

2). It is striking that though the activity for CH4 increased due to the larger applied 211 

overpotential, its degree of deactivation did not worsen as compared to CH4 production 212 

at -0.90 V vs RHE. This suggests that an alternative, non-deactivating pathway for CH4 213 

production could have begun to occur at this potential. Finally, at -1.20 V vs RHE, CH4 214 

production was maintained at about -10 mA cm-2, which was similar to that observed on 215 

Cupoly.  216 

For Cu(111) (Figure 1c, and Tables S10-S12), minimal formation of CH4 and hence 217 

negligible deactivation was observed at -0.90 V vs RHE. At -1.05 V vs RHE, more CH4 218 

production was observed, but with significant deactivation over time: jCH4 decreased by 89% 219 

from -0.92 to -0.10 mA cm-2. At -1.20 V vs RHE, the deactivation was reduced as indicated 220 

by only a 62% change in jCH4 from -11.3 to -4.4 mA cm-2. This observation corresponds to 221 

the phenomenon observed on Cu(100) at -1.05 V vs RHE and shows that the onset of an 222 

alternative and more stable pathway for CH4 evolution occurs on Cu(111) 223 

at -1.20 V vs RHE. 224 

Assessing the state of the catalysts after CO2RR 225 
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The activity of a working catalyst can be altered due to the presence of impurities on its 226 

surface or by surface restructuring [11, 48]. Previous reports indicate that Fe and Zn 227 

impurities from the electrolyte salts can electrodeposit and deactivate the Cu electrode 228 

during CO2RR [11]. Herein, our analysis of the electrolyte using ICP-OES did not reveal the 229 

presence of metal contaminants. XPS was also used to detect metal impurities on a 230 

representative Cupoly surface after it was used for CO2RR at -0.90, -1.05 and -1.20 V vs RHE. 231 

The binding energy regions used for qualitative analyses of Zn, Ni and Fe are at 1010-1050 232 

(Zn2p), 840-880 (Ni2p) and 40-70 (Fe3p) eV, respectively. No signals were observed in these 233 

regions (Figure 2a-c), which suggests that no metal impurities were deposited on the Cupoly 234 

surface during electrolysis.  235 

 236 

 237 

Figure 2. Surface characterization of Cupoly, Cu(100) and Cu(111) before and after CO2RR. (a) XPS survey 238 
spectrum and high-resolution XPS scan spectra over (b) Zn2p and (c) Fe3p of Cupoly before and after CO2RR at 239 
-0.90, -1.05 and -1.20 V vs RHE. The regions for common metal impurities in the electrolyte are labelled in 240 
the survey spectra. The data shows that no metal impurities were present on the catalyst surface before and 241 
after CO2RR. (d) and (e): Representative cyclic voltammograms of Cu(100) and Cu(111) before and after 242 
CO2RR reduction at -1.20 V vs RHE. Green curve: before reduction. Blue curve: after reduction 243 
at -1.20 V vs RHE. The peaks in the purple shaded region are due to OH- adsorption/desorption, while the 244 
peaks in the yellow shaded region are from the redox of Cu2O. No additional peaks were observed, confirming 245 
the absence of metal impurities during CO2RR. (f) QCu(100) and QCu(111) obtained for Cu(100) and Cu(111) before 246 
and after reduction at -0.90, -1.05 and -1.20 V vs RHE.  247 
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We are aware that the surface crystallography of the Cu single crystal could change 248 

during CO2RR. Cyclic voltammetry (CV) was then employed to monitor the surface of the 249 

catalyst (Figure 2d, e). The similar voltammogram profiles of Cu single crystals before and 250 

after they were used for CO2RR indicate that their surface orientation was largely unchanged 251 

during the electrolysis. This finding is also supported by the work of Soriaga and coworkers 252 

[49], who showed that both Cu(100) and Cu(111) are stable for at least 4 h when held at -0.9 253 

V vs SHE in 0.1 M KOH. 254 

OH- adsorption/desorption peaks were observed between -0.3 to 0 V vs RHE for Cu(100) 255 

and between 0 to 0.2 V vs RHE for Cu(111). Peaks from 0.30 to 0.45 V vs RHE belong to 256 

copper oxidation/reduction [41, 50]. No other peaks were observed, which further indicate 257 

that there were no metal contaminants deposited on the catalyst surfaces after CO2RR. The 258 

areas under the CV oxidation peaks for the monolayer formation of Cu2O were integrated, 259 

according to the method by Fletcher [51]. The charge densities (Q) are indicative of the 260 

exposed surface areas of the electrodes (see Section S3 in the SI). The QCu(100) and QCu(111), 261 

of our pristine Cu(100) and Cu(111) surfaces were respectively 244.2 and 285.6 μC cm-2 262 

(see Figure 2f). These results agree well with those previously calculated [52], namely 245 263 

and 283 μC cm-2 for Cu(100) and Cu(111), respectively.  264 

After the Cu(100) and Cu(111) electrodes were used for CO2RR, we found that the 265 

charge densities of the copper oxidation peaks decreased (Figure 2f). This observation allows 266 

us to rule out the possibility that the change in CH4 signals was due to roughening of the 267 

catalyst surface during CO2RR, as it would lead to an increase in QCu(100) and QCu(111). 268 

Instead, we believe that the catalyst surfaces suffered from various degrees of coking during 269 

reduction at various potentials, which decreased their exposed surface areas. This is 270 

highlighted by the good match of the increase in charge densities on Cu(100) and Cu(111) 271 

with the observed onset potentials (-1.05 and -1.20 V vs RHE, respectively) for the 272 

alternative non-coking pathway. For example, an increase in the charge density for Cu(100) 273 

at -1.05 V vs RHE is observed when compared to that at -0.90 V vs RHE. This could be 274 

ascribed to decreased coke formation resulting from the opening of a non-coking pathway 275 

for CH4 production at -1.05 V vs RHE. A similar effect was observed for Cu(111), which 276 

occurred only at -1.20 V vs RHE. We further note that the charge densities of Cu(100) and 277 

Cu(111) after they were used for CO2RR at -1.2 V vs RHE were still lower than those of the 278 

pristine surfaces. This suggests that the deactivating pathway could operate alongside the 279 

non-deactivating pathway, even at high overpotentials.  280 
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Carbon species formed during CO2RR could deactivate the Cu catalyst. Thus, we used 281 

Raman spectroscopy to characterize the surfaces of the Cupoly electrodes after they were used 282 

for CO2 electrolysis at -1.05 and -1.20 V vs RHE (Section S4 in the SI). We did not observe 283 

any peaks related to carbide (expected for Cu-*C at 530 cm-1) [53], and/or amorphous 284 

carbon (peaks at 1350 and 1590 cm-1) [54] after 2 h of electrolysis. However, after 4 h of 285 

electrolysis, we detected peaks at around 1340 and 1590 cm-1, which are distinctive of the 286 

presence of amorphous carbon. Their signal intensities were also notably higher after 287 

electrolysis at -1.05 V vs RHE as compared to -1.20 V vs RHE. Based on these results, we 288 

propose that during the first 2 h of electrolysis, discrete *C adsorbates could have been 289 

formed on Cu, but their weak Cu-*C peaks could not be detected by Raman spectroscopy. 290 

After 4 h of CO2RR, more *C moieties are likely to be formed, and these could have 291 

aggregated to form amorphous carbon, which has stronger Raman scattering. It is notable 292 

that the larger amount of amorphous carbon observed on Cupoly after electrolysis at -1.05 V, 293 

as compared to -1.20 V vs RHE, is in excellent agreement with its faster deactivation at the 294 

smaller applied overpotential (Figure 1a). The observation of amorphous carbon after 295 

prolonged electrolysis is consistent with previous studies [15, 55], where *C/ amorphous 296 

carbon was identified as the species that causes catalytic deactivation on Cu surface during 297 

CO2RR. 298 

To recap, the characterization of the catalysts before and after CO2RR in Figure 2 299 

indicates that the deactivation of Cu electrodes observed in Figure 1 did not result from 300 

changes in surface crystallography or the presence of metal contaminants on the catalyst 301 

surface. Instead, deactivation may be a consequence of coking by the generation of reaction 302 

intermediates during CO2 electrolysis. The deactivation of the Cu surfaces during CO2RR is 303 

also potential- and facet-dependent: the onset potential for constant CH4 production is less 304 

negative on Cu(100) (-1.05 V vs RHE) compared to Cu(111) (-1.20 V vs RHE). Since 305 

changes in surface structure and poisoning by trace metals can be ruled out as the causes of 306 

this phenomenon, the evidence hints toward mechanistic formation of *C/amorphous carbon 307 

as a byproduct during the catalytic cycles of CO2RR. Given that the deactivation is potential-308 

dependent, we postulate that there is a “coking” pathway dominating at low applied 309 

overpotential. In contrast, at high applied overpotential, there appears to be a non-coking 310 

pathway, where *C (common cause for coking) is not formed during CH4 production. In the 311 

next section we will combine computational and experimental data to rationalize the 312 

experimental observations in Figures 1 and 2. 313 
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Theoretical analysis of the CO2RR 314 

Herein, by combining DFT-calculated and experimental data, we will argue that CH4 315 

evolution on Cu likely proceeds via two different pathways as the potential is varied. The 316 

two pathways diverge from *CO hydrogenation, as *COH or *CHO can be formed. At less 317 

negative potentials, CH4 production proceeds through a mechanism that deactivates the 318 

electrode. At more negative potentials, an additional mechanism for CH4 evolution, that does 319 

not poison the electrode, is opened. Importantly, the analysis proceeds by reconsidering the 320 

usual experimental approximation that the symmetry factors of electrochemical steps () are 321 

identical and equal to ½ [39]. 322 

On the basis of computational analyses, several reaction mechanisms for CO2RR to CH4 323 

on Cu have been proposed [7, 8, 33-35, 37, 38]. While these mechanisms differ in several 324 

aspects, they show that hydrogenation of adsorbed CO (denoted *CO) is the potential-325 

limiting step. There are two possible products of *CO hydrogenation, namely *CHO and 326 

*COH. A CO2RR pathway to CH4 proceeding via *COH will eventually form *C and/or 327 

*CH, both of which might polymerize to coke the electrode. We suggest that *C, rather than 328 

*CH, is the coking species, as the formation of acetylene is not typically reported on Cu 329 

during CO2RR [4, 8, 9]. On the other hand, a CO2RR pathway via *CHO will likely form 330 

*CHOH [8, 36], which avoids the formation of *C. These reaction pathways are shown in 331 

Figure 3. Note that the steps along the reaction network are electrochemical, as the barriers 332 

of chemical steps for C-O bond scissions are considerably larger than the corresponding 333 

electrochemical barriers (see a detailed comparison in Table S1) [36, 56, 57]. 334 
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 335 

Figure 3. Schematics of the reaction pathways for the CO2RR on Cu electrodes. Each state is separated by a 336 

single proton-electron transfer. The bifurcation between the non-coking (right, via *CHO) and coking (left, via 337 

*COH, then *C) pathways occurs during *CO hydrogenation.  338 

 339 

In Figure 4, we show the adsorption energies of *CO, *CHO, and *COH on Cu(111) 340 

and Cu(100) with respect to *CO, protons and electrons at 0 V vs RHE. The transition states 341 

to electroreduce *CO to *COH (TSCOH, black) and *CHO (TSCHO, red) are also shown in 342 

Figure 4 for the lower-bound case in which the kinetic barriers coincide with the uphill 343 

energy differences. However, knowledge of the exact location of the transition states is not 344 

required in the following analysis. We will only assume that the thermodynamic differences 345 

at 0 V vs RHE of the transition states are in line with those of the final states:346 

CHO COHTS TS CHO COHG G G G −   − , and this is justified by the Brønsted-Evans-Polanyi 347 

(BEP) relations [56, 58], see section S1.2 in SI for detailed analysis. According to Figure 4, 348 

the thermodynamic differences for the formation of *COH and *CHO are 0.16 and 0.21 eV 349 

on Cu(100) and Cu(111), respectively. The assumption also seems reasonable considering 350 
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that earlier reports on Cu(111) showed differences of 0.25-0.27 eV in the kinetic barriers of 351 

*CHO vs *COH at 0 V vs RHE [36, 59].  352 

Based on Equation 3, the potential-dependent difference of Gibbs energies between the 353 

transition states of two competing pathways, namely those via *CHO and *COH, is given 354 

by Equation 4. 355 

( )# #

CHO COH CHO COHTS TS TS TS CHO COHG G G G eU  −   − + −               (4) 356 

We emphasize that the left-hand side of Equation 4 (i.e. # #

CHO COHTS TSG G − ) is potential-357 

dependent because the kinetics may change as a function of the applied potential. 358 

Conversely, the first difference at the right-hand side (i.e. 
CHO COHTS TSG G − ) is independent 359 

of the applied potential and corresponds to the thermodynamic states at 0 V vs RHE, so that 360 

the potential dependence is incorporated by the last term (i.e. ( )CHO COH eU − ). 361 

 362 

Figure 4. Gibbs energy diagrams for the hydrogenation of *CO on (a) Cu(100) and (b) Cu(111) at 0 V vs RHE. 363 

The formation of *COH (black) and *CHO (red) is shown for both facets. The values in parentheses correspond 364 

to the energies of formation calculated with respect to *CO, protons and electrons. For convenience and without 365 

any impact on the analysis, the transition states are set to the lower-bound case in which they are equal to the 366 

final states (see the text for details). Dashed lines are merely a guide to the eye to connect initial, transition and 367 

final states. 368 

 369 

According to Figure 4, at 0 V vs RHE the *COH-based pathway dominates, but a shift 370 

happens when there is a sign change in Equation 4. In other words, the pathways will shift 371 

at the potential for which the difference in the energies of the transition state is zero 372 
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(
# # 0

CHO COHTS TSG G − = ). Given that 0CHO COHG G −  , in Figure 4, a pathway shift can 373 

only happen if 
CHO COH   and the potential is negative. It is important to emphasize that, 374 

based on Equation 4, if the symmetry factors of competing elementary reactions are assumed 375 

equal, there is no pathway shift at different applied potentials. However, if 
CHO COH  , it 376 

is possible to calculate the difference in symmetry factors as:  377 

( )CHO COH CHO COHG G eU −   − −                    (5) 378 

Given that deactivation starts declining on Cu(100) at -1.05 V vs RHE and on Cu(111) 379 

at -1.20 V vs RHE in Figure 1, we conclude from Equation 5 that380 

( )
@ (100)

0.15CHO COH Cu
 −   and ( )

@ (111)
0.18CHO COH Cu

 −  . We note that Equation 5 381 

predicts the difference of the symmetry factors for two competing intermediates. To know 382 

one of the individual symmetry factors, it is necessary to know or assume the other one.  For 383 

instance, assuming 0.5COH = , Equation 5 predicts 0.65CHO =  for Cu(100) and 0.68 for 384 

Cu(111). Alternatively, assuming 0.5CHO = , we obtain, using Equation 5, 0.35COH =  for 385 

Cu(100) and 0.32 for Cu(111). 386 

These symmetry factors ( 0.5COH =  for both facets, 0.65CHO =  for Cu(100) and 0.68 387 

for Cu(111)) can be used to modify Figure 4 (made at 0 V vs RHE) so as to observe pathway 388 

shifts at -1.05 and -1.20 V vs RHE for Cu(100) and Cu(111), respectively. The resulting 389 

Gibbs energy diagrams are presented in Figure 5 at the applied potential required to shift the 390 

mechanisms from *COH-based (coking pathway) to *CHO-based (non-coking pathway). 391 

Altogether, Figures 4 and 5 show that thermodynamics makes the CO2RR pathway proceed 392 

initially via *COH. However, because of the smaller symmetry factors of *COH, kinetics 393 

incline the pathway toward *CHO as the potential is increasingly negative. 394 

The quality of the predictions made with Equation 5 depends on the accuracy of the 395 

calculated adsorption energies in solution, which comprise adsorbate-solvent interactions. 396 

While different methods consistently predict low or null solvation stabilization for *CO in 397 

H2O, significant differences (~0.2 eV) are observed for *COH because hydrogen bonding is 398 

generally not captured by implicit solvation methods[37, 60, 61]. We evaluated the impact 399 

of solvation in Equation 5 (shown in section S1.2) and concluded that it is advisable to 400 

account for solvent-adsorbate effects by explicitly including H2O in the calculations. 401 
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 402 

Figure 5. Gibbs energy diagrams for the hydrogenation of *CO to *COH (black) and *CHO (red) at the 403 

potentials for which the non-coking pathway becomes kinetically more favorable than the coking pathway. (a) 404 

Cu(100) at -1.05 V vs RHE. (b): Cu(111) at -1.20 V vs RHE. The symmetry factors, which affect the kinetic 405 

barriers in accordance with Equation 3, are COH = 0.5 for both Cu(111) and Cu(100), and CHO = 0.68 for 406 

Cu(111) and CHO = 0.65 for Cu(100), see the text. Note that the differences between *CHO and *COH (0.16 407 

eV on Cu(100) and 0.21 eV on Cu(111)) are potential-independent for a given facet, see also Figure 4. Dashed 408 

lines are merely a guide to the eye to connect initial, transition and final states. 409 

 410 

Discussion 411 

The interplay between the DFT calculations and experiments provides a new perspective 412 

for electrode deactivation due to CH4 production. Previous studies concluded that *CHO 413 

would form favorably at 0 V vs RHE on Cu(100), Cu(111) and Cu(211), and this would lead 414 

to the formation of CH4 after its further hydrogenation [33, 62, 63]. Our calculations have 415 

shown otherwise. We found that at low applied overpotentials, *COH is the preferred CO2RR 416 

intermediate up to -1.05 V vs RHE on Cu(100), and up to -1.20 V vs RHE on Cu(111). 417 

Further hydrogenation of *COH leads to *C, which can coke and ultimately deactivate the 418 

catalysts. The kinetic barriers for *CO hydrogenation to *CHO decrease faster than those of 419 

*COH because of the dissimilar symmetry factors, such that there is a potential for which 420 

*CHO formation becomes kinetically more favorable. This agrees with our experimental 421 

observations, as deactivation for CH4 production was found for all Cu surfaces at low applied 422 

overpotentials (Figure 1).  423 

The coking of the catalyst surface as a result of CH4 production from CO2RR is 424 

identified as the main reason for catalyst deactivation at low overpotentials. This result sheds 425 
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light on why some Cu catalysts seem to deactivate faster than others during CO2RR. Fast-426 

deactivating catalysts tend to be CH4-selective [29, 64, 65]. In contrast, both chloride-427 

derived and oxide-derived copper catalysts, which tend to reduce CO2 and CO to C2 428 

molecules rather than CH4, are observed to be stable for several hours, since the formation 429 

of C2 products does not involve *C as an intermediate [9, 15, 16, 65].  430 

We can also use Equation 5 to anticipate the effects of modifying Cu electrodes. In 431 

essence, if one seeks to minimize the overpotential without deactivating the electrode, *CHO 432 

should be made thermodynamically more stable than *COH and the difference in their 433 

symmetry factors brought closer to unity ( 1CHO COH −  ). In fact, mild changes in the 434 

symmetry factors can lead to a substantial overpotential decrease. For instance, maintaining 435 

thermodynamics untouched on Cu(111) (i.e. 0.21 eVCHO COHG G − = ) and modestly 436 

increasing the difference in symmetry factors ( CHO COH − ) from 0.18 to 0.25, lower the 437 

potential for the pathway shift from -1.2 to nearly -0.8 V vs RHE, according to Equation 5. 438 

This would represent a substantial energy saving, as the overpotential would decrease by 439 

~0.4 V. Note in passing that by using a DFT-based microkinetic model, Liu et al. [66] also 440 

concluded that stabilization of the transition state for *CO hydrogenation to *CHO enhances 441 

the formation rate of CH4. 442 

A simple means of increasing *CHO’s symmetry factor is offered by the BEP relations, 443 

which establish a proportionality between the thermodynamics and kinetics of chemical and 444 

electrochemical reactions [56, 58]. In this context, stabilizing *CHO thermodynamically will 445 

also likely stabilize the transition state from *CO to *CHO, see section S1.2. In doing so, 446 

the symmetry factor for the reaction might increase, particularly if the products and the 447 

transition state resemble each other, electronically speaking. Since the electronic and 448 

geometric structures of metals are usually well correlated [67, 68], a late transition state (one 449 

that geometrically resembles the products) might have a symmetry factor close to 1 [58].  In 450 

this order of ideas, symmetry factors might be modified by changing surface metal-metal 451 

distances via strain and/or alloying. 452 

Before closing the discussion, it is worth mentioning that Nie et al. [35] proposed a 453 

simple method to account for the different symmetry factors of electrochemical steps based 454 

on the surface dipole moments at the initial and transition states, and the thickness of the 455 

double layer. Using that approach, on Cu(111) at -1.20 V vs RHE, it is found that COH = 456 

0.45, CHO = 0.51, and the activation energies for *CO hydrogenation to *CHO and *COH 457 
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are 0.36 and 0.19 eV. We agree with Nie et al. that the *COH pathway is thermodynamically 458 

and kinetically more favorable than that of *CHO at 0 V vs RHE, and that CHO > COH. 459 

However, their approach predicts the pathway shift to occur at approximately -1.9 V vs RHE, 460 

while our experiments show it to occur at -1.2 V vs RHE. 461 

Conclusions 462 

We have provided here electrochemical, XPS and ICP measurements complemented 463 

with DFT calculations on the structure- and potential-dependent reduction of CO2 to CH4. 464 

After ruling out contamination from metal impurities or changes in surface structures as the 465 

source of catalytic deactivation, we conclude that CO2RR to CH4 on Cu electrodes proceeds 466 

via two different, potential-dependent pathways. The first pathway to open, as the applied 467 

potential is made more negative than the equilibrium potential, reduces CO2 to CH4 via 468 

*COH. This pathway may ultimately lead to the coking and deactivation of Cu electrodes. 469 

The second pathway proceeds via *CHO and dominates only at potentials more negative 470 

than -1 V vs RHE. 471 

DFT calculations show that *COH is more stable than *CHO at 0 V vs RHE. However, 472 

a model combining DFT-calculated and experimental data reveals that a pathway shift takes 473 

place as the potential is progressively more negative because the facet-dependent symmetry 474 

factors for *CHO formation are larger than that for *COH.  475 

Our results also hint toward the important conclusion that the long-term, stable 476 

production of CH4 may be reached if the reaction occurs via the non-coking pathway. On 477 

surfaces with Cu(111) or Cu(100) facets, this can be assured by applying suitably large 478 

overpotentials. To prevent deactivation and evolve CH4 at minimal overpotentials, it is 479 

advisable to thermodynamically and/or kinetically stabilize *CHO and increase, even 480 

modestly, the symmetry factor leading to its formation.  481 
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