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ABSTRACT 

The electrochemical reduction of CO2 into valuable chemicals under mild conditions has 

become a promising technology for energy storage and conversion in the past few years, 

receiving much attention from theoretical researchers to investigate the reaction mechanisms. 

However, most of the previous simulations are related to the key intermediates of *COOH and 

*CO using the computational hydrogen electrode (CHE) approach under vacuum conditions, 

and details of the CO2 activation are usually ignored due to the model simplicity. Here, we 

study the CO2 activation at the Au-water interfaces by considering the dynamics of an explicit 

water solvent, where both regular ab initio molecular dynamics (AIMD) and constrained ab 

initio molecular dynamics (cAIMD) simulations are carried out to explore the CO2 

adsorption/desorption reactions from the atomic level. By introducing K+ cations into Au(110)-

water interfacial models, an electrochemical environment under reducing potentials is 

constructed, where the reaction free energy (0.26 eV) and activation energy (0.61 eV) are 

obtained for CO2 adsorption based on thermodynamic integration. Moreover, the Bader charge 

analysis demonstrates that CO2 adsorption is activated by the first-electron transfer forming 

adsorbed CO2·- anion initiating the overall catalytic reaction. 

KEYWORDS: solid-liquid interface, CO2 activation, ab initio molecular dynamics, cation, 

surface charge 

 

INTRODUCTION 

The electrochemical carbon dioxide reduction reaction (CO2RR) has emerged as an attractive 

technology to minimizing the carbon footprint via creation of useful fuels and valuable 

chemicals under mild conditions, thereby mitigating the climate change and establishing a 

sustainable carbon cycle.1-3 Copper-based electrode materials are active for reducing CO2 to 



valuable products including methane, ethylene, and minor alcohol products,4, 5 while gold-

based electrodes exhibit highly active and selective CO2 reduction performance to produce CO 

among polycrystalline metals, which is the critical component of syngas.6, 7 

Compared to the complex and multi-proton/electron (H+/e-) transfers during CO2 reduction on 

Cu producing hydrocarbons,8, 9 the relatively simple case of only two-electron CO2RR on Au 

is still in controversy regarding to the reaction mechanism(s), especially the determination of 

rate-determining step (RDS).10-14 For example, Wuttig et al. conducted the in situ surface-

enhanced IR absorption spectroscopy (SEIRAS) and electrochemical kinetic studies on 

polycrystalline Au to probe the selectivity of H2 and CO production, and proposed that the first 

electron transfer to CO2 (concomitant adsorption) was the RDS, which was followed by the 

rapid one-electron and two-proton transfers.10 This RDS is consistent with electrokinetic 

studies by Chen et al.14, where the CO2 activation was regarded as the RDS on polycrystalline 

Au, which turned to be the proton transfer step in the *CO2-to-*COOH conversion on oxide-

derived Au with the fast pre-equilibrium electron transfer producing CO2·-. However, another 

study by Dunwell indicated that the second electron transfer during *COOH-to-*CO 

conversion was the RDS, while studying the role of bicarbonate in CO2 reduction using the 

attenuated total reflectance-surface enhanced infrared absorption spectroscopy (ATR-

SEIRAS).13 The following work by the same group, however, also discussed the possibility of 

RDS to be the *CO2-to-*COOH step.12 Therefore, it is in great dispute to determine the RDS 

during CO2RR on Au surfaces, which is critical to the complete understanding of reaction 

mechanisms, as well as the development of advanced metal-based electrocatalysts. 

Atomic-scale density functional theory (DFT) simulations become more and more popular to 

elucidate the reaction mechanisms under various electrocatalytic reactions.15-20 The reduction 

of CO2 to CO has been identified to be the two-electron transfer reaction with *COOH and 

*CO as the key intermediates, including the CO2 activation, *CO2-to-*COOH, *COOH-to-

*CO, and the final *CO desorption step.21, 22 However, vacuum models were usually employed 

in most of previous DFT simulations, only considering the energy levels of *COOH and *CO 

in Gibbs free energy diagrams and evaluating the catalyst performance from a thermodynamic 

analysis.23, 24 The initial CO2 activation and final *CO desorption were ignored since both of 

them cannot be accessed under the simplified vacuum conditions. Different from the easy-

desorption step of *CO with weak Au-CO binding energy,4, 22 the initial CO2 activation is 

closely related to the reaction rate, which has been proposed as the possible RDS from both 

experiments10, 14, 25 and multiscale modeling26. Hence, to better provide the mechanistic 



insights of CO2 reduction on Au surfaces, CO2 activation deserves the in-depth study from 

atomic-level simulations. 

It has been mentioned above that CO2 activation is not accessible in vacuum models, which 

actually occurs at Au-water interfaces, and constructing a complex electrochemical interface is 

essential to include the effect of solvents. Ab initio molecular dynamics (AIMD) simulation is 

a powerful technique to consider the solvent dynamics, which describes the reorganization and 

fluctuation of solvent molecules along with the cleavage and formation of chemical bonds 

during electrochemical reactions, thereby providing more detailed and accurate information 

about solid-liquid interface compared to the standard DFT calculations at 0 K using only static 

water solvent models.27, 28 Previously, AIMD simulations were performed to study interfaces 

and catalytic reactions,29-32 including water structures on Pt(111),29 methanol electrooxidations 

on Pt(111),30 and CO2RR on Cu(100) with both water-Cu interfaces and polymer-Cu 

interfaces.31, 32 Here in our study, an Au(110)-water interface is constructed to mimic the 

electrode-electrolyte interface, and the effect of the surface charge density (applied potential) 

is explored via introducing a different number of cations (0K+, 1K+, and 2K+). By conducting 

regular AIMD and constrained ab initio molecular dynamics (cAIMD) simulations, we study 

the CO2 activation from both thermodynamic and kinetic aspects, where the activation is 

considered to be from CO2 in the aqueous state in bulk water to adsorption state on Au(110) 

surfaces. It is demonstrated that CO2 adsorption could be activated by introducing excess 

charges into Au(110) including 2K+ in liquid water with the free energy barrier of 0.61 eV, and 

Bader charge analysis results indicate there are 0.81 e- transferred to *CO2 during adsorption. 

It is believed that such an atomic-scale AIMD simulation study deepens the understandings of 

CO2 reduction on Au surfaces, as well as the interfacial behavior at electrode-electrolyte 

interfaces.  

 

METHODS 

Au-water interfacial models 

First-principles DFT calculations and AIMD simulations are performed to study the energetics 

of CO2 adsorption and desorption at Au-water interfaces including various number of K cations 

(0K+, 1K+, and 2K+) in the liquid water phase, which could contribute to different surface 

charge states on Au surfaces. The Au(110) facet with under-coordinated sites is selected since 

it is one of the most active surfaces with at least 20-fold higher activity than that on more-



coordinated surfaces (e.g. Au(100))33, and the condensed water phase is with a density of ~1 g 

cm-3 in the simulation cell. With the CO2 adsorption on Au(110) under the vacuum conditions 

(Figure 1a) for comparison, CO2 at Au(110)-pure water interface with 44 H2O molecules is 

shown in Figure 1b. For 1K and 2K in water phase shown in Figure 1c and 1d, respectively, 

the K tends to be ionized to a cation (K+) coordinated to several water molecules with ionic 

bonds after molecular dynamics simulations, and the corresponding electrons will be present 

on the charged Au(110). The charge transfer is analyzed by the Bader charge analysis method.34, 

35  

 

Figure 1. The basic simulation models: (a) CO2 on Au(110) with the vacuum condition; (b) 

CO2 on Au(110)-44H2O; (c) CO2 on Au(110)-43H2O-1K+; (d) CO2 on Au(110)-42H2O-2K+. 

Color code: Au, golden; K, purple; C, blue; O, red; H, white. 

Computational details 

All of the atomic simulations are carried out based on DFT via Vienna Ab-initio Simulations 

Package (VASP)36, 37 with the projector augmented wave (PAW)38, 39 method. The electron 

exchange-correlation interactions are described within the generalized gradient approximation 

(GGA) framework by the Perdew-Burke-Ernzerhof (PBE) functional40. The cut-off energy is 

set to be 400 eV. The Methfessel-Paxton sampling method41 is adopted for Brillouin-zone 

integration with the k-point mesh grid of (3 × 3 × 1) for geometry optimizations and the 

increased density of (7 × 7 × 1) k-point mesh is used for density of states (DOS) calculations. 

The (2 × 3) supercell Au(110) is constructed containing seven-atomic layers, and the bottom 

four layers are fixed at bulk positions of the Au lattice, while the rest are allowed to be fully 

relaxed. The simulation cell size of Au-water interfacial models is 8.32 Å × 8.82 Å × 40 Å, 

where one 12 Å-vacuum slab in the z direction is left besides the Au substrate and multiple 

explicit water layers, prohibiting the spurious periodic interactions. A dipole correction term is 

not included since structure optimizations and molecular dynamics simulations in such a 

complex solid-liquid interfacial model with supercell are computationally expensive. Due to 



the importance of  van der Waals (vdW) forces to liquid water solvents, the zero-damping DFT-

D3 method of Grimme42, 43 is introduced.  

AIMD simulations and free energy evaluations 

By constructing the solid-liquid interface mimicking the electrochemical double layer (EDL) 

region, the dynamical changes of the liquid water, including the dynamic hydrogen bonding 

network are evaluated by AIMD simulations, since there are numerous configurations in the 

water solvent interacting with the interfacial reaction species and evolving along the reaction 

coordinate. Such an advanced method should be more suitable to describe the dynamic 

behavior at the EDL compared to the conventional simulation models, where the liquid water 

is considered either to be the continuous medium (implicit solvent) by neglecting the atomic 

structures of water or to be represented by only several water molecules.44, 45 For Au-water 

interfacial models, AIMD simulations are carried out within the canonical (NVT) ensemble at 

298 K using the Nose-Hoover thermostat with the time step of 1fs.46, 47 The regular AIMD 

simulations are carried out for at least 10ps to allow the explicit solvent water molecules to 

relax and reach the relatively equilibrium state, where the stabilized structure is used as the 

initial state for the subsequent constrained ab initio molecular dynamics (cAIMD) simulations 

to evaluate the activation energies and reaction energies. The k-point mesh grid of (3 × 3 × 1) 

is used in both regular and constrained molecular dynamics simulations. Extended simulation 

time of 30ps for AIMD is checked to ensure the reliability of 10ps AIMD analysis results 

(Figure S1). During cAIMD simulations, the slow-growth sampling approach48, 49 is employed 

to evaluate the gradual evolutions from the initial state to the final state along the reaction 

coordinate, which is represented by defining the suitable collective variable (CV) (denoted as 

SG-AIMD). The transformation velocity in the slow-growth approach is controlled to be 0.001 

Å. Such a slow-growth approach is based on the thermodynamic integration, and specifically, 

the blue-moon ensemble method as implemented in VASP is adopted to compute the 

corresponding mean force which acts on the CV along the reaction coordinate.50 The reaction 

barriers and reaction energies are obtained by collecting and integrating the free-energy 

gradients to plot the free energy profiles.50, 51 

 

RESULTS AND DISCUSSION 

Regular AIMD simulations for CO2(aq) at Au-water interfaces 



For Au(110) under vacuum conditions, as shown in Figure 1a, it is obvious that CO2 cannot be 

activated/adsorbed with the almost linear state (angle = 179.5°) and C-O bond length of 1.18Å, 

and the distance between CO2 and Au(110) is around 3.3Å. Similarly, the CO2 “non-adsorption 

phenomenon” is observed at the Au-water interfaces with six-layer pure water solvents (44 

H2O) (Figure S2, detailed analysis and discussions could be found in the supporting 

information). It is known that the charged surface might contribute to CO2 activation during 

CO2RR, which usually occurs at the negative potential on Au surfaces with high faradaic 

efficiency.14 To simulate the charged Au surface as well as the Au-water interface, 1K and 2K 

are introduced into the liquid water phase, where regular AIMD simulations are conducted for 

at least 10ps (Figure 2a and b). After 10ps AIMD in both 1K and 2K models, CO2 located at 

the solid-liquid interfacial region keeps being in aqueous states (CO2(aq)) (the final state shown 

in Figure 2a and b). A Bader charge analysis is carried out to investigate the charge distributions 

in both Au(110)-43H2O-1K+ and Au(110)-42H2O-2K+, as shown in Figure 2c and d, 

respectively. In Au(110)-43H2O-1K+ (Figure 2c), the introduced alkali metal (K) turns to be 

cation (K+) with the positive net charge of 0.90e, and the majority of charge from K is 

transferred to Au(110) being the charged surface with -0.64e. Besides, a minority charge is 

transferred to the water solvent (-0.22e), and CO2(aq) is almost charge-neutral (-0.04e). The 

similar charge density distributions are observed in Au(110)-42H2O-2K+ (Figure 2d), and the 

only difference is that 2K transfer 1.27e to Au(110) resulting in the more negatively-charged 

Au surfaces.  



 

Figure 2. The interfacial models for CO2 on Au(110)-43H2O-1K+ (a) and Au(110)-42H2O-2K+ 

(b) including the initial and final structures along 10ps AIMD simulations. The Bader charge 

analysis results for Au(110)-43H2O-1K+ (c) and Au(110)-42H2O-2K+ (d). Color code: Au, 

golden; K, purple; C, blue; O, red; H, white. 

Along 10ps AIMD simulations of Au(110)-43H2O-1K+ and Au(110)-42H2O-2K+, the work 

function (WF) fluctuations are measured and shown in Figure S3. The averaged WF is 

calculated to be (3.37 ± 0.74) eV and (2.85 ± 1.01) eV for 1K and 2K, respectively, lower than 

that in pure water (4.28 ± 0.57 eV, Figure S2e), which indicates that the resultant charged Au 

surfaces by K cations are actually closer to the experimental measurement condition at negative 

applied potential region, based on the relationship between WF and USHE (SHE, standard 

hydrogen electrode) of USHE = (WF - 4.44 eV)/electron by taking the -4.44 eV as the chemical 

potential of SHE.52, 53 To investigate the reliability of 10ps-AIMD simulations, it is extended 

for 30ps in Au(110)-42H2O-2K+ as shown in Figure S4, where both the temperature (Figure 

S4a) and system energy (Figure S4b) remain stable along 30ps. Moreover, the Bader charge 

analysis results also indicate that the charge distribution is almost identical between 10ps and 

30ps AIMD simulations (Figure S4c), and the averaged WF (Figure S4d) in 30ps AIMD is 2.54 

eV, relatively close to that in 10ps AIMD (2.85 eV) despite the continuous fluctuations during 

the 30ps (Figure S5), demonstrating that the 10ps AIMD provides reliable atomic simulations 

and analysis results regarding the interfacial behaviors at Au-water interfaces.  



By introducing different number of alkali metal (K) into the liquid water solvents, it is predicted 

that various surface charge states on Au are reached with distinct interfacial charge density 

distributions due to the water-solvated K being cation (K+) with additionally introduced 

electrons. As shown in Figure 3, 2K solvated by water molecules (Figure 3c) contribute to the 

larger portion of excess charges on Au(110) compared to 1K (Figure 3b) and 0K (Figure 3a), 

resulting in the higher surface charge density of -27.73 uC/cm2 (-13.97 uC/cm2 in 1K and -

0.015 uC/cm2 in 0K), which agrees well with the above results of WF and USHE. The analysis 

results are summarized into Table 1, including the averaged WF, applied potential (USHE and 

URHE), and surface charge density. Notwithstanding that CO2 adsorption is not observed in 

above simulations, it is predicted that the CO2 activation might occur in Au(110)-42H2O-2K+, 

due to the high surface charge density of Au and the negative applied potential induced by 

water-solvated 2K+, which probably needs to overcome a reaction barrier during adsorption. It 

should be noted that the above standard AIMD simulations are initiated with CO2 at the Au-

water interfacial region in an almost linear pattern. Therefore, it is worthy to perform AIMD 

simulations with pre-adsorbed CO2 (*CO2) as the initial state to study the possibility of CO2 

activation and stabilization with or without K cations. 

 

Figure 3. Top view of interfacial structure (left) and charge density difference distribution 

(right) for CO2 on Au-44H2O-0K+ (a), Au(110)-43H2O-1K+ (b), and Au(110)-42H2O-2K+ (c). 

Iso-surface level = 0.001 e/Bohr3.  In the charge density difference distribution diagrams, 

yellow represents the electron-accumulation area, while cyan is the electron-depletion area. 

The liquid phase is shown in stick mode for clarity. Color code: Au, golden; K, purple; C, blue; 

O, red; H, white.  

 

Table 1. The summarized analysis results of Au-44H2O-0K+, Au(110)-43H2O-1K+, and 

Au(110)-42H2O-2K+, including the averaged WF, applied potential (USHE and URHE), and 

surface charge density. The WF comparison is made for 10ps AIMD in Au-water interfacial 

models. 



Au-water interface 0K 1K 2K 

Averaged WF (eV) 4.28 3.37 2.85 

USHE (V) -0.16 -1.07 -1.59 

URHE (pH=7) (V) 0.25 -0.65 -1.17 

Surface charge density (uC/cm2) -0.015  -13.97 -27.73 

 

Regular AIMD simulations for pre-adsorbed *CO2 at Au-water interfaces 

To explore whether the pre-adsorbed *CO2 could be stabilized on charged Au surfaces, regular 

AIMD simulations are initially conducted on Au(110)-42H2O-2K+ for 10ps. As shown in 

Figure 4a, *CO2 adsorption is observed on Au(110) in both initial and final structures, being 

stabilized by two hydrogen bonds between CO2 and surrounding water molecules in the end of 

10ps AIMD, where C-O bonds are elongated to be 1.33 and 1.31 Å with the distinct bending 

angle of 127° (1.16 Å for C-O bond and 180° for the angle in the ideal CO2 molecule). With 

0~2ps being the pre-equilibrium stage, the C-Au distance between CO2 and Au(110) and charge 

distribution are analyzed from 2ps to 10ps as shown in Figure 4b and c, respectively. In Figure 

4b, the C-Au distance keeps being 2.10 Å along 2~10ps, demonstrating that CO2 adsorption is 

stabilized on Au surfaces. Bader charge analysis results in Figure 4c indicate that 2K introduce 

1.77 electrons into the Au-water interface, where 0.86 electron is transferred to *CO2 besides 

the partial charges of 0.65 and 0.26 electron being transferred to Au(110) and the surrounding 

water solvent, respectively. Such a charge transfer illustrates that CO2 is activated by receiving 

almost one electron (0.86 electron) being CO2·- or *CO2 on Au(110)-42H2O-2K+. 

 

Figure 4. (a) The initial and final structures for pre-adsorbed *CO2 on Au(110)-42H2O-2K+ 

for 10ps regular AIMD simulations. (b) The C-Au distance between CO2 and Au(110) along 

AIMD from 2ps to 10ps. (c) Bader charge analysis results for *CO2 on Au(110)-42H2O-2K+ 

from 2ps to 10ps. Color code: Au, golden; K, purple; C, blue; O, red; H, white.  



It should be mentioned that the pre-adsorbed *CO2 is observed to desorb from Au surfaces and 

adsorb again during the initial 0~2ps AIMD as shown in the snapshots in Figure S6, where the 

C-Au distance and transferred charge to CO2 are shown in detail along the desorption-

adsorption process. By analyzing the K+-O (in CO2) distances (Figure S7), it is demonstrated 

that the interactions between CO2-K and CO2-Au affect each other dramatically contributing 

to the CO2 desorption-adsorption phenomenon during 0~2ps (detailed discussions can be found 

in supporting information). Additionally, the initial structure of pre-adsorbed *CO2 in Figure 

4a is taken from the static DFT optimization at 0 K, which is different from 298 K in AIMD 

without including the dynamics of water solvents. Considering the simulation time scale, 

eventually CO2 would adsorb on Au(110) at 298K, and the full range analysis during 0~10 ps 

including the C-Au distance and charge distribution is shown in Figure S8.  

To analyze the effect of surface charge on the CO2 adsorption, similar simulations are 

performed in Au(110)-43H2O-1K+ with the surface charge density of -13.97 uC/cm2, half of 

that on Au(110)-42H2O-2K+ (-27.73 uC/cm2). Regular AIMD simulations are carried out by 

taking different pre-adsorbed *CO2 structures from static DFT calculations as initial 

configurations, but none of them can stabilize *CO2 which desorbs from the Au site (Figure 

S9). However, it cannot be ruled out for the possibility of CO2 activation on Au(110)-43H2O-

1K+ with the smaller surface charge density compared to 2K case, since CO2 might adsorb 

again within the larger time scale which deserves further study. 

Based on the above results, it is illustrated that CO2 can be activated on Au(110) especially 

with the high surface charge density by introducing 2K into liquid water, which probably needs 

to overcome the certain reaction barrier during CO2(aq)-to-*CO2 conversion since CO2 

adsorption is not observed in the regular AIMD simulations with CO2(aq) at Au-water 

interfaces but only occurs with the pre-adsorbed *CO2. To evaluate the activation energy 

during CO2(aq)-to-*CO2 conversion, constrained AIMD (cAIMD) simulations with the slow-

growth sampling approach (SG-AIMD) are introduced to explore the free energy changes as 

well as reaction barriers. 

Constrained AIMD simulations for free energy evaluations during CO2 activation 

The constrained AIMD simulations with the slow-growth approach (SG-AIMD) are used to 

evaluate the free energy changes and activation energy during the CO2 adsorption. In the 

CO2(aq)-to-*CO2 conversion, free energy is sampled along with the C-Au distance varying 

from 4.50 to 2.09 Å. As shown in Figure 5a, by defining the C-Au distance as the CV, the free 



energy keeps increasing until reaching the transition state (TS) where the force is zero at CV = 

2.74 Å, indicated by the dashed black line. The activation energy (Ea) of CO2 adsorption is 

0.61 eV and reaction free energy is 0.26 eV, where the local minimum state for *CO2 is located 

at CV = 2.12 Å. The corresponding key structures including the initial state (Initial), transition 

state (TS), and final state (Final), are shown in Figure 5b, where the dashed black lines indicate 

the C-Au distance as the defined CV. Moreover, the reverse desorption reaction is also explored 

by SG-AIMD with the same CV (C-Au distance), and the free energy profiles of CO2 

adsorption and desorption are compared in Figure 5c, demonstrating the quite similar free 

energy variations and TS positions at almost identical CV. The detailed data are summarized 

into Table S1. Such a comparison of the free energy curves between adsorption and desorption 

of CO2 at Au-water interfaces (Figure 5c) illustrates the reliability of our interfacial models 

and sampling approach, validating the effectiveness of the defined CV. We note that different 

initial structures might affect the activation energy evaluation during the free energy sampling, 

thus another configuration for CO2(aq) is examined by SG-AIMD (Figure S10). By calibrating 

the same sampling range of CV (2.00 ~ 4.50 Å), the activation energy is found to be the same 

with 0.61 eV despite a minor difference (0.14 eV) in the reaction free energy. Additionally, in 

previous molecular dynamics simulations, typically heavy water (D2O) is used instead of H2O 

contributing to the better time statistics.54-56 To guarantee the data consistence and reliability, 

the SG-AIMD simulation with D2O using the larger time step (1.2 fs) is tested and compared. 

The initial and final structures during cAIMD are shown in Figure S11, and the free energy 

barrier is 0.65 eV for CO2(aq)-to-CO2(ads) conversion, which is very similar to the one 

obtained in above simulations using H2O (0.61 eV). Besides, the almost same position for 

defined CV at transition state is located (CV = 2.745 Å in D2O; CV = 2.743 Å in H2O). 

Therefore, the above results are unproblematic since the free energy is independent of the mass 

of atoms. 

 

 



 

Figure 5. (a) Free energy and force profiles sampled by SG-AIMD for CO2 adsorption on 

Au(110)-42H2O-2K+. (b) The key structures during CO2 adsorption including initial state 

(Initial), transition state (TS), and final state (Final), where the values of C-Au distance 

(indicated by dashed black line) as the defined CV are marked. (c) Free energy profiles for CO2 

adsorption and desorption. Color code: Au, golden; K, purple; C, blue; O, red; H, white.  

During the CO2(aq)-to-*CO2 conversion step, it is predicted that CO2 can be activated by 

receiving charges from Au with high surface charge densities in Au(110)-42H2O-2K+. 

Therefore, a Bader charge analysis is carried out to explore the electron transfer between Au 

surfaces, water solvents, and CO2 molecule. Figure 6a shows the charge variations (bottom) 

for Au, H2O, and CO2 along SG-AIMD with the CV ranging from 4.50 to 2.00 Å, where the 

CO2 adsorption occurs being from aqueous state (CO2(aq)) to adsorption state (*CO2) (top). 

During adsorption, besides the initial configuration of CV = 4.50 Å, three key intermediates 

are found (dashed lines in Figure 6a), including CV = 3.09 Å where CO2 starts to receive charge 



from Au and H2O (0.09 e-), CV = 2.74 Å where CO2 adsorption reaches the TS receiving 0.44 

e-, and CV = 2.12 Å where *CO2 is at the local minimum state receiving 0.81 e-. Since the TS 

is located at CV = 2.74 Å, one additional constrained molecular dynamics simulation is 

performed with this fixed C-Au distance for 10ps to evaluate the force changes (Figure S12a), 

where the force fluctuates around 0.04 eV/Å (standard error = 0.0017 eV/Å) demonstrating 

that the configuration with CV = 2.74 Å (Figure S12b) is the exact saddle point. These key 

structures for CO2 adsorption are shown in Figure 6b. Furthermore, the projected density of 

states (PDOS) for s and p orbitals of CO2 (CO2-s-p) and d-orbital of Au site (Au-d) are analyzed 

and shown in Figure 6c, including various structures at CVs of 4.50, 3.09, 2.74, and 2.12 Å. 

As expected, the overlap between CO2-s-p and Au-d increases with decreasing CV from 4.50 

to 2.12 Å, which correlates well with the charge analysis results, where CO2 activation occurs 

by receiving electrons from Au and H2O continuously. The comparison of PDOS between Au 

sites at different CVs is shown in Figure S13, where the d-band center of Au is shifted 

negatively with decreased CV since the partial charges are transferred from Au to *CO2 (Table 

S2 and S3).  



 

Figure 6. (a) Free energy profile (top) and Bader charge analysis (bottom) for CO2 adsorption 

along SG-AIMD in Au(110)-42H2O-2K+. The dashed red, blue, and purple lines represent the 

key intermediates with the CV of 3.09, 2.74, and 2.12 Å, respectively. (b) The key structures 

during CO2 adsorption, including the initial state (CV = 4.50 Å), intermediate state starting to 

receive charges (CV = 3.09 Å), TS (CV = 2.74 Å), and final state (CV = 2.12 Å). (c) The 

projected density of states (PDOS) diagram for s and p orbitals of CO2 (CO2-s-p) and d-orbital 

of Au (Au-d) site in various CVs of 4.50, 3.09, 2.74, and 2.12 Å, where the transferred partial 

charges to CO2 with the bending angles are marked. Color code: Au, golden; K, purple; C, blue; 

O, red; H, white.  

 



Before reaching the conclusions, some comparisons between this work and previous studies 

including experimental and theoretical work are performed. Firstly, CO2 is observed to be 

activated by receiving almost one electron (0.86 and 0.81 electron) during AIMD simulations 

in Au(110)-42H2O-2K+, which partially agrees with previous experimental predictions based 

on SEIRAS measurements and electrochemical kinetic study as well as the microkinetic 

modelling, where the initial CO2 activation was considered as the RDS by receiving the first 

electron.10, 14, 25 The effect of the surface charge density (number of K+) is further studied and 

compared by extending SG-AIMD simulations into 0K+ and 1K+ systems (Figure S14), 

illustrating that the smaller surface charge (less K+ solvated by water molecules) leads to more 

difficult CO2 activation. However, previous simulations suggested facile electron transfer to 

CO2 at metal-solution interface with only up to 0.62 e- transferred and the CO2 adsorption step 

was followed by two proton-coupled electron transfers (PCET) to produce CO.26, 57 The 

difference in the transferred charge may come from the different simulation models and 

calculation methods. Specifically, in the previous study, the simplified model with one water 

layer and the climbing-image nudged elastic band (CINEB) method are adopted57, which are 

mainly based on static DFT calculations, while multiple water layers with sampling methods 

during AIMD simulations used in this work considering the dynamics of liquid solvents will 

expectedly contribute to the better description of interfacial behaviors at the metal-water 

interface. Even with the same water structure, the sampling method with AIMD and the CINEB 

one during static DFT contribute to quite different energy barrier evaluations (0.61 eV in AIMD; 

0.36 eV in CINEB) towards CO2 adsorption behavior at solid-liquid interfaces (Figure S15). 

Another key issue is the determination of the RDS during CO2RR, which is beyond the scope 

of this study, requiring the full mechanism explorations including the following *COOH and 

*CO formation as well as *CO desorption steps. In the future work, the complete free-energy 

landscape of CO2RR at Au-water interfaces will be constructed by exploring the full reaction 

pathway besides the CO2 activation. 

 

CONCLUSION 

In this study, CO2 activation initiating CO2RR to CO at Au-water interfaces is investigated by 

ab initio molecular dynamics simulations including different number of K cations (0K+, 1K+, 

and 2K+) in the electrochemical interfacial models. With the existence of solvated-2K+ 

contributing to the reducing potentials, CO2 adsorption can be activated and stabilized along 

regular AIMD simulations. Moreover, the thermodynamic reaction free energy and activation 



energy of CO2 adsorption are evaluated to be 0.26 and 0.61 eV on Au(110)-42H2O-2K+, 

respectively, based on the integrated free energy profiles during SG-AIMD simulations. The 

projected density of states and charge analysis results illustrate that continuous charges are 

transferred from Au and water solvents to CO2, which is eventually activated by receiving the 

first electron during adsorption. These findings are largely in good agreement with previous 

experimental studies, and the further RDS determination in CO2RR on Au surfaces requires 

the full reaction pathway exploration and free-energy landscape construction, which will be 

included in the future work. Our study provides new insights for the CO2RR mechanism at 

Au-water interfaces from the atomic level, and the computational approach can be extended 

into other electrochemical systems to evaluate the reaction kinetics effectively at solid-liquid 

interfaces.  

 

SUPPLEMENTARY MATERIAL 

See the supplementary material for the additional simulation models and summarized data. 
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