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Abstract  

 

We estimate the rate of electron transfer to CO2 at the Au (211)|water interface during 

adsorption in an electrochemical environment under reducing potentials. Based on density 

functional theory calculations at the generalized gradient approximation and hybrid levels 

of theory, we find electron transfer to adsorbed *CO2 to be very facile. This high rate of 

transfer is estimated by the energy distribution of the adsorbate-induced density of states 

as well as from the interaction between diabatic states representing neutral and negatively 

charged CO2. Up to 0.62 electrons are transferred to CO2, and this charge adiabatically 

increases with the bending angle to a lower limit of 137°. We conclude that this rate of 

electron transfer is extremely fast compared to the timescale of the nuclear degrees of 

freedom, that is, the adsorption process.  
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Introduction 

Electrochemical CO2 reduction is studied intensively since it can provide a route to 

sustainable production of fuels.1 Among candidates tested over many decades of research, 

a handful of transition and coinage metal catalysts have shown mentionable activity. For 

CO2 reduction to CO, Au has the highest activity,  producing CO with a current density of 

1mA/cm2 at a potential below −0.4V under neutral conditions.2–7 More reduced products 

are found at considerably lower potentials over Cu catalysts,2,8,9 and with substantially 

lower Faradaic yields on other transition metals.6 While product distributions and trends in 

catalytic activity are relatively well-documented, mechanistic questions, beginning with 

the first step, remain contentious.  

 The first step in CO2 reduction is the adsorption of CO2.  It has been suggested that 

an electron transfer to the adsorbing CO2 molecule dictates the overall rate of reduction to 

CO.4,10,11 The main argument in favor of rate-limiting electron transfer is that product 

current densities on these metals depend only on the absolute electrode potential and not 

on pH. A lack of pH dependence suggests that the rate-limiting step(s) does not involve a 

proton transfer. However, the absence of pH dependence on the rate leaves room for 

interpretation. For example, it has been shown that both permanent and induced dipole 

moments of adsorbate molecules interact strongly with the fields at the electrode 

interface.12–14 The interfacial field strength depends on the absolute or Standard Hydrogen 

Electrode (SHE) potential scale and can significantly influence the binding energy of 

intermediates, such as CO2, through this dipole-field interaction. In the case that CO2 

adsorption is rate limiting, the overall reaction rate could still show a dependence on the 

absolute electrode potential, even with facile electron transfer. 

 Adsorbed CO2 is observed both computationally and experimentally to be 

negatively charged in a bent geometry.15–17 Therefore, adsorption is indeed associated with 

some electron transfer to the adsorbate. The reduction potential of CO2 in aqueous solution 

is on the order of −1.8 V vs SHE,18 which is considerably more negative than the potential 

where CO2 is reduced over Ag and Au.19 Therefore, the electron transfer must take place 

in the vicinity of the catalyst surface, where the surface interacts sufficiently strongly with 

the CO2 molecule to stabilize the negative molecular ion.10 The fundamental question that 

we investigate here is whether electron transfer in this adsorption process can be rate 

determining.  

 

Theoretical and Computational Details 

CO2 adsorption over Au (211) surface at negative potentials was modeled by including a 

Na+ ion solvated in a water layer above the (3x3) supercell surface, with 10 Å of vacuum 

separating periodic images. Dipole corrections20 were applied during optimizations to 

decouple the electrostatic interaction between periodic images in the z-direction. The 

bottom two layers of each slab were constrained at the bulk lattice constant during 

adsorbate and water layer optimizations while the top layer of metal atoms was allowed to 

relax until all forces fell below a threshold of 0.05 eV/Å. The total system is shown in 

Figure 1. The starting point was a set of DFT-GGA calculations optimized with the Vienna 

Ab-Initio Simulation Package,21–24 (VASP) using projector-augmented wave (PAW) 

pseudopotentials25,26 to describe the core electrons, with valence electrons expanded as 



plane-waves up to a cutoff of 500 eV. At the GGA level of DFT, the RPBE exchange-

correlation functional27 was used. The hybrid-DFT calculations employed the range-

separated, screened HSE06 functional.28,29 A (4×4×1) Monkhorst-Pack k-point sampling 

was used for all calculations except the calculation of the projeted density of states (PDOS), 

for which a more dense sampling of (8x8x1) with a Gaussian smearing of 0.2 eV was 

used.30 An initial guess for the solvent, ion, and adsorbate configuration was provided 

through minima hopping.31 From these minima, initial and final states with CO2 close to 

and far from the surface were calculated by reoptimizing each structure with the CO2 

adsorbate. Only the lowest energy structures were selected for final analysis.  

  A climbing-image nudged elastic band (NEB)32,33 calculation was performed to 

generate the lowest energy path from solvated to adsorbed CO2. To determine the 

energetics of each diabatic path (linear and bent), the optimized geometry of the (linear and 

bent, respectively) CO2 molecule was applied to each image along the converged 

adsorption path. In other words, the position of the C atom was the same between the two 

diabatic curves for each image, and only the O=C=O angle was constrained to match the 

optimized bent or linear bond angle. Single-point energy evaluations were performed on 

top of these geometries to generate the diabatic curves in Figure 4. The resulting structures 

and energies are also available online at catalysis-hub.org repository.34,35  

 

Results and Discussion 

 In order to better understand the rate of CO2 adsorption during electro-reduction 

and the role of electron transfer, we have calculated the potential energy diagram and 

electronic structure of adsorbing CO2 over a stepped Au (211) surface at negative potentials 

(vs SHE) using density functional theory (DFT). We present the electronically adiabatic 

reaction pathway as well as pathways for two cases where the O=C=O angle is fixed in 

both a linear and a bent configuration corresponding to the neutral and negative ions, 

respectively. We then calculate a measure of the rate of electron transfer in the region of 

interest using both generalized gradient approximation (GGA)-DFT and hybrid-DFT, the 

latter including both exact exchange and non-local correlation effects. We conclude that 

the rate of electron transfer is extremely fast compared to the time scale of the adsorption 

process. It is therefore unlikely that electron transfer is rate limiting for this reaction.  

 In our calculation of CO2 adsorption on a negatively charged Au (211) electrode 

surface, we model the outer Helmholtz plane by a water bilayer including a solvated Na 

ion as in shown in Figure 1. The total system is electroneutral, and hence, excess electrons 

in the surface are exactly countered by Na+ ions to form an electrochemical double layer at 

which the adsorption occurs.  Given that Au has a potential of zero charge of ~0.2eV36,  a 

standard capacitance of 20F/cm2
  would give a potential of ~-0.7V vs SHE for the system 

considered.  The Supporting Information (SI) and an online database35 provides all the 

corresponding structures and energies. 



  
Figure 1: Adiabatic Pathway for CO2 adsorption (from right to left) on Au (211) surface in the presence of a Na+ ion 

solvated in a water bilayer. The calculated potential energy path is as function of the horizontal distance, dz, of CO2 

molecule from the top of the surface. Energies are referenced to gas phase CO2 molecule and clean surface with the 

solvated ion. The insets highlight the geometries of initial (IS), transition (TS) and final (FS) states. The carbon atom is 

shown in gray, oxygen and hydrogen atoms shown as red and white and Na+ ion as large purple sphere. For all structures, 

please refer to the SI, or to an available online database.35  

 

 First, we perform a calculation which is adiabatic in the electronic and CO2 nuclear 

degrees of freedom along the reaction pathway. Figure 1 shows the resulting potential 

energy diagram calculated using the RPBE exchange correlation functional27 (see also 

Computational Details).  The energy, plotted on the y-axis, shows that the CO2 adsorption 

is slightly uphill in energy at the considered surface charge density. The energies in this 

plot are referenced to a gas phase CO2 molecule and a clean, solvated surface. Each inset 

represents a particular snapshot of the CO2 structure along the path. It can be seen that the 

solvated CO2 molecule in the outer Helmholtz plane bends along the reaction pathway, 

indicative of partial transfer of an electron to the molecule.37 We note that endothermic 

adsorption does not preclude further reaction. Instead, it indicates that the activation energy 

for the total process will include the positive reaction energy of this first step. Since the 

coverage of adsorbed CO2 will be first order in the CO2 activity in solution (or CO2 

pressure), the total rate will also be first order. We note that this finding is also supported 

across a range of experiments.4,5,10 

 



  
Figure 2: (a) Evolution of the projected density of states (PDOS) along the adsorption pathway, where the s and p states 

of the two oxygen atoms and one carbon atom of CO2 are shown. The CO2 bending angle is indicated in the insets. We 

highlight (in light red) the observed 1 eV broadening at the Fermi level as the molecule approaches the surface. (b) Walsh 

diagram for carbon dioxide, showing the splitting of π states as the molecule transitions from the linear to bent 

configuration. Adapted from ref. 37. Reproduced with permission. Copyright Elsevier 1996. 

 Now we address the question of whether it is a good approximation to assume that 

the electronic degrees of freedom are adiabatic—that is, whether the electron transfer is 

rate-limiting. We approach this problem in two ways. First, we consider the evolution in 

the projected density of states (PDOS) for the CO2 molecule carbon and oxygen atoms (2s 

and 2p) along the adiabatic pathway, shown in Figure 2 (a). It can be seen that all bonding 

CO2 states  are filled and the antibonding states37 are well above the Fermi level when the 

molecule is far away from the surface. As the molecule approaches the surface and starts 

to adopt the bent geometry, the degenerate antibonding states start to split. The lower edge 

of the states moves down through the Fermi level along the pathway, indicating an electron 

transfer to form a partially charged adsorbed CO2 anion. This is further illustrated by the 

Walsh diagram for the CO2 molecule, as shown in Figure 2 (b), reproduced with permission 

from ref. 37. 

 It can be seen that all molecular states are broadened into resonances. This is 

observed generally for adsorption of atoms and molecules on metal surfaces.38–41 One way 

of looking at this is that the electrons can hop between the adsorbate states and continuum 

of metal states with which they interact. The electrons therefore have a finite lifetime in 

the adsorbate states and thus a corresponding uncertainty in the energy. In the Newns-

Anderson model of chemisorption,38–40 the energy width of the adsorbate states is given by 

Δ = ∑ |𝑉𝑎𝑘|2𝛿(𝜖𝑘 𝑎
− 𝜖𝑘), where 𝑉𝑎𝑘 is the coupling matrix element between metal state k 

and adsorbate state a, and 𝜖𝑘 and 𝜖𝑎 are the corresponding orbital energies. It can be seen 

that 2𝜋

ℏ
Δ is simply the Fermi Golden Rule expression of the rate of electron transfer. From 

Figure 2, it can be seen that the width of the CO2
 states is of the order 1 eV (highlighted in 



light red near the Fermi level) corresponding to a rate of electron transfer of the order 1015 

s-1.  

 

  
Figure 3: Diabatic potential energy curves for CO2 adsorption on an Au (211) surface. Solid squares represent the path 

where CO2 is constrained in a linear geometry while approaching the surface. Open circles represent the path where CO2 

is constrained in a bent (negatively charged) geometry while approaching the surface.  

An alternative viewpoint, illustrated in Figure 3, is to consider the adsorption event as a 

transition between two pseudo-diabatic potential energy curves. In one of these curves, the 

O=C=O angle is kept fixed at the value 180˚, corresponding to the initial, neutral state of 

the CO2 molecule, labeled as IS′. In the other curve, the angle is kept fixed at 137.4˚, 

corresponding to the final, anionic state, FS. According to a Bader analysis, the bent 

geometry carries a negative charge (from –0.27 to –0.62 e), while the linear geometry stays 

essentially neutral (see SI Figure S1). The two curves therefore also represent two charge 

states of the CO2 molecule. Far from the surface, in the first outer Helmholtz plane, the 

neutral state is favored over the anionic state by about 1 eV. However, the energies of the 

two states of CO2 cross at a distance of ~2.6 Å from the surface near the transition state. 

Eventually, the charged and bent molecular state becomes energetically favorable close to 

FS, while the neutral state is highly disfavored. The adiabatic path is also indicated in 

Figure 3 in black circles.  

 At the point where the linear CO2 configuration is no longer favored energetically, 

the  metal surface may transfer an electron to the CO2 molecule, allowing the anti-bonding 

state to be occupied. The lowest energy path for this process, and the ability of Au (211) to 

transfer an electron into the CO2 molecule and stabilize the bent CO2
 configuration, is 

represented by the adiabatic path, which can be viewed as the bonding state resulting from 

the interaction between the two diabatic states. It can be seen from the energy difference 

between the diabatic crossing point and the adiabatic barrier that the strength of the 



coupling at the crossing point is on the order of several tenths of an eV, reinforcing the 

result from above that the coupling is strong enough such that the transfer rate is very high.  

 

  
Figure 4: Comparison of the RPBE (left) and HSE06 (right) evolutions of projected density of states analogous to Figure 

2. Only the selected images from Figure 1 are shown. 

 In order to verify that the results are not limited to semi-local DFT, we also calculate 

the adsorbate spectra using the screened range-separated hybrid HSE06 functional (see also 

Computational Details). The  resulting spectra calculated using the RPBE and HSE06 

functionals28,29 are compared in Figure 4 for selected points along the adiabatic pathway. 

As expected, the HOMO-LUMO gaps for the molecular states are increased for HSE06, 

compared to the semi-local DFT results. However, the broadening of the bands (~1 eV), 

which is the primary quantity of interest in this study, has not changed significantly 

particularly at the Fermi level.  

 

Conclusions 

 We conclude from the results shown here that electron transfer is unlikely to be 

rate-determining in CO2 adsorption. We suggest that this result holds for any 

electrochemical adsorption process occurring close to a metal surface where the overlap of 

molecular and metal states is large enough to help stabilize the charged adsorbate. This 

scenario is in stark contrast to outer-sphere electron-transfer reactions in solution.42 The 

main difference between the two scenarios are twofold. First, the electron transfer is over 

a long distance and the reductant is not directly involved in stabilizing the transition state. 

Second, as a metal surface has electrons available for all energies below the Fermi level 

(down to the bottom of the conduction band), this substantially relaxes the requirement for 

an exact energy alignment between the donor and acceptor levels. Of course, these current 

findings would not be transferable to insulating or semi-conducting surfaces that do not 

have a continous density of states below the Fermi level. Typically, insulators can only be 



of interest as electrocatalysts if they are thin enough that electrons can be transported 

through, either by electron hopping or tunneling. In such cases, electron transport can easily 

become rate limiting.43  

 The current results raise the question: why is the rate of CO2 reduction found to be 

independent of pH for a fixed absolute potential? Adsorbed CO2 has a significant dipole 

moment of –0.49 eÅ (SI Figure S2), which would be stabilized by the fields exerted by 

ions at the electrochemical double-layer.44 Since these fields depend on absolute potential, 

so would the field-stabilized CO2 binding energy.  If CO2 binding is the limiting step, the 

overall rate would also have no pH dependence. We believe that the above implications 

remain valid for a broader class of adsorption processes, despite the simplified model of 

the electrochemical interface employed in this work.  
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