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Abstract 

We reevaluate two key steps in the mechanism of CO2 reduction on copper at a higher level of 

theory capable of correcting inherent errors in density functional theory (DFT) approximations, 

namely embedded correlated wavefunction (ECW) theory. Here, we consider the CO reduction 

step on Cu(111), which is critical to understanding reaction selectivity. We optimize embedding 

potentials at the periodic plane-wave DFT level using density functional embedding theory 

(DFET). All possible adsorption sites for each adsorbate then are screened with ECW theory at 

the catalytically active site to refine the local electronic structure. Unsurprisingly, DFT and 

ECW theory predict different adsorption site preferences, largely because of DFT’s inability to 

properly situate the CO 2π* level. Differing preferred adsorption sites suggest that different 

reaction pathways could emerge from DFT versus ECW theory. Starting from these preferred 

ECW theory adsorption sites, we then obtain reaction pathways at the plane-wave DFT level 

using the climbing-image nudged elastic band method to determine minimum energy paths. 

Thereafter, we perform ECW calculations at the catalytically active site to correct the energetics 

at each interpolated structure (image) along the reaction pathways. Via this approach, we 

confirm that the first step in CO reduction via hydrogen transfer on Cu(111) is to form 

hydroxymethylidyne (*COH) instead of formyl (*CHO). Although the prediction to 

preferentially form *COH is consistent with that of DFT, the two theories predict quite different 

structural and mechanistic behaviors, suggesting that verification is needed for other parts of 

the mechanism of CO2 reduction, which is the subject of ongoing work.  
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I. Introduction 

Our civilization still depends heavily on the burning of fossil fuels, which pollute the air and 

produce greenhouse gases that warm the Earth. The electrochemical carbon dioxide (CO2) 

reduction reaction (CO2RR) using excess renewable (midday solar, nighttime wind) electricity 

to produce useful chemicals, fuels, and materials could contribute in a circular economy that 

decreases future greenhouse gas emissions.1-4 Copper (Cu), among other metals examined 

experimentally, remains the only metal catalyst for electrochemical CO2RR to produce 

hydrocarbons, but it requires a high overpotential of ~ -1 V vs. the reversible hydrogen electrode 

(RHE) to achieve reasonable rates and faradaic efficiency. Cu yields a mixture of products, 

including methane, ethylene, hydrogen (H2) gas, carbon monoxide (CO), and formate, among 

other minor products.1,5-12 Low efficiency and poor selectivity towards valuable products limit 

commercial applications of electrochemical CO2RR.  

To provide insights for rational design of more efficient electrocatalysts that increase 

product selectivity and simultaneously lower applied potentials for CO2RR, elucidation of 

reaction mechanisms for CO2RR on Cu and the critical steps that lead to various hydrocarbon 

products is foundational. Experiments have demonstrated that the product distribution of 

CO2RR on Cu strongly depends on the applied potential.7,11,12 Kuhl et al. reported12 that only 

H2 gas, CO, and formate form at overpotentials less negative than -0.75 V vs. the RHE and that 

H2 production dominates. When the overpotential reaches -0.75 V vs. RHE, ethylene and 

methane are the first hydrocarbons observed but an overpotential of -1.0 V vs. RHE is required 

for reasonable Faradaic efficiencies. Other C1-C3 minor products begin to emerge at this highly 

negative overpotential, but H2 still dominates while CO and formate production declines. The 

product selectivity towards different hydrocarbons also depends on surface structure of the Cu 

electrode used. Hori et al. observed13 that Cu(111) favors formation of methane whereas the 

formation of ethylene dominates on Cu(100). Schouten et al. further showed14,15 that at pH 7 

both methane and ethylene start forming at -0.8 V vs. RHE on Cu(111) whereas ethylene forms 

at a lower potential of -0.4 V vs. RHE on Cu(100); ethylene formation peaks at -0.6 V vs. RHE, 

after which its formation decreases and eventually stops. At a potential of -0.8 V vs. RHE on 

Cu(100) at pH 7, ethylene production again was observed and accompanied by methane 

formation. Experiments also clearly identified that CO reduction yields similar product 

distributions and overpotential dependence to those of CO2RR, suggesting that CO reduction is 
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rate-limiting.15,16 Based on experimental observations, various key intermediates and rate-

limiting steps for CO2RR on Cu catalysts have been proposed: hydroxymethylidyne (*COH, 

where * indicates an adsorbed species) by Hori et al.16 versus formyl (*CHO) by Schouten et 

al.11,14 as the key intermediate in forming methane, and CO dimer as the precursor to ethylene 

by Schouten et al.11,14 However, direct experimental identification of reaction intermediates has 

not yet been possible and thus the reaction mechanisms and rate-limiting steps remain unclear. 

A variety of theoretical efforts mainly based on density functional theory (DFT) 

calculations have helped identify probable elementary steps involved in methane and ethylene 

formation on various Cu surfaces. Peterson et al. proposed17 the first full reaction mechanism 

for methane production on the stepped Cu(211) surface, based on thermodynamics alone, in 

which the rate-limiting step was predicted to be CO reduction to form *CHO. However, Nie et 

al. evaluated18,19 reaction barriers and found that forming *COH is more kinetically favorable 

than forming *CHO for the first step of CO reduction, at least on Cu(111). In their work, 

adsorbed *H directly reacts with adsorbed *CO, with the entire reaction mechanism to form 

methane involving  

 *CO® *COH®C*® *CH® *CH2 ®
*CH3®CH4

 (1) 

The rate-limiting step of *COH formation on Cu(111) was confirmed20,21 by Xiao et al. with 

further consideration of a constant electrochemical potential and pH. However, Cheng et al. 

predicted22 the first step of CO reduction instead to be *CHO formation on Cu(100) using ab 

initio molecular dynamics simulations with five layers of explicit water molecules, with their 

proposed reaction pathway involving 

 *CO® *CHO® *CHOH® *CH® *CH2 ®
*CH3®CH4

  (2) 

CO reduction to hydrocarbon products on Cu(100),23-25 Cu(111),25 and Cu(211)26,27 was 

predicted to occur via a *CHO intermediate.  

All of these theoretical efforts were conducted using DFT approximations (DFAs). In 

practice, DFAs are plagued by electron self-interaction error,28,29 among other problems, giving 

rise to errors in quantities critical for simulating heterogeneous catalysis.30-33 The incorrect 

prediction by the DFAs used thus far to study CO2RR – namely, generalized-gradient 

approximation exchange-correlation (XC) functionals, i.e., Perdew-Burke-Ernzerhof (PBE),34 

revised Perdew-Burke-Ernzerhof (rPBE)35, or Bayesian error estimation functional with van der 

Waals correlation (BEEF-vdW)36 – of where CO adsorbs on Cu(111) (predicted to be the hollow 
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site37-40 versus the directly measured atop site41,42) is especially worrisome, suggesting that 

proposed CO2RR mechanisms and energetics could be wrongly predicted by these DFAs. The 

incorrect site prediction by these DFAs is due to the CO 2π* orbital being too low in energy 

because of self-interaction error.38,43 By contrast, more than a decade ago, Sharifzadeh et al.44 

showed that atop-site adsorption of CO on Cu(111) could be reproduced successfully by 

embedded correlated wavefunction (ECW) theory, which provides a correction to XC error 

inherent in DFT in the embedded region. Although progress has been made in correctly 

predicting the CO adsorption site on some metal surfaces within DFAs, by using hybrid XC 

functionals including some exact exchange,45,46 meta-generalized-gradient approximation 

functionals,39 or van der Waals functionals,40,47  all of these functionals are still subject to XC 

errors and thus may not always provide accurate structures or energetics.  Moreover, the use of 

hybrid functionals for metallic systems is not well-founded, given that Hartree-Fock (HF) 

theory diverges at the Fermi level in metals.48 

Motivated by Sharifzadeh et al.’s success,44 we are interested in revisiting the entire 

mechanism of CO2RR on Cu(111) with ECW theory, to see whether correction of the self-

interaction error alters understanding of any part of the mechanisms thus far proposed using 

DFAs. ECW theory removes error caused by the XC approximation in DFT by adding a 

correction to the energy calculated as the difference between using a correlated wavefunction 

theory and a DFA for the embedded region, where the former incorporates exact exchange and 

multi-reference correlated wavefunctions, which eliminates the HF divergence problem 

referenced above.  We focus here on the CO reduction step on Cu(111), given the experimental 

observation15,16 that it is rate-limiting. We use ECW theory to compare the kinetic stabilities of 

the two controversial steps for CO reduction: forming *CHO (*CO + *H  *CHO) versus *COH 

(*CO + *H + H2O  *COH + H2O). We examine *H transfer to *CO on Cu(111) because 

experiments showed1,12,14,15 that the hydrogen evolution reaction (HER) competes with CO 

reduction at working potentials, indicating a significant amount of adsorbed *H on the Cu 

surface. (An alternative proton-coupled electron transfer (PCET) path under consideration as 

well will be reported elsewhere.) The explicit water molecule shown in the *COH formation 

pathway originates from a mechanism proposed by Nie et al.18,19 that involves hydrogen 

shuttling through H2O; it will be discussed in detail below.  
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This article is organized as follows: Section II contains computational details; Section 

III presents ECW predictions of adsorption sites for each adsorbate and barriers for CO 

reduction to form *CHO and *COH; Section IV offers conclusions.  

 

II. Computational methods 

We used a composite approach including both periodic slab DFT calculations and cluster model 

ECW calculations to revisit the CO reduction step on Cu(111) (Figure 1). First, the interaction 

between each cluster and its extended environment is recovered via adding to the cluster 

Hamiltonian an optimized embedding potential derived using density functional embedding 

theory (DFET)49-51 at the periodic plane-wave DFT level. Then, all possible adsorption sites for 

each adsorbate are screened with ECW theory52 using the clusters subjected to their derived 

embedding potentials. Unfortunately, optimizing reaction pathways directly with ECW theory 

is prohibitively expensive. Therefore, the reaction pathways were determined initially at the 

plane-wave DFT level starting from the preferred ECW adsorption sites and the energetics at 

each interpolated structure along the reaction pathways subsequently were corrected with ECW 

theory using the cluster models and derived embedding potentials. The size of the active space 

in the ECW calculations are benchmarked carefully for both adsorption site and reaction barrier 

calculations to reach chemical accuracy. Details for periodic DFT calculations, deriving 

embedding potentials, and cluster ECW calculations are outlined below.  

 

 
 

Figure 1. Workflow steps used to study the mechanism for CO2 reduction on Cu(111): 

optimizing embedding potentials using DFET (shown in light blue), benchmarking the size of 
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the active space in ECW theory (light red), determining adsorption sites with ECW theory (light 

red), optimizing minimum energy paths (MEPs) at ECW-predicted adsorption sites with DFT 

(light green), and correcting energetics along the MEPs with ECW theory (light red).  

 

Periodic DFT calculations. Periodic Kohn-Sham DFT calculations with the all-

electron, frozen-core, projector augmented-wave53 method and PBE34 XC functional were 

performed using the Vienna Ab initio Simulation Package (VASP)54,55 version 5.4.4. Grimme’s 

D3 dispersion correction56,57 (i.e., DFT-D3) with the Becke-Johnson damping function58 were 

included in the DFT calculations. The 1s electron of H, the 2s and 2p electrons of C and O, and 

the 4s and 3d electrons of Cu were treated self-consistently. A 3×3 supercell containing a five-

layer, 45-atom Cu slab was used to model the Cu(111) surface, with at least 15 Å of vacuum 

included in the periodic cell. The lattice constant was fixed at the DFT-PBE-D3 optimized bulk 

value for fcc Cu. The atoms in the three topmost layers were relaxed while the atoms in the two 

bottommost layers were fixed at their bulk atomic positions. Relaxing atoms in the two topmost 

layers only, while fixing atoms in the three bottommost layers, reproduced the DFT-PBE-D3 

reaction energies for the *CHO and *COH paths to within 0.001 eV. We applied dipole-field 

energy and potential corrections59  to cancel the artificial field between the slabs imposed by 

the periodic boundary conditions. In geometry optimizations, the atoms were relaxed until the 

maximum residual forces on the atoms were smaller than 0.03 eV/Å. A plane-wave basis set 

with a kinetic-energy cutoff of 660 eV was used. To sample the Brillouin zone, Γ-point-centered 

Monkhorst-Pack60 14×14×14, 5×5×1, and 3×3×1 k-point grids were applied for the bulk unit 

cell and the 3×3 and 5×5 periodic slab supercells, respectively.  These numerical parameters 

yield total energies converged to within 1 meV/atom, with respect to the kinetic-energy cutoff 

(660 eV vs. 900 eV) and k-point grids (bulk: 14×14×14 vs. 28×28×28; 3×3 slab: 5×5×1 vs. 

10×10×1; 5×5 slab: 3×3×1 vs. 6×6×1). Electronic states were occupied using the Methfessel-

Paxton method61 for Brillouin zone integration with a smearing width of 0.09 eV to aid self-

consistent field convergence. The minimum energy paths (MEPs) were optimized using the 

climbing image nudged elastic band (CI-NEB) method62 with an artificial spring force constant 

of 3 eV/Å2 along the reaction tangents. We define the reaction coordinate along the MEP as the 

cumulative distance between the images on the reaction path, 

 RC(n) =
i=0

n-1

å ri+1 - ri  (3) 
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in which RC(n) is the reaction coordinate at the n-th image (n>0 and image 0 is the reactant) 

and ri represents the position of all of the atoms at image i. We show the geometries along the 

reaction path for both *CHO and *COH pathways in the Supporting Information (SI), Figures 

S1-S2.  

DFET embedding potentials. In DFET,49-51 the total system typically is partitioned 

into two subsystems, a cluster and its environment. The interaction between the cluster and its 

environment is recovered by the embedding potential, Vemb. We used a Cu12 cluster (Figure 2a) 

to compute Vemb for the *CO adsorption site; a Cu11 cluster (Figure 2b) to compute Vemb for the 

*H and *CHO adsorption sites, and for the CO reduction reaction to form *CHO; and a Cu11 

cluster (Figure 2c) to compute Vemb for the *COH adsorption site and the CO reduction reaction 

to form *COH. The clusters are carved out of a 55 four-layer 100-atom Cu slab (Figure 2d). 

We determined the embedding potential, Vemb, at the periodic DFT level using a modified VASP 

version 5.3.3 by maximizing the extended Wu-Yang functional63 with respect to Vemb, 

  W Vemb[ ] = Ecluster rcluster[ ]+ Eenv renv[ ]- òVembrtotdr  (4) 

in which Ecluster and Eenv are the DFT energies of the cluster and environment in the presence of 

the embedding potential, Vemb. cluster and env are the electron densities of the cluster and 

environment. The last term defines the interaction between the total electron density of the 

periodic slab, tot, and the embedding potential, Vemb. Maximizing the Wu-Yang functional 

yields 

  rcluster + renv = rtot
, (5) 

indicating that the summation of the electron density of the cluster and its environment equals 

the total electron density of the periodic slab at convergence.  
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Figure 2. (a)-(c) display clusters used in ECW calculations, carved out from the periodic slab 

shown in (d). (a) Cu12 cluster for *CO adsorption. (b) Cu11 cluster for *H and *CHO adsorption 

and the CO reduction reaction to form *CHO. (c) Cu11 cluster for *COH adsorption and the CO 

reduction reaction to form *COH. (d) Four-layer 55 surface supercell Cu(111) periodic slab 

model. Isosurface plots (blue: +1 V, magenta: -1 V) of the embedding potentials generated for: 

(e) the Cu12 cluster in (a) and its Cu88 environment; (f) the Cu11 cluster in (b) and its Cu89 

environment; (g) the Cu11 cluster in (c) and its Cu89 environment.  

 

Embedded cluster calculations. We performed all embedded cluster calculations with 

Gaussian-type orbital (GTO) basis sets in MOLPRO64,65 version 2012.1. The one-electron 

Hamiltonian (h0) is modified as h0+Vemb to include the interactions between the cluster and its 

environment via Vemb in the atomic orbital (AO) by calling the matrix operation feature in 

MOLPRO. The embedding integral matrices, ⟨AO|𝑉emb|AO⟩ , were generated using our 

standalone embedding code, EmbeddingIntegralGenerator,66 which is available on GitHub. We 

obtained the molecular geometries for the embedded cluster calculations by fixing the DFT-

PBE-D3 optimized structures (internal coordinates) of the adsorbates on the periodic slab and 
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adding them onto the embedded clusters. The basis sets used were the all-electron aug-cc-pVDZ 

basis for C, H, and O,67 as well as the cc-pVDZ basis for the valence electrons of Cu68 

accompanying effective core potentials (ECPs)69 for the 10 core electrons.  

The final ECW energy is evaluated as 

  EECW = Eslab

DFT-PW + (Eemb-cluster

CW - Eemb-cluster

DFT ) (6) 

in which E slab

DFT-PW  is the plane-wave DFT total energy of the periodic slab (removing the D3 

dispersion correction). E emb-cluster

CW  and E emb-cluster

DFT  are the energies of the embedded cluster 

respectively from correlated wavefunction (CW) theory and DFT in the presence of the 

embedding potential. We obtained E emb-cluster

DFT from spin-polarized DFT with the PBE XC 

functional. We computed E emb-cluster

CW  via the embedded complete active space second-order 

perturbation theory (emb-CASPT2)70,71 using reference wavefunctions generated by the 

embedded complete active space self-consistent field (emb-CASSCF)72,73 method. The active 

space in emb-CASSCF calculations selected for the *CO adsorption site was (12e, 12o), i.e., 12 

electrons in 12 orbitals, including the C-O , * orbitals, two pairs of C-O , * orbitals, and 

three occupied and three unoccupied Cu 4s-derived orbitals on the Cu12 cluster (SI Figure S3). 

The active space used for the *H adsorption site was (12e, 12o), including the H-Cu , * 

orbitals and five occupied and five unoccupied Cu 4s-derived orbitals on the Cu11 cluster (SI 

Figure S4). The active space selected for the *CHO adsorption site was (12e, 12o), including 

the C-H , * orbitals, C-O , *, , * orbitals, C-Cu , *orbitals, 2p lone-pair electrons on 

the O atom and its correlating virtual orbital, and one occupied and one unoccupied Cu 4s-

derived orbital on the Cu11 cluster (SI Figure S5). The active space used for *COH adsorption 

site also was (12e, 12o), including the O-H , * orbitals, C-O , * orbitals, three C-Cu , 

*orbitals, and one occupied and one unoccupied Cu 4s-derived orbital on the Cu11 cluster (SI 

Figure S6). The active space used for the CO reduction reaction to form *CHO was (16e, 14o), 

including the occupied C-O 2s, 2s* orbitals formed by C 2s and O 2s electrons, C-O , * 

orbitals, two pairs of C-O , * orbitals, H-Cu , * orbitals, and two occupied and two 

unoccupied Cu 4s-derived orbitals on the Cu11 cluster (SI Figure S7). The active space adopted 

to study the CO reduction reaction to form *COH was (14e, 14o), including the C-O , * 

orbitals, two pairs of C-O , * orbitals, H-Cu , * orbitals, two pairs of O-H , * orbitals 

on H2O, and one occupied and one unoccupied Cu 4s-derived orbital on the Cu11 cluster (SI 
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Figure S8). In the emb-CASPT2 calculations, we included all single and double excitations 

from all electrons (excluding the 10 core electrons of each Cu subsumed into its ECP) to recover 

the dynamic correlation. We employed an “ionization potential electron affinity” (IPEA)74 shift 

of 0.25 hartree to correct the error in the original formulation together with a level shift75 of 0.3 

hartree to aid convergence.  

 

III. Results and discussion 

Screening all possible adsorption sites for *CO, *H, *CHO, and *COH with ECW theory. 

We examined the four possible *CO adsorption sites on Cu(111): atop, bridge, hexagonal-close-

packed (hcp) 3-fold hollow, and face-centered-cubic (fcc) 3-fold hollow sites (SI Figure S9). 

As expected, the theoretical predictions by DFT-PBE-D3 exhibit a preference for the fcc 

hollow-site adsorption, in disagreement with experimental observations of *CO atop-site 

adsorption41,42 (Table 1). DFT-PBE-D3 predicts the most stable fcc hollow to be lower in energy 

by 0.14 eV than atop, with the other two adsites also predicted to be more stable by 0.12 eV 

(hcp hollow) and 0.10 eV (bridge) than the atop site. As mentioned above, pure DFT fails to 

properly situate the CO 2π* level, with it being too low in energy, akin to DFT’s well-known 

underestimation of band gaps. The too-low CO 2π* level predicted by pure DFT enables 

spurious extra π-backbonding from the Cu surface, which favors hollow-site adsorption. By 

contrast, Sharifzadeh et al.44 demonstrated that ECW theory recovers correctly the observed 

preference for *CO atop-site adsorption, because of the high-level treatment of exchange-

correlation by ECW theory. Here, we again perform ECW calculations to revisit the *CO 

adsorption site. We used an even-numbered Cu cluster, Cu12, to ensure an even number of total 

electrons, thus avoiding any spurious spin-polarization in the embedded cluster calculations 

(Figure 2a). The embedding potential optimized at the DFT-PBE-D3 level of theory by means 

of DFET49-51 for the Cu12 cluster is shown in Figure 2e, with the magenta region representing 

the attractive bonding interaction between the cluster and its periodic slab environment. 

Consistent with the observations by Sharifzadeh et al.,44 emb-CASPT2 correctly reproduces the 

experimental observation of atop-site adsorption of *CO, which is more stable by ~0.2 eV 

compared to any other adsite, suggesting that emb-CASPT2 using reference wavefunctions 

generated by emb-CASSCF is a suitable approach to study CO2 reduction on Cu.  
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Table 1. Relative energies (eV) for atop-, bridge-, fcc hollow-, hcp hollow-, and (for CHO only) 

bidentate atop-site adsorption of each adsorbate on Cu(111), referenced against the preferred 

emb-CASPT2 adsite, evaluated by DFT-PBE-D3 and emb-CASPT2 methods.  

  atop bridge fcc  hcp  bidentate atop 

*CO DFT-PBE-D3 0.00 -0.10 -0.14 -0.12  

 emb-CASPT2 0.00 0.18 0.20 0.18  

H* DFT-PBE-D3 0.63 0.14 0.00 0.00  

 emb-CASPT2 0.51 0.20 0.00 0.01  

*CHO DFT-PBE-D3 0.08 0.02 0.10 0.11 0.00 

 emb-CASPT2 0.22 0.13 0.47 0.66 0.00 

*COH DFT-PBE-D3 1.22 0.11 -0.04 0.00  

 emb-CASPT2 2.47 0.07 0.09 0.00  

 

The same four possible *H adsites on Cu(111) are compared (SI Figure S10), again by 

means of periodic DFT-PBE-D3 and emb-CASPT2 calculations. Using a Cu11 cluster to ensure 

an even number of total electrons upon H adsorption and its corresponding optimized 

embedding potential (Figure 2b, 2f), emb-CASPT2 predicts that fcc and hcp hollow-site 

adsorption for *H are essentially equally preferred, consistent with DFT-PBE-D3 predictions 

(Table 1). The emb-CASSCF calculations employ an active space of (12e,12o), including the 

Cu-H , * orbitals and all other Cu 4s-derived orbitals (five occupied and five unoccupied) on 

the Cu11 cluster. This system was used to determine the minimum number of Cu 4s-derived 

orbitals that need to be correlated in the active space to produce similar results as the full active 

space. We observed the same preference for fcc and hcp hollow adsorption and the same relative 

stabilities for the four different *H adsorption sites even when reducing the active space to 

(4e,4o), comprised of the Cu-H , * orbitals and only two Cu 4s-derived orbitals, indicating 

that chemical accuracy can still be maintained when reducing the number of Cu 4s-derived 

orbitals in the active space to two, as will be needed for complicated adsorbates (SI Table S1).  

We next investigate adsorption of *CHO, a possible intermediate in CO reduction on 

Cu(111). In addition to the four possible adsites listed above, *CHO also has been proposed26,76 

to  reside on top of two adjacent Cu atoms with the C-O bond nearly parallel to the Cu-Cu bond, 

forming a dative bond from an O lone pair to the Cu surface, denoted as a bidentate atop site 

(SI Figure S11). DFT-PBE-D3 predicts that bidentate atop-site adsorption of *CHO is preferred 

(Table 1). Emb-CASPT2, using the same Cu11 cluster as for modeling *H adsorption and its 

optimized embedding potential, also favors the bidentate atop site. Although both DFT-PBE-

D3 and emb-CASPT2 predict the same site preference for *CHO, emb-CASPT2 more strongly 
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favors the bidentate atop site whereas DFT-PBE-D3 only weakly prefers it, with all other adsites 

within ~0.1 eV higher (Table 1). This very weak preference of the bidentate atop site by DFT 

probably explains why a plethora of mechanisms have been proposed that begin with a diverse 

set of *CHO adsites, including atop,18,19,27,76 bidentate atop,26,76 and bridge,17,22,24 although other 

modeling parameters (e.g., Cu surface facet, treatment of solvation) also may affect site 

preferences.  

Adsorption of *COH, the other proposed intermediate in the first step of CO reduction 

on Cu(111), again could involve any of the same four adsites (SI Figure S12). DFT-PBE-D3 

favors the fcc hollow but only by 0.04 eV compared to the hcp hollow (Table 1). However, 

using the Cu11 cluster and its optimized embedding potential shown in Figure 2b and 2f, emb-

CASPT2 predicts an unphysically large energy difference (2.12 eV) between fcc versus hcp 

hollow-site adsorption of *COH. This unreasonable energy difference originates from an edge 

artifact on this cluster when modeling the *COH fcc hollow-site adsorption on the Cu11 cluster 

shown in Figure 2b. The edge effect leads to inevitable inclusion of the Cu 3d orbital character 

in the active space of the emb-CASSCF calculations and results in unstable fcc hollow-site 

adsorption (SI Figures S13, S14). Switching to the Cu11 cluster shown in Figure 2c, which 

eliminates the edge effect for both fcc and hcp hollow-site adsorption (SI Figures S12, S13) and 

its optimized embedding potential (Figure 2g), emb-CASPT2 predicts that the most stable adsite 

for *COH is the hcp hollow but the bridge and fcc hollow sites are accessible as well, at less 

than 0.1 eV higher in energy. Thus, DFT-PBE-D3 and emb-CASPT2 favor different hollow 

sites – fcc and hcp respectively – as absolute minima for *COH adsorption, although the 

magnitude difference is within our margin of error.  

*CO + *H  *CHO reaction pathway with ECW theory. With the adsorption sites 

identified with emb-CASPT2, we next examine with ECW theory one of the possible first steps 

in CO reduction, namely formation of *CHO on Cu(111). We consider here the reaction 

proceeding via a surface *H transfer step through direct hydrogenation by an adsorbed *H 

species. Previously, Nie et al.19 predicted a DFT-PBE barrier for *CHO formation on Cu(111) 

by *H transfer to *CO of 1.03 eV including the zero-point energy (ZPE) corrections; including 

one explicit water molecule to stabilize *CO and *CHO reduces the barrier by less than 0.05 eV. 

Given the small effect of a solvating water molecule on this reaction, we did not include one 

here. Starting from the preferred adsorption sites of *CO, *H, and *CHO predicted by ECW 
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theory, we then determined the MEP at the DFT-PBE-D3 level of theory under the constraint 

of fixed new initial structures. Figure 3a displays the critical structures along the reaction path 

(all MEP structures can be found in Figure S1 in the SI). Initially, the CO molecule chemisorbs 

at an atop site, and the H atom chemisorbs at a nearby fcc hollow site. The H atom then moves 

toward the CO molecule, while the CO molecule moves away from the initial atop site to an 

adjacent bridge site, which is more stable at the DFT-PBE-D3 level. At the transition state, the 

CO molecule moves back to the original atop site and the C-H bond forms. After that, the CHO 

reorients toward the most stable bidentate atop adsorption site. The DFT-PBE-D3 barrier for C-

H bond formation is 1.13 eV; with DFT-PBE-D3 ZPE corrections, the barrier decreases slightly 

to 1.05 eV. This is comparable to the barrier of 1.03 eV reported by Nie et al.,19 though via 

different *CHO adsites, i.e., bidentate atop here (Figure 3a) versus atop in Nie et al.’s work.  

 

 
Figure 3. (a) Initial state (IS), transition state (TS), and final state (FS) structures (top and side 

views) optimized by DFT-PBE-D3 along the MEPs starting from preferred ECW-predicted 

adsorption sites for the reactants in CO reduction to form *CHO on Cu(111). Atoms are colored 

as follows: Cu in brown, C in dark gray, O in red, and H in light gray. The same color scheme 

is used in all figures. Only the Cu11 fragments of the slabs are shown; the ECW calculations use 

this same Cu11 cluster. (b) Energy curves along the MEP for CO reduction to form *CHO on 

Cu(111), predicted by DFT-PBE-D3 (green squares) and emb-CASPT2 (red circles).  
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 When performing ECW calculations to correct the energetics at each interpolated 

structure along the MEP for *CHO formation, we use an active space of (16e, 14o) in the emb-

CASSCF calculations, including the occupied C-O 2s, 2s* orbitals, C-O , * orbitals, two 

pairs of C-O , * orbitals, H-Cu , * orbitals, and four Cu 4s-derived orbitals (two occupied 

and two unoccupied) on the Cu11 cluster (SI Figure S7).  Using the reaction path predicted by 

DFT-PBE-D3 and the Cu11 cluster and its optimized embedding potential shown in Figure 2b 

and 2f, our emb-CASPT2 calculations with this (16e, 14o) active space yield a C-H bond 

formation barrier of 1.43 eV (1.35 eV after adding DFT-PBE-D3 ZPE corrections), 0.3 eV 

higher than the DFT-PBE-D3 barrier (Figure 3b). Beyond the differing reaction barriers 

predicted by the two theories, the emb-CASPT2 energy curve exhibits a local minimum at 

structure (image) five along the MEP, unlike the DFT-PBE-D3 energy curve (Figure 3 and SI 

Figure S1). At image five, the *CHO resides in an atop site with its C-H bond nearly parallel to 

the Cu surface while at image 6, the atop *CHO has the C-H bond pointed toward vacuum. The 

inclusion of high-level electron correlation – a superior description of dispersion – via CASPT2 

theory stabilizes the non-bonded interaction of the C-H bond with the surface, producing the 

local minimum.  

When simulating the reaction pathway for *COH formation, we include one explicit 

water molecule in a water-assisted H-shuttling model (vide infra), necessitating inclusion of 

four additional electrons and orbitals (, , *, *) from the two O-H bonds of the water 

molecule, in addition to the 16 electrons and 14 orbitals for the reaction of *H with *CO. This 

active space of (20e, 18o) to model *COH formation is prohibitively expensive for both emb-

CASSCF and emb-CASPT2. Thus, to have a consistent active space across the two CO 

reduction reactions (to form either *CHO or *COH), the minimum active space size that still 

delivers accurate barriers needs to be determined so that unnecessary orbitals may be eliminated 

from the active space of the *CHO reaction pathway. We first reduced the active space from 

(16e, 14o) to (12e, 12o) by eliminating the low-energy occupied C-O 2s, 2s* orbitals for the 

*CHO reaction pathway. This increases the emb-CASPT2 barrier slightly to 1.46 eV and  

slightly decreases the emb-CASPT2 reaction energy to 0.83 eV, within 0.03 eV of results using 

the original benchmark active space of (16e, 14o) (Table 2 and SI Figure S15). We then 

investigated the number of Cu 4s-derived orbitals needed in the active space. Reducing the 

number of Cu 4s-derived orbitals and electrons from four to two, giving an active space of (14e, 
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12o), increases the barrier to 1.50 eV and the reaction energy to 0.91 eV, still close to the 

benchmark (Table 2 and SI Figure S15). Further elimination of all Cu 4s-derived orbitals to an 

active space of (12e, 10o) significantly altered both the barrier and reaction energy to 1.83 eV 

and 1.21 eV, respectively, indicating the necessity of correlating at least two Cu 4s-derived 

orbitals in the active space (Table 2, SI Figure S15). Based on these results, we simultaneously 

eliminate the C-O 2s, 2s* orbitals and keep only two Cu 4s-derived orbitals to form an active 

space of (10e, 10o), including the C-O , * orbitals, two pairs of C-O , * orbitals, H-Cu , 

* orbitals, and two Cu 4s-derived orbitals. This active space produces an emb-CASPT2 barrier 

of 1.53 eV and reaction energy of 0.88 eV, which achieves our conventional accuracy target of 

being within 0.1 eV compared with the largest active space results (Table 2 and SI Figure S15). 

The similar energetics obtained using this smaller active space of (10e, 10o) for the *CHO 

formation indicates that a comparable active space of (14e, 14o) with four additional , , *, 

* orbitals and electrons from the two O-H bonds of the water molecule can be used to model 

accurately the *COH reaction pathway instead of the prohibitively expensive one of (20e, 18o). 

We use this (14e, 14o) active space below.  

 

Table 2. Activation barriers (Ea) and reaction energies (E) for the *CHO pathway predicted 

by emb-CASPT2 using different active spaces, and orbital identities for each active space: the 

number of Cu 4s-derived orbitals (# Cu 4s) included in the active space and inclusion (or not) 

of C-O 2s and 2s* orbitals (2s, 2s*).  

active space Ea (eV) E (eV) # Cu 4s 2s, 2s* 

(16e,14o) 1.43 0.85 4 yes 

(14e,12o) 1.50 0.91 2 yes 

(12e,10o) 1.83 1.21 0 yes 

(12e,12o) 1.46 0.83 4 no 

(10e,10o) 1.53 0.88 2 no 

 

*CO + *H + H2O  *COH + H2O reaction pathway with ECW theory. We consider 

here the other possible CO reduction reaction pathway of forming *COH instead of *CHO on 

Cu(111). Previously, Nie et al.18,19 used DFT-PBE to predict that the barriers for O-H bond 

formation steps in the CO2RR on Cu(111) can be lowered dramatically via a water-assisted H-

shuttling mechanism, in which simultaneously an *H transfers to a solvent water molecule while 

another H atom in that water molecule transfers to the adsorbate. For example, they reported19 

that the barrier decreases from 1.43 to 0.76 eV via the water-assisted H-shuttling mechanism 
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for the *COOH reduction step to form *CO. Given this large effect on the kinetics, we only 

consider the water-assisted H-shuttling mechanism for the *COH formation pathway and 

therefore add one explicit water molecule in our calculations. As in the other reduction step, we 

start from the preferred adsites of *CO, *H, and *COH predicted by ECW theory to optimize the 

MEP at the DFT-PBE-D3 level of theory. Initially, the *CO chemisorbs at an atop site, the *H 

chemisorbs at a nearby hcp hollow site, and the H2O molecule is 3.6 Å away from the Cu 

surface, as shown in Figure 4a and SI Figure S2. *H then moves to an adjacent bridge site, the 

H2O molecule slightly moves and reorients above *H, and *CO moves to an adjacent bridge site. 

At the transition state, the initially adsorbed *H leaves the surface and its electron behind, 

effectively transferring as a proton to the H2O to form a transient hydronium ion, and the *CO 

moves toward an hcp hollow site to approach the hydronium ion. After that, a different proton 

originally from the H2O molecule transfers to *CO to form *COH adsorbed in an hcp hollow 

with the H hydrogen-bonded to the O in the water molecule (Figure 4a and SI Figure S2). DFT-

PBE-D3 predicts an activation barrier of 0.58 eV and, with ZPE corrections, yields a barrier of 

0.51 eV for *COH formation. This barrier is roughly half the DFT-PBE-D3 barrier to form 

*CHO, suggesting that the first step in CO reduction on Cu(111) is to form *COH instead of 

*CHO (Figure 4b). The preference for the *COH pathway is consistent with the predictions of 

Nie et al.,18,19 although they reported a slightly higher *COH formation barrier of 0.71 eV, 

originating from a different proposed reaction pathway that formed *COH adsorbed at an fcc 

hollow instead of the ECW-favored hcp hollow. 
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Figure 4. (a) Initial state (IS), transition state (TS), and final state (FS) structures (top and side 

views) optimized by DFT-PBE-D3 along the MEPs starting from the preferred ECW-predicted 

adsorption sites for the reactants in CO reduction to form *COH on Cu(111). Only the Cu11 

fragments of the slabs are shown; the ECW calculations use this same Cu11 cluster. (b) Energy 

curves along the MEP for CO reduction to form *COH on Cu(111), predicted by DFT-PBE-D3 

(green squares) and emb-CASPT2 (blue circles).  

 

We then use ECW theory to re-evaluate the *COH formation barrier on Cu(111). For 

the same DFT-PBE-D3 reaction pathway, emb-CASPT2 predicts an activation barrier of 0.69 

eV (0.62 eV including DFT-PBE-D3 ZPE corrections) using the Cu11 cluster and its optimized 

embedding potential shown in Figure 2c and 2g, which is only 0.11 eV higher than the DFT-

PBE-D3 barrier. Note the local minimum at structure (image) four along the DFT-PBE-D3 MEP 

in which the *CO migrates to a bridge site (Figure 4 and SI Figure S2). This occurs because 

DFT incorrectly favors *CO bridge-site adsorption over atop-site adsorption, resulting in a 

spurious local minimum while ECW theory removes this error.  

The emb-CASPT2 evaluations of the *CHO and *COH formation pathways provide 

rigorous confirmation that the first step in CO reduction on Cu(111) is to form *COH instead 

of *CHO. Emb-CASPT2 reaction energies indicate that *COH formation is favored over *CHO 
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formation by 0.25 eV (0.63 eV for *COH versus 0.88 eV for *CHO) when using comparable 

active spaces for the two reactions, i.e., (10e, 10o) for *CHO formation and (14e, 14o) for *COH 

formation, in the ECW calculations (Figure 5). Kinetics as predicted by emb-CASPT2 further 

enhances the preference for the *COH path: the *COH formation barrier (0.69 eV) is 0.84 eV 

lower than the *CHO formation barrier (1.53 eV). A larger active space of (16e, 14o) does 

decrease further the emb-CASPT2 *CHO formation barrier (1.43 eV) and reaction energy (0.85 

eV) but not enough to make it competitive with *COH formation.  

 

 
Figure 5. Energetics of the CO reduction reaction on Cu(111) to form *CHO (blue lines) and 
*COH (red lines) predicted by DFT-PBE-D3 (dashed lines) and emb-CASPT2 (solid lines). 

Energetics of the *CHO pathway predicted by emb-CASPT2 are shown for two different active 

spaces: (16e, 14o) (light blue solid lines) and (10e, 10o) (blue solid lines). 

 

Although DFT-PBE-D3 consistently favors *COH over *CHO formation both 

thermodynamically and kinetically, DFT-PBE-D3 predicts a slightly larger reaction energy 

difference (0.34 eV) and a smaller activation barrier difference (0.55 eV) between the two 

reactions compared to the emb-CASPT2 energy differences. Moreover, the two theories predict 

quite different structural and mechanistic behaviors, e.g., the local minimum in the emb-

CASPT2 energy curve for *CHO formation caused by stabilization of a particular orientation of 

the C-H bond (C-H bond parallel to the Cu surface in a quasi-atop site at image 5 versus C-H 

bond pointed toward vacuum in a classic atop site at image 6), as well as the local minimum in 

the DFT-PBE-D3 energy curve for *COH formation because of the incorrect preference for 

bridge-site adsorption of *CO at the DFT-PBE-D3 level of theory. These artifacts in the 

structure and energetics predicted by DFT-PBE-D3 motivate verification of other parts of the 

mechanisms that have been proposed for CO2RR on Cu surfaces based on DFT approximations. 
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 All calculations discussed thus far neglected consideration of solvation effects. For 

completeness, we tested the effect of an implicit (continuum) solvation model77,78 on DFT-PBE-

D3 activation barriers and reaction energies for *CHO and *COH formation via hydrogen 

transfer. Implicit solvation alters the energetics by no more than 0.05 eV (SI Table S2). To 

further understand this result, we assessed the polarity of the adsorbates in vacuum and solvated 

by performing Bader charge analysis79,80 (SI Table S3). We observe very little difference in the 

polarity of the species in vacuum and with implicit solvation in their initial and transition states 

for both the *CHO and *COH pathways, thus explaining the very minor alteration in reaction 

energetics upon solvation of these species.  

In addition to the potential effects of solvent, varying reactant surface coverages could 

affect the energetics as well. DFT calculations by Montoya et al.81 and Huang et al.82 led to the 

prediction that a high *CO coverage may reduce the barrier to C2H4 formation via dimerization 

of two *CO. By contrast, we anticipate *H transfer barriers to *CO will not be very sensitive to 

*CO coverage, unlike a dimerization pathway involving two *CO. However, the exact effect of 

reactant coverage on the barriers of competing steps in electrochemical CO2RR on Cu at the 

ECW level of theory needs to be the subject of future work. 

Note that the reduction of *CO to *COH on Cu(111) studied here assumes an *H transfer 

mechanism via interaction of *CO with adsorbed *H. We are currently exploring alternative 

pathways involving PCET via interaction with water molecules. Although the CO2RR on Cu is 

an electrochemical reaction overall, the two CO reduction steps considered here are simply 

chemical – rather than electrochemical – reactions since no electrons transfer. The energetics 

therefore will not change with applied potential and thus potential-dependent barriers and 

reaction energies need not be considered whereas the electrochemical CO reduction through a 

PCET path will be affected by applied potential and therefore potentially could be more 

favorable.  

 

IV. Conclusions 

Motivated by the incorrect prediction by standard DFAs of the preferred adsorption site on 

metal surfaces for *CO, an important intermediate in electrochemical CO2 reduction, we re-

evaluated a key mechanistic component of CO2 reduction on Cu(111) using a higher level of 

theory, namely ECW theory, which corrects the XC error in DFAs in the region of interest. 
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Previous experiments indicate that the rate-limiting step in electrochemical CO2 reduction is 

CO reduction, based on the similar products and overpotentials yielded from these two 

reactions. We therefore focused on examining the CO reduction step in this work. We compared 

the kinetics of CO reduction to form *CHO versus *COH on Cu(111) via a surface *H transfer 

mechanism. We first screened all possible adsorption sites for each adsorbate with ECW theory. 

In contrast to the incorrect hollow-site adsorption of *CO predicted by DFT-PBE-D3, emb-

CASPT2 correctly retrieves the experimental atop-site ground state, indicating that it is an 

appropriate approach to study CO2 reduction. For the *H adsorption site, emb-CASPT2 yielded 

equally stable fcc and hcp hollow sites, consistent with DFT-PBE-D3 calculations. Although 

both emb-CASPT2 and DFT-PBE-D3 favor the bidentate atop-site for *CHO adsorption, emb-

CASPT2 exhibits a relatively strong preference whereas DFT-PBE-D3 only predicted a weak 

preference over other adsorption sites. For *COH adsorption, both theories favor hollow-sites 

with both hcp and fcc exhibiting nearly equal stability within our 0.1 eV margin of error.  

Given the fact that optimizing reaction pathways directly with emb-CASPT2 is not 

possible, we instead optimized the CO reduction reaction pathways to form *CHO and *COH at 

the DFT-PBE-D3 level of theory starting from these ECW theory preferred adsorption sites as 

initial constraints and then corrected the energetics at each interpolated structure along the 

reaction pathways with ECW theory. For the *CHO formation pathway, the barrier was 

estimated to be 1.13 eV at the DFT-PBE-D3 level versus 1.43 eV (1.53 eV) at the emb-CASPT2 

level, within a (16e, 14o) ((10e, 10o)) active space. Beyond the differing barriers predicted by 

the two theories, we observed a local minimum in the emb-CASPT2 energy curve caused by 

stabilization of a particular orientation of the C-H bond (parallel to the Cu(111) surface) not 

captured by DFT-PBE-D3. For the *COH formation pathway, DFT-PBE-D3 yielded a barrier 

of 0.58 eV while emb-CASPT2 predicted an only slightly higher barrier of 0.69 eV based on a 

(14e, 14o) active space. The two theories again exhibited different minimum energy path 

characteristics, in that a local minimum appears in the DFT-PBE-D3 energy curve due to an 

incorrect preference for bridge-site over atop-site adsorption of *CO.  

Thus, comparing the ECW barriers for the two different pathways, we rigorously 

confirmed that the first step in CO reduction on Cu(111) involves *COH instead of *CHO 

formation, via a surface *H transfer mechanism, with *COH formation kinetically preferred over 

*CHO formation by 0.84 eV. However, alternative paths through PCET steps via interaction 



 21 

with water molecules might be more favorable under applied potential and thus such paths are 

being explored with ECW theory in ongoing work.  

 

Supporting Information 

Complete sets of geometries along the MEPs for CO reduction to form *CHO and *COH; natural 

orbitals of the emb-CASSCF active spaces for *CO, *H, *CHO, and *COH adsorption; natural 

orbitals of the emb-CASSCF active spaces for CO reduction to form *CHO and *COH; 

geometries of *CO, *H, *CHO, and *COH adsorption sites; different Cu11 clusters and orbitals 

for *COH adsorption; emb-CASPT2 energy curves for *CHO formation; stabilities of *H 

adsorption sites by emb-CASPT2, activation barriers and reaction energies with implicit 

solvation, and Bader charge analysis of adsorbates in vacuum and solvated. (PDF) 
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