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Abstract

Establishing how Cu facilitates the electrochemical CO2 reduction reaction (CO2RR)

to products with more than one carbon atom, C2+, remains a critical challenge towards

achieving economic viability of the process. Under typical reaction conditions, both the

bulk pH and local pH are alkaline, with the pH near the electrode being considerably

more alkaline due to poor transport of hydroxide anions. Challenges with probing alka-

line pathways using computational methods has limited understanding of the CO2RR
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under experimentally relevant conditions. In this work, we demonstrate that predicted

activation barriers can substantially differ between the acidic and alkaline pathway,

using the Volmer reaction on Cu (100) as a test case. We compute reaction energetics

for alkaline ∗CO protonation and find that while the formation of ∗CHO is preferred

thermodynamically, formation of ∗COH is more favorable kinetically at high overpo-

tential. We find, however, that the formation of ∗CHO by the reaction of adsorbed ∗H

and ∗CO is feasible at room temperature. We report potential dependent energetics

for forming the first C-C bond in CO2 reduction, and find that this process is likely

driven by CO dimerization. Finally, we investigate how inclusion of long-range van

der Waals interactions impacts the predicted results by comparing to the meta-GGA

B97M–rV.

Consumption of fossil fuels and the corresponding release of CO2 has lead to an imbalance

in the global carbon cycle, resulting in significant changes to the global climate.1 This concern

has stimulated interest in the electrochemical CO2 reduction reaction (CO2RR) as a means

to transform CO2 into useful fuels and feedstock chemicals. Since the CO2RR is unfavorable

both thermodynamically and kinetically, a source of energy and an appropriate catalyst

are required.2 To date, Cu is the only known electrocatalyst that leads to the formation of

economically attractive products with more than one carbon (C2+), with all other known

catalysts producing only H2(g) and single carbon (C1) products.3 The detailed mechanisms

for the synthesis of C2+ products on Cu are therefore of great interest, in particular the

structures and energetics of intermediate species that dictate the selectivity and activity of

the catalyst.

While experimental approaches to studying electrocatalysis have advanced considerably

in the past decade, probing intermediate species in-operando remains a challenge.4 Computa-

tional approaches to modeling the electrochemical interface have emerged to fill this void and

provide a reasonable pathway to identifying critical intermediate species and mechanisms for

a variety of reaction chemistries.5 Investigating the alkaline pathway of the CO2RR, in which

water is the proton source and produces hydroxide ions, has known challenges for computa-
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tional studies, particularly those relying on an explicit electrolyte representation.6–8 Nearly

all computational studies of the CO2RR to date have therefore investigated the acidic path-

way, where the proton source is hydronium cations.9–16 However, recent experiments suggest

that even in the case of the bulk electrolyte pH being highly acidic, the pH near the interface

is alkaline at operating conditions due to hydroxide anion transport limitations.17–19 Further-

more, most experiments are conducted with neutral to alkaline bulk pH, resulting in an even

higher local pH near the interface and limiting the availability of hydronium cations at an

active site.18–27 Considering the importance of the electrolyte pH on electrocatalysis28–34

and the likely absence of hydronium cations near the interface in-operando, in this work we

investigate the alkaline pathway for the formation of C2+ products during the CO2RR.

To demonstrate the importance of considering the alkaline pathway when investigating

electrocatalytic mechanisms, we computed reaction energies and activation barriers for the

Volmer reaction on Cu (100), with both water and hydronium cations as the proton source.

The alkaline and acidic Volmer reactions are given in Equations 1 and 2 respectively,

∗+ H2O + e− → ∗H + OH− (1)

(H+ + e−) + ∗ → ∗H . (2)

We utilized an implicit electrolyte (VASPsol) with constant potential methodology35–39 (see

supplementary information (SI) Notes 1 and 2), and two water molecules to assist in solvation

of the hydronium cations or hydroxide. We find this to reasonably reproduce experimental

solvation energies (see SI Note 3). Additionally, the correction of Chan and coworkers7,31,40,41

which leverages the computational hydrogen electrode (CHE)42 and corrects for the incom-

plete solvation and partial hybridization43 of the hydronium cations near the surface, was

adapted to correct for hydroxide near the surface. In the case of the acidic pathway, this

correction affects both the reaction energy and activation barrier, as the initial state is the

state adjusted. In the case of the alkaline pathway, only the reaction energy is affected,
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while the (forward) barrier is not, since the final state is adjusted. Further details of this

correction can be found in SI Note 4. The computed energetics are shown in Figure 1(A).

Figure 1: (A) Calculated reaction energies and activation barriers for the Volmer reaction
on Cu (100). Red points represent the alkaline pathway, while purple represents the acidic
pathway. While no difference is found for the reaction energy, the activation barrier in
the alkaline pathway is about 0.7 eV higher, with a similar transfer coefficient. Transition
states were identified using a sequence of constrained bond–length geometry optimizations
to overcome convergence problems with the dimer method. Where possible, results were
benchmarked to the dimer method,44 with a charge neutral climbing image nudged elastic
band45,46 providing the initial guess. See SI Note 1 for further details. (B) Relative rates of
the alkaline and acidic pathways for a generic coupled proton electron transfer as a function
of the barrier difference and the local pH.

Due to the aforementioned correction to the initial state of the acidic pathway and to the

final state of the alkaline pathway (SI Note 4), we correctly find the reaction energy does not

depend on the pathway chosen. However, we find a substantial difference in the computed

activation barriers when comparing the alkaline and acidic pathways of the Volmer reaction

on Cu (100). Our result mirrors a theoretical study of hydrogen evolution on Pt (111)

by Chan and coworkers31 and is supported experimentally by Markovic and coworkers,30
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who found substantially later onset of hydrogen evolution in alkaline conditions. This later

onset can be easily ascribed to insufficient concentration of hydronium cations to support

the acidic pathway in alkaline conditions. Instead, activity is driven largely by the alkaline

pathway; the substantially higher activation barrier found for this pathway therefore leads

to a later onset. While we do not attempt to fully reproduce all activation barriers along the

HER pathway in acidic and alkaline media as was done by Chan and coworkers, our results

highlight the need to consider the alkaline pathway for CPET reactions when the bulk pH is

neutral to alkaline as is typically the case in the CO2RR. Indeed, several experimental and

theoretical investigations have identified a substantial increase in the electrolyte pH near the

surface relative to bulk due to limiting transport of hydroxide anions,18–27 further inhibiting

the acidic pathway. The effect of the decreased local hydronium cations concentration on

the reaction energetics can be approximated by assuming an Eyring-like expression for the

rate-limiting CPET step:

rH3O+ =
kBT

h
cH3O+ exp

[
−

∆Ga,H3O+

kBT

]
(3)

rH2O =
kBT

h
cH2O exp

[
−∆Ga,H2O

kBT

]
. (4)

Here, ri refers to the rate of either the acidic or alkaline pathway, kB the Boltzmann constant,

T the temperature, h Planck’s constant, ci the activity of either hydronium cations or water,

and ∆Ga the activation barrier of the acidic or alkaline pathway (as computed in panel A of

Figure 1). We can approximate the activity of hydronium cations as the local concentration

of hydronium cations, i.e. cH3O+ = 10−pH, and take the activity of water to be 55.5M. The

orders of magnitude difference in activity lends itself to a significant effective barrier. By

dividing these two rate equations, we can see that the relative rate of the alkaline and acidic

pathways depend on the relative concentration of water and hydronium cations,

rH2O

rH3O+

=

(
cH2O

cH3O+

)
exp

[
−

∆Ga,H2O −∆Ga,H3O+

kBT

]
(5)
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The result of this calculation is plotted in panel B Figure 1. We estimate a significant contri-

bution from the alkaline pathway at high local pH though the alkaline barrier is significantly

higher. Based on our analysis and our calculations below, we suggest that the alkaline path-

way is at least competitive with, and sometimes faster than, the acidic pathway, despite the

higher forward activation barrier.

For reaction chemistries such as the HER, where current is largely driven by coupled

proton electron transfers (the Tafel reaction is thought to be negligible at reasonably high

overpotentials41), the existence of a linear scaling between the acidic and alkaline activation

barriers would result in activity trends for the acidic pathway that match trends for the

alkaline pathway. Such a scaling would allow for theoretical investigations to rely only

on the simpler to compute acidic pathway, with the results being directly extendable to

the alkaline pathway. However, to our knowledge, no such scaling has been demonstrated.

Furthermore, for reaction chemistries such as the CO2RR, where activity is driven by a

combination of CPET steps (e.g., protonation of adsorbed CO) and chemical steps (e.g., C-

C bond formation), the existence of such a scaling would not allow for reliance on the acidic

pathway for CPET steps. Given the likelihood of poor availability of hydronium cations at

the cathode surface even when the bulk pH is acidic, substantial differences in computed

activation barriers between the alkaline and acidic pathway, and the competition between

CPET and chemical steps in the CO2RR, we suggest that the alkaline pathway is more likely

to be physically relevant in the CO2RR.

Bearing in mind that the alkaline pathway is more physically relevant, we computed

the reaction energy and activation barriers associated with CO protonation on Cu (100)

with water as the proton source. We use the same approach as with the Volmer reaction,

i.e. a constant potential approach with implicit electrolyte38,39 in addition to three explicit

waters in the initial state, and two water molecules and a hydroxide in the final state. As

before, transition states were identified using a sequence of contrained bond–length geometry

optimizations benchmarked to the dimer method,44 with further details being provided in SI
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Note 1. We again correct the final state for incomplete solvation of the hydroxide and partial

hybridization with the surface. The computed reaction energetics are shown in Figure 2.

Figure 2: Constant potential reaction energetics of alkaline CO protonation on Cu (100) at
pH = 7. Circles illustrate the potential dependent overall reaction energy, while triangles
show the potential dependent activation barriers.

Competition between the formation of ∗CHO and ∗COH in the CO2RR has been in-

vestigated in numerous previous studies, with consideration given to both thermodynam-

ics9,34,40,47–49 and kinetics.11–13,16 For thermodynamics, where the distinction between alka-

line and acidic pathway vanishes, the formation of ∗CHO is favored over formation of ∗COH

by a significant margin on Cu (100) and Cu (111). Activation barriers, when computed (via

the acidic pathway), have previously found the ∗COH pathway to be favored.11–13,16 A recent
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study50 investigated trends in the electrochemical barrier among ∗C, ∗N, and ∗O adsorbates,

and found that protonation of carbon to be hardest, and protonation of oxygen to be easiest,

in support of the ∗COH pathway being favored kinetically. Notably, most of these activation

barriers were calculated considering only the acidic pathway, which we have demonstrated is

likely not as physically relevant for the CO2RR. In support of previous investigations that

considered the acidic pathway, our investigation into the alkaline pathway indicates that

while the formation of ∗CHO is favored thermodynamically, formation of ∗COH has a lower

activation barrier under highly reducing conditions, while ∗CHO formation is favored at low

overpotential.

We also investigated the possibility of isomerization between ∗CHO and ∗COH, discussed

in SI Note 6. While none of the pathways we investigated resulted in an activation barrier

much lower than 1.5 eV (i.e., higher than the calculated barriers to direct formation of ∗CHO

at negative bias), it is difficult to prove the non-existence of a feasible reaction coordinate.

As we discuss in further detail below, an alternative possibility is the formation of ∗CHO

via thermochemical hydrogenation with ∗H, which we find to have a barrier of about 0.75

eV. Our results suggest, but do not rigorously prove, that isomerization between ∗CHO and

∗COH would not happen at an significant rate at room temperature.

We now turn our attention to the formation of the first carbon-carbon (C-C) bond in

the CO2RR on Cu (100). We consider four separate pathways to this critical step in the

CO2RR, written in Eqs 1-4,

∗CO + ∗CO→ ∗OCCO (6)

∗CO + ∗C→ ∗CCO (7)

∗CO + ∗CHO→ ∗OCCHO (8)

∗CO + ∗COH→ ∗OCCOH . (9)

Given the high energetic barriers towards formation of ∗CHO, ∗COH, and by proxy ∗C
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(since it is formed via the ∗COH pathway), we hypothesize that the surface coverage of these

intermediates will be significantly lower than the coverage of ∗CO and so we neglect pathways

that do not include ∗CO as a reactant. In the case of C-C bond formation, activation barriers

were computed using the machine learning nudged elastic band (ML-NEB)51 transition state

search methodology. Potential control was achieved using the previously published mapping

of constant charge to constant potential simulations, described in brief in SI Note 5 and

in more detail in Ref. 36. As before, solvation was handled using implicit solvation as

implemented in VASPsol.38,39 The results of these calculations are illustrated in Figure 3.

Figure 3: Constant potential reaction energetics for forming the first C-C bond in CO2RR
on Cu (100) at pH = 7. Computed potential dependent activation barriers are shown in
panel (A), while reaction energies are shown in panel (B). Panel (C) shows the steady state
∗CHO coverage, θCHO, needed for the rate of formation of ∗OCCHO to equal the rate of
formation of ∗OCCO as a function of potential and steady state CO coverage, θCO.

Interestingly, although CO dimerization (Eq. 6) has the highest reaction energy at all

potentials, the barrier is the lowest at high overpotentials, and competitive with ∗CO+∗CHO

coupling (Eq. 8) at low overpotentials, in qualitative agreement with a recent study by
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Hirunsit and coworkers.52 In fact, the data presented in Figure 3 suggest that the Brønsted-

Evans-Polyani (BEP) scaling would have a negative slope for these reactions, in contrast to

most cases. The results illustrated in panels (a) and (b) of Figure 3 highlight an important

consideration when using thermodynamic data for mechanistic discovery. BEP scaling is a

very powerful tool that has led to fundamental insights and improvements in catalyst design,

and results from electronic coupling of the adsorbate with the metal.53,54 For a given reaction,

e.g. H2 dissociation, the correlation between the reaction energy and activation barrier will

hold very well across transition metal surfaces, a result of the metal d-band being well

characterized as just a rectangular density with filling defined by its center relative to the

Fermi level. However, greater care must be taken when rather than varying the metal with

a fixed chemistry, the chemistry is varied with a fixed metal as is the case in Figure 3.

Varying the chemistry with a fixed metal can lead to a predictive BEP scaling with positive

slope55–57 when the chemistries being studied (in particular, the orbital interaction with

metal) is similar across adsorbates, but it can also fail as we see here. With this in mind,

care must be taken when relying solely on thermodynamic information to drive mechanistic

discovery.

We note that, as has been discussed in previously,36,37,58–61 the activation barriers pre-

sented in Figure 3 are dependent on the applied bias due to a change in the field-dipole

interaction across the reaction coordinate. Furthermore, while microkinetic analysis has led

to powerful insights for a variety of processes, it can be limited when applied to complicated

and relatively flat potential energy surfaces such as in the CO2RR, as has been noted by

Chan and coworkers.32 For example, Ref. 62 illustrates that, given error estimates provided

by the BEEF-vdW exchange correlation functional ensemble, predictions of CO2 hydro-

genation selectivity vary between 0.2 and 0.8 at high temperature, limiting the usefulness

of microkinetic analysis. For this reason, we deliberately chose not to perform microkinetic

analysis on our model system.

Our results suggest that at high overpotentials, i.e. strongly reducing conditions, CO
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dimerization (Eq. 6) is the dominant pathway to the formation of C-C bonds on Cu

(100). At lower overpotentials, there is competition between CO dimerization and cou-

pling of ∗CO+∗CHO (Eq. 8). Figure 3 (c) shows the steady state coverage of ∗CHO, θCHO,

needed for the rate of Eq. 6 to be equal to the rate of Eq. 8 as a function of applied bias

and the steady state ∗CO coverage, θCO. As seen in the figure, the coupling of ∗CO+∗CHO

is unlikely to be competitive with CO dimerization even at low overpotentials unless θCO

is very low. Two computational investigations that utilize a complete microkinetic model

found θCO to be between 0.25 and 0.4 between 0 and -1 V vs RHE,9,11 corresponding approx-

imately to the orange line in Figure 3 (c). In this case, the needed θCHO at low overpotential

ranges from 10−3 to 10−1. While these coverages are likely higher than is achieved in reality

(the previously published microkinetic models11 estimate θCHO to be on the order of 10−12),

it cannot be rigorously ruled out without a complete alkaline pathway microkinetic model.

Our finding is in qualitative disagreement with a previously published study,35 which found

the coupling of ∗CO and ∗CHO to be the dominant pathway at high overpotentials. We

hypothesize this difference is due to both the correction to the reaction energy of the alka-

line pathway (SI Note 4) and the finite cell height correction (described in SI Note 7 and in

Ref. 36), the latter of which was not known at the time of the publication of the previous

study. The finite cell height effect can lead to very large corrections, especially for constant

potential CPET reactions such as those found in CO protonation (see SI Note 7).

Our results support experimental findings on polycrystalline copper at neutral pH,63,64

summarized in Table 1. At low overpotential (U > −0.7 V vs RHE), activity on Cu is dom-

inated by the hydrogen evolution reaction, since the current is low enough that transport of

alternative proton donors (hydronium cations, bicarbonate) is not limiting. At moderate to

high overpotential (−0.7 > U > −1.1 V vs RHE), HER activity is decreased, and activity to

C2+ products reaches a maximum at around –1 V vs RHE. In this regime, activity is driven

by a combination of protonation from water and transport of proton donors with lower pKa,

and possibly surface hydrogenation pathways. We computed the activation barrier to hydro-
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genate ∗CO to form ∗CHO via a surface bound ∗H to be around 0.75 eV, substantially lower

than the activation barrier to protonate from water at –1 V vs RHE (see SI Note 9 for more

details). At very high overpotentials, (U < −1.1 V vs RHE) the applied bias is so high that

protonation from water is more accessible, and so HER and formation of highly protonated

products such as methane begin to increase again. At these potentials, accumulation of hy-

droxide driven by poor transport also leads to a decrease in the local CO2 concentration due

to equilibrium with carbonate anions, further reducing the rate of the CO2RR. In the con-

text of the relative selectivity to C1 and C2+ products, our findings illustrate that transport

is a critical component in catalyst performance that is often overlooked in computational

investigations.65

Table 1: Summarized experimental observations63,64 of primary products during electrore-
duction of CO2 on polycrystalline copper.

Applied Bias /
V vs RHE

Experimental result63,64 Predicted results (this work)

above -0.7 HER dominates
Acidic HER dominates (low

exchange current means proton
transport not limiting)

-0.7 to -1.1
HER decreases significantly,
ethylene production begins

to increase.

Local pH near interface increases,
inhibiting acidic HER. CO

dimerization occurs as θCO increases.

below -1.1
C-C bond formation reduces,

methane and hydrogen
production increases.

Alkaline HER enabled by high
overpotential resulting in increased
θH and possible thermochemical

hydrogenation of CO.

As a final consideration, we investigated the role of dispersion effects in the key reaction

pathways computed here. It is clear that dispersion is important in accurately describing

water-water interactions,66,67 but the role of dispersion forces in describing CPET reactions

at metal surfaces, to our knowledge, has not been investigated. DFT at the semi-local

level, in particular functionals such as PBE68 and RPBE,69 are the primary workhorse

for computational catalysis studies.70 While RPBE performs very well for chemisorption

of molecules on metal surfaces, typically outperforming meta-GGA and hybrid functionals,
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it shows poorer performance for systems where dispersion forces are significant.71–75 We

compared RPBE with RPBE+D3 with the damping of Grimme,76 which offers a low-cost

approach for incorporating dispersion, and can be found in SI Note 8. As we discuss below,

since we include only a very limited explicit solvent representation and dispersion is an

isotropic attractive force, our estimate may be different than for the fully molecular system.

To investigate the effect of dispersion more rigorously, we considered the B97M–rV ex-

change correlation functional, a meta-GGA which directly incorporates long-range van der

Waals interactions,77,78 keeping in mind that moving up Jacob’s ladder is by no means a

guarantee for improved performance in describing e.g. chemisorption.74 Due to the high

computational cost in using meta-GGA functionals on systems in our work, we performed

single-point calculations on the converged RPBE geometries. The results of our calculations

are illustrated in Figure 4.
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Figure 4: Comparison of the GGA-DFT functional RPBE with the meta-GGA functional
B97M-rV for reaction energies and activation barriers relevant to the CO2RR on Cu (100).
Panels (a) and (b) show the activation barrier and reaction energies, respectively, for CO
protonation to form ∗CHO and ∗COH. Panels (c) and (d) show the activation barrier and
reaction energies, respectively, for C-C bond formation as described in Equations 6 and 8.
B97M–rV data illustrate single-point calculations on converged RPBE geometries due to the
high computational cost and large simulation cell sizes used.
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We find that all qualitative trends remain unchanged when the meta-GGA functional is

used. When describing alkaline CO protonation to form ∗CHO and ∗COH, shown in panels

Figure 4 (A) and (B), B97M–rV predicts ∗CHO to be favored thermodynamically across all

tested potentials, while formation of ∗COH is favored kinetically at high overpotential. In

describing C-C bond formation, shown in Figure 4 panels (C) and (D), B97M–rV predicts

very similar trends of activation barriers and reaction energies for both CO dimerization and

coupling of ∗CO+∗CHO.

Given the similarities in qualitative trends between the two functionals, we find that

inclusion of dispersion interactions and non-local effects in the B97M–rV functional are

likely not critically important for either alkaline CO protonation or C–C bond formation.

However, we note that the effect of dispersion depends strongly on the number of explicit

water molecules included in the system. As we chose to use a minimal representation of

explicit electrolyte and instead rely on implicit solvation, the role of dispersion may change

in CPET reactions.

In summary, we have presented a theoretical and computational investigation into the

pathways for formation of C2+ products under alkaline conditions in the electrochemical

CO2 reduction reaction. Based on a comparison of computed reaction energies and activa-

tion energies for the Volmer reaction on Cu (100) and published experimental results, we

find that the alkaline pathway is more physically relevant for the CO2RR, even when the

bulk pH is acidic and particularly when it is neutral or alkaline. We suggest modeling the

final state of hydroxide via the computational hydrogen electrode, as hydroxide near the

surface is not an adequate model for fully solvated hydroxide. Given our calculated alkaline

activation energies for CO protonation, we find that ∗COH formation is the preferred path-

way at overpotentials relevant for formation of C2+ products, even though ∗COH formation

is more thermodynamically unfavorable. We find a reasonably low activation barrier (0.75

eV) for the thermochemical hydrogenation of CO, i.e. ∗H+∗CO→ ∗CHO, suggesting that

resolving the role of similar non electrochemical steps could be an interesting target of future
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work. Our investigation into the formation of the first carbon-carbon bond in the CO2RR

suggest that thermodynamics alone can be misleading for mechanism identification; the most

thermodynamically favorable step (Eq. 7) was found to be the least favorable kinetically.

Instead the most endergonic pathway (CO dimerization) was found to have the lowest ac-

tivation barrier at strongly reducing conditions. At lower overpotentials, the coupling of

∗CO and ∗CHO has a lower activation barrier, but it is likely that the steady-state coverage

of ∗CHO is too low for this pathway to be dominant on Cu (100). By comparison to the

meta-GGA functional B97M–rV, which includes long-range dispersion interactions, we find

that inclusion of dispersion and non-local effects largely do not lead to qualitatively differ-

ent findings, which suggests that these effects are not critical to describing the chemistries

involved in the CO2RR. Our computational model could be significantly improved. Par-

ticularly for alkaline pathways, identification of a transition state is complicated by poor

description of the final state. Future investigations with a fully molecular model, for exam-

ple with enhanced sampling techniques that are grand canonical not only in electrons, but

also in electrolyte ions, would significantly improve confidence in the conclusions presented

here.
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