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Highlights

(i) Adsorbed CO is negatively charged on Cu(100) and the aqueous solution leads
to more negative charges on CO,gs.

(if) For the formation of COH,gs, the reaction energy is endothermic by 0.34 eV
and the free energy barrier is 0.38 eV, and the feasible route of proton transfer is
illustrated.

(iii) A linear relationship is revealed between the C-O bond distance and the
negative charge in CO.

(iv) The formation of CHO,qs is endothermic by 0.46 eV with the free energy
barrier of 0.64 eV. Before the coupling, H adsorbs first with a reaction energy of -0.24

eV and the free energy barrier of 0.56 eV.

(v) The formation of COH,qgs has been found to be more favorable than that of

CHO,gs kinetically, but CHO,g4s has been shown to be more stable thermodynamically.



Abstract

The reduction of CO, on copper electrodes has attracted great attentions in the last
decades, since it provides a sustainable approach for energy restore. During the CO,
reduction process, the electron transfer to CO,qs is experimentally suggested to be the
crucial step. In this work, we examine two possible pathways in CO activation, i.e. to
generate COH,gs and CHO,qs, respectively, by performing the state-of-the-art
constrained ab initio molecular dynamics simulations on the charged Cu(100)
electrode under aqueous conditions, which is close to the realistic electrochemical
condition. The free energy profile in the formation of COHggs Via the coupled proton
and electron transfer is plotted. Furthermore, by Bader charge analyses, a linear
relationship between C-O bond distance and the negative charge in CO fragment is
unveiled. The formation of CHO,gs is identified to be a surface catalytic reaction,
which requires the adsorption of H atom on the surface first. By comparing these two
pathways, we demonstrate that kinetically the formation of COH,qs is more favored
than that of CHOgys, while CHO,qs is thermodynamically more stable. This work
reveals that CO activation via COH,ys intermediate is an important pathway in
electrocatalysis, which could provide some insights into CO, electroreduction over Cu

electrodes.

Keywords: CO,; copper electrode; electroreduction; density functional theory; ab

initio molecular dynamics.



1. Introduction

Electrocatalytic reduction of CO, into hydrocarbon fuels is a promising carbon
cycle process for the sustainable energy storage, which was discovered by Hori et
al.[1] In the last three decades, it has drawn great attentions thanks to the advantages
of the electroreduction of CO, on copper electrodes with a high faradic efficiency
occurring in aqueous electrolytes at ambient temperature.[1-5] To date, the copper
electrode was found to be uniquely able to reduce CO; into hydrocarbons (methane
and ethylene) in experiments.[6] Hori et al carried out the CO, electroreduction over a
series of single crystal planes. Among them, Cu(100) performed a comparable activity
to Cu(111), but the selectivity towards ethylene on Cu(100) is much higher.[7-9] To
understand these observations, the reaction mechanisms have extensively been
investigated using many methods.[10-15] The rate-determining step was suggested to
be the electron transfer to the adsorbed CO, and the adsorbed COH was identified to
be the crucial intermediate in the electroreduction of CO,.[10-15] Recently, density
functional theory (DFT) calculations were widely used for understanding the
heterogeneous catalysis at atomic and molecular levels.[16-21] Norskov’s group has
developed a computational hydrogen electrode model to map out the free energy
diagrams from CO; to CH, included about 40 elementary steps on Cu(111). By
shifting the stability of intermediates in the diagrams via adjusting the electrode
potential, this model explains successfully why such a negative potential (~-1 V vs
SHE) was required in the electroreduction of CO,.[17]

To capture the features of the electrical double layer where the reaction occurs in



electrocatalysis, some theoretical models were utilized using DFT calculations and
molecular dynamics (MD) simulations.[22-32] In some studies, with the addition of
extra electrons into the unit cell, the electrode potential could be controlled by the
calculation of work function.[22-29] In other investigations, to avoid the introduction
of artificial counter-charge, H atoms were introduced into the water layer which could
separate into protons and electrons. Thus, one may vary the surface charge and the
potential by changing the concentration of protons.[30, 31] Another significant
challenge in modeling the electrical double layer is the aqueous solution, which is
constantly fluctuating at the electrode under dynamic conditions.[25, 28, 32] As we
all know that the presence of aqueous solution has a great impact on thermodynamics
and kinetics of electrocatalytic reactions, and thus MD study is highly desired for
describing the roles of solution in electrochemistry.

The coupling between proton and electron transfer (H* + €) is one of the key
steps in electrochemistry, which plays significant roles in mutual conversions between
chemical energy and electrical energy. For instance, with the separation of H atoms
into protons and electrons, the oxidation of methanol or some other organic molecules
to CO, could occur as the anodic reaction in fuel cell (CH;OH + H,O — CO, + 6H™ +
6e’), which is a promising energy solution in place of fossil fuels.[33] On the other
hand, with the combination of protons and electrons at the interface, hydrogen
evolution (2H" + 2e” — H,) and CO; reduction (CO; + 8H" + 8 € — CH, + 2H,0)
could effectively convert electrical energy into chemical energy. Therefore, the

understanding of the coupling between proton and electron transfer at atomic level is



of great importance in electrocatalysis. However, to the best of our knowledge, the
investigation of this process using MD calculations is still missing in electrocatalysis.
Most of the previous theoretical works were performed by using the vacuum model or
static water structure since the MD simulation is extraordinary time consuming.[18-20,
22, 23]

In comparison with Cu(111),[17, 19, 20] Cu(100) was relatively less reported in
the current theoretical work.[21] Based on experimental work, Schouten et al
suggested that the behaviors of Cu polycrystalline and Cu(100) are very much alike in
terms of the remarkable CO; reduction selectivity towards ethylene, and thus inferring
that the dominating facet of Cu polycrystalline is actually Cu(100) instead of
Cu(111).[34] Using operando electrochemical scanning tunneling microscopy
(EC-STM), Kim et al also observed the reconstruction of Cu(111) to Cu(100) under
the CO, electroreduction condition but no further transformation from Cu(100).[35]
Therefore, Cu(100) is probably more stable and acts as the real reactive surface in
CO;, electroreduction.

Herein, we focus on the CO activation over Cu(100) surface in this work. By
performing the state-of-the-art constrained ab initio MD simulations, we investigated
two possible pathways in CO activation to produce CHO,4s and COH,gs, respectively,
at a charged water/Cu(100) interface for modelling the realistic electrochemical
condition. We found that the formation of COH,gs via a coupling mechanism between
proton and electron transfer would kinetically be more favored than that of CHOgyqs

via a surface catalytic mechanism, although CHO,q;s is proved to be more stable than



COH,gs. The paper is organised as follows. In section 2, computational details are
presented. In section 3, analyses of charge distribution at the interface, electrode
potentials, reaction free energies, structure evolution and electron transfer are
illustrated. In section 4, the two CO activation pathways, the constant potential issue,
the computational hydrogen electrode method and H,qs coverage effect are discussed.

Finally, in section 5 our results are summarized.

2. Computational details

All the electronic structure calculations were carried out using the Vienna
Ab-initio Simulation Package (VASP) with Perdew-Burke-Ernzerh (PBE) functional
of exchange-correlation. The projector-augmented-wave (PAW) pseudopotentials
were utilized to describe the core electron interaction.[36-43] It is worth mentioning
that the intrinsic delocalization error of PBE, higher than B3LYP in describing the
proton and electron transfer, could introduces some errors in the calculated results.[44]
The open Cu(100) surface was modeled by p(3x3) unit cell with four layers. The
bottom two layers were fixed and the top two layers were fully relaxed during ab
initio MD simulation. The cut-off energy was set as 400 eV and a 3X3X1
Monkhorst-Pack k-point sampling was used for calculating the free energy. The MD
simulations were performed within the canonical (NVT) ensemble by Nosé-Hoover
thermostat method at a constant temperature of 300 K (SMASS>=0). In order to
simulate the electrical double layer, a charged agueous interface model was used,

which contains 20 water molecules and one H atom inside the water layer. The



density of water layer was kept constant at 1 g cm™ during the MD simulation.
Considering that the water layer was relatively thin (~12 A) and the bottom of Cu slab
would affect the water structure, a vacuum layer of 7 A was therefore added above the
water layer to avoid the interaction between water molecules and the bottom of Cu
slab. The model used in this work is presented in Figure 1. In the calculation of work
function (@), a long time ab initio molecular simulation (20 ps) was performed.
Because the work function of the system was found to be quite sensitive to water
orientations,[27, 30] we calculated the work function of 20 structures from the last 5
ps MD simulation, and further averaged them as the representative value for the
system. The calculated work functions of these 20 samples are listed in Table S1. The
electrode potential (U) was obtained by referring the work function of the system to
the experimental work function of standard hydrogen electrode (SHE) according to
the following equation, U = ®/e — 4.44.[22, 23]

The constrained ab initio MD method was well established on the basis of
thermodynamic integration by Sprik and others,[46-48] and here we employed it to
calculate the free energy of reactions at the aqueous interface. The dipole correction
was not included in the MD simulation. For each state we performed ab initio MD
simulation for 6 ps (1 fs per step, 6000 steps) at a constant room temperature (T = 300
K) until the interatomic forces were converged. The difference of interatomic force
was found to be negligible between using a step length of 1 fs per step and 0.5 fs per
step. We also found that the interatomic force starts usually to converge after a MD

duration of at least 3 ps. To be accurate, we only selected the samples from the last 1



ps (1000 samples) of each MD simulation to do the average of the interatomic force,
which was much longer than the oscillation period (~50 fs). Similarly, the C-O bond
lengths were also averaged from the six samples within the last 1 ps MD simulation.

All of the detailed data are listed in Table S2.

3. Results
3.1 Charged aqueous interface model

When an extra H atom is manually added into the aqueous solution consisting of
20 water molecules, H atom spontaneously separates into a solvated proton (H") in
solution and an electron ending up at the slab. Bader charge analysis shows that the
solvated proton (H") has positive charges of 0.55 e, which is close to the charge of
OH anion in sodium hydroxide solution (-0.62 €) quantitatively.[32] The solvated H*
prefers to bind to water molecules and three complex structures are observed during
the MD simulation. The simplest structure is HsO" in which H* binds to only one
single water molecular. H" can also be shared by two or three water molecules in
forms of HsO," or H;O3", respectively. Compared with the static electrical double
layer model in which H* is froze in the first water layer without dynamics, our model
describes well the dynamic nature of H* in aqueous solution.[16, 18] In addition,
since the introduction of electrons, each different proton concentration corresponds to
a certain electrode potential versus the standard hydrogen electrode (SHE), thus
indicating that varying the proton concentration can adjust the electrode potential.[30]

The electrostatic potential is plotted in Figure 2 and the standard deviations are listed



in Table S1. One can see that the work function is 3.81+£1.23 eV in neutral system and
thus, the corresponding electrode potential (potential of zero charge) is -0.63 (vs SHE),
which is close to the experimental value of -0.54 V (vs SHE).[50] In the charged
interface model including H*, the work function is decreased to be 2.40+0.29 eV and
the corresponding electrode potential is -2.04 V (vs SHE), which is lower than the
onset potential of -1.39 V (vs SHE) in CO, electroreduction on Cu(100) in ref [8].
Aiming to understand the CO adsorption at the electrode, we investigated the
electron transfer between Cu(100) and CO,qgs using three different models: (i) CO
adsorption at Cu(100) without water; (ii) CO adsorption at the water/Cu(100) interface
(20 water molecules); and (iii) CO adsorption at the charged water/Cu(100) interface
(20 water molecules with H™). Bader charge results are listed in Table 1. We found
that COyqs is negatively charged by spontaneously abstracting electron from Cu slab.
Without water molecules, the quantity of negative charge of CO,qs is -0.44 e. In
neutral aqueous solution, CO,gs is more negatively charged (-0.65 e vs -0.44 e),
indicating that water can effectively facilitate the electron transfer from Cu to COjgs.
This result can be understood by the stronger interaction between CO,4s and Cu(100)
as a consequence of hydrogen bonding. In the third model, when adding a H atom into
the aqueous solution, the separated electron (-0.59 e) would enter into the CO/Cu(100)
slab. However, only -0.09 e are captured by COgqs While -0.46 e are delocalized in the
Cu slab. Nevertheless, -0.09 e lengthens the C-O bond from 1.218 A to 1.273 A,

implying that negative potential could activate COyqs.[15]



3.2 Formation of COH

As for the formation of COHags, there are two possible pathways: (i) COags + H™ +
e" — COHygs, in which H" attacks CO,qs directly from the solution; and (ii) COags +
Hags — COHags, in which H* firstly adsorbs on Cu(100) yielding Hags, and then
transfers to CO,gs Via a surface catalytic process. Aiming to identify the energetically
favorable pathway, we examined systematically the both pathways. From the MD
simulations, we found that pathway ii changes spontaneously to path i, since the
constrained H atom is solvated in aqueous solution into H* very quickly when the
distance between the H and the O is smaller than ~1.4 A. It suggests that the transition
state in path ii is extremely unstable, and thus it is the H" from the solution instead of
Hags on the surface that is more likely to attack the O-end of CO. Without water
molecules, the reaction barrier in path ii is as high as 2.31 eV, which also explains the
spontaneous change from path ii to path i in the MD simulation. The transition state in
path ii without water molecules is shown in Figure S1. The favored mechanism of the
COH,q4s formation is described as reaction 1 and the free energy profile is plotted in
Figure 3.

COus + H +6 — COHas (1)

3.2.1 Proton transfer
At the initial state, the distance between H" and O-end of CO,qs Was set to be 1.8
A. H* prefers to freely diffuse in aqueous solution in the form of Hz0" or HsO," or

H,03" rather than staying near CO,qs Which is thought to be the reactive centre. As the



distance shortens to 1.5 A, H" is still free in aqueous solution as shown in Figure 4a
and 4b. When H* approaches the O-end of CO,qs at the distance of 1.4 A, HsO,"
species is found close to CO,qs With the structure of [COugs...HsO2 5] as illustrated in
Figure 4c, indicating that from this distance on H" is ready for transferring. Then, at
the distance of 1.3 A, [COugs...Hs02"4q] breaks into [COqs...H30"5q] With the release
of one water molecule into solution, and H" is now co-stabilized by H,O and COqgs, as
shown in Figure 4d. As the distance between H and O-end of CO,s are close to
around 1.2 - 1.1 A, the structure reaches the transition state, where the original O-H
bond in H3O" breaks and the new O-H bond in COH,qs forms (Figure 4e and 4f), and
the free energy reaches the highest position of 0.38 eV at the transition state in the
case of ~1.14 A. Then, the distance between H* and the binding water elongates
gradually from 1.12 A to 1.36 A. It should be noted that because of the limitation of
constrained MD approach, the well-defined transition state may not exactly be located
along the reaction path. Afterwards, as Figure 4g shows, [COags...HsO"] is
completely broken into COH,gs, and the distance between H* and the nearest water
molecular is 1.73 A. This step is endothermic by 0.34 eV and the free energy barrier
is0.38 eV.

To demonstrate the coupled proton and electron transfer, we analysed the charge
distribution in the new formed COH,y. COH,qs is negatively charged by -0.52 e, in
which the CO fragment possesses -1.19 e and the H fragment holds 0.67 e. It indicates
that the H fragment keeps the characteristics of proton by the polarization of CO®-H®"

bond. In comparison with the initial CO4qs (-0.74 €), an extra -0.45 e is abstracted



from the Cu slab. According to the change of H structures, the proton transfer route
could be written as
COugs + Hs02"2g — [COuds...Hs02"5q] (2)
[COus...Hs02"2q] — [COugs...H3O"aq] + HoOsq  (3)
[COuts...HsO"q] + € — COHags + HoOsg  (4)

The rate-determining step in CO; electroreduction over the Cu electrode was
experimentally suggested to be the electron transfer to COgqs.[10-15] Our calculated
results suggest that the driving force for the electron transfer from Cu(100) to COggs iS
the formation of the new O-H chemical bond between H* and O-end of CO,qs. With

the assistance of proton transfer, the electron could be transferred to COHggs.

3.2.2 Electron transfer

Our calculations show that in the formation to COH,gs, the electron is possessed
by CQOqgs on which a proton binds. To unveil the microscopic view of electron transfer,
we quantified the negative charge in the CO fragment with approaching H*. The
results are presented in Figure 5a in which the electron transfer occurs rapidly near
the transition state. From the initial distance of 1.8 A to 1.2 A, the negative charge in
CO fragment increases slightly from -0.74 e to -0.83 e while the free energy rises as
large as 0.35 eV. However, near the transition state at around 1.2 - 1.1 A, the CO
fragment is considerably more negatively charged from -0.84 e to -1.16 e, but the free
energy hardly changes. Finally, the negative charges in CO fragment are -1.19 e. In

order to provide more understandings on the electron transfer near the transition state



(~1.14 A), we computed additionally four sets of different samples at the distances
between H* and O atom of 1.18 A, 1.16 A, 1.14 A and 1.12 A, respectively. All the

structures were obtained by running 6 ps ab initio MD simulations.

3.2.3 C-O bond length

In section 3.1, we showed that as small as -0.12 e negative charges on COgyqs can
lengthen the C-O bond from 1.218 A to 1.273 A, implying that the negative charges
can noticeably affect the C-O bond distance. Thus, we quantified systematically the
C-O bond distance as H* approaches gradually the O-end of CO. during the
formation of COHgqs. Figure 5b shows that the trend in the C-O bond distance is in
good agreement with that in the electron transfer as presented in Figure 5a. Near the
transition state, the C-O bond distance elongates dramatically from 1.264 A to 1.359
A accompanied with the increase of negative charges from -0.84 e to -1.16 e. It is
worth mentioning that our results are statistically obtained from ab initio MD
simulations at room temperature, and thus different numbers of samples could result
in inevitable fluctuations of the data if the sample number were not completed. In
general, we believe that the standard deviation listed in Table S2 is competent in
appropriately reflecting the trend. To further clarify the similar trend observed in
Figure 5a and 5b, we analyzed CO fragments under different conditions, i.e. CO and
COH adsorption at Cu(100) without water, CO and COH adsorption at the
water/Cu(100) interface, CO adsorption at the charged water/Cu(100) interface, and

CO molecule in vacuum as a reference. Figure 6 shows that the negative charges in



CO could linearly affects the C-O bond distance.

We should mention that the variation of electric field would affect C-O bond
length due to the Stark effect in the formation of COH,qs.[50] Thus, we investigated
the C-O bond length and its negative charges under an external electric field of £0.52
V/A. The results listed in Table 4 were calculated without water, which are similar to
the data reported in ref [50]. Assuming that the voltage drops over an electrical double
layer with ~3 A thickness,[45, 51] the corresponding electrode potential under +0.52
V/A would be ~ £1.56 V (vs SHE). From our results, the electric field increases only
the C-O bond length by 0.006 A under 0.52 V/A and decreases by -0.006 A under
-0.52 /A, which is smaller than the bond distance change of ~0.09 A (from 1.273 A
to 1.361 A) from CO,qgs to COH,gs. Additionally, the poor electron transfer (i.e. -0.440
e under -0.52 V/A, -0.443 e under 0.52 V/A) also agrees well with the linear
relationship in Figure 6. Therefore, we can confirm that the changes in the C-O bond
length is mainly caused by the electron transfer to CO,qs instead of the electric field

effect.

3.3 Formation of CHO

Regarding the formation of CHO,q, there are also two possible pathways: (i)
COgus + H + € — CHOggs; and (i) COags + Hags — CHO4gs. It is different with the
formation of COH,gs in which H™ transfers directly to CO,gs, here path i was found to
be unfavored for the formation of CHO,4s. During the MD simulation for path i, the

constrained H* adsorbs spontaneously on the surface in a few fs, indicating that Hags



prefers to associate with the C-end of CO,gs instead of H* in the solution. Therefore,
the formation of CHO,q4s can be divided into two steps:
H'+e — Hus (5)
COqgs + Hags — CHOq44s  (6)

The free energy profile for reactions 5 and 6 are displayed in Figure 7. H
adsorption process was calculated to be exothermic by -0.24 eV with the free energy
barrier of 0.56 eV, indicating that Hags is more stable than solvated H* under the
electrode potential of -2.04 V (vs SHE). The structures of H" adsorption from aqueous
solution onto the Cu surface are presented from Figure 8a to 8e. Initially, H" is
solvated in aqueous solution in the form of HsO,", as shown in Figure 8a and 8b. At
the transition state with the distance of ~1.45 A between H" and the binding O atom in
water, H adsorbs at bridge site on Cu(100) (Figure 8c and 8d). Afterwards, the O-H
bond breaks, resulting in a Has adsorbed at hollow site (Figure 8e). The
hydrogenation of CO,q4s to CHO4qs is endothermic by 0.46 eV with the barrier of 0.64
eV. Figure 8f to 8j present the structures in the order of gradually shortening the bond
distance of C-H in the pathway. One can see that in Figure 8f-h both the H,gs and
CO4gs move first from a hollow site to a bridge site and then the C-H bond association
occurs at the distance of ~1.4 A. After that, the O-end of CHO,q4 adsorbs on the
Cu(100) surface instead of dangling in water, which is the most stable configuration
of CHO,ys (Figure 8j). Without water molecules, the formation of CHO,gs is
endothermic by 0.72 eV with the reaction barrier of 0.92 eV. The transition and final

states are stabilized by the aqueous solution of -0.26 eV and -0.28 eV respectively,



indicating that water could facilitate the CHO,qs formation. The transition state
without water molecules is shown in Figure S1. Compared with the data obtained on
Cu(111) where the reaction energy is 0.71 eV with a high barrier of 0.99 eV, Cu(100)

is more active for the CHO,q4s formation.[20]

4. Discussions
4.1 COH or CHO

As presented above, we have identified two feasible pathways for the formation
of COHgys and CHO,q¢s in CO activation on Cu(100), respectively. The free energy
profiles of the favored pathways are shown in Figure 9. With respect to the initial
state consisting of CO,gs and H* + €, the formation of COH,gs is endothermic by 0.34
eV which is higher than that of CHOy4gs (0.22 eV), implying that CHO,gs is relatively
more stable on the surface. However, Kinetically the barrier in the formation of
CHO,qs is 0.64 eV (reaction 6) which is higher than that of 0.38 eV (reaction 1) in the
formation of COH,gs. Therefore, the formation of COH,qs is expected to be kinetically
more favored. In comparison with previous work in which all the hydrogenation steps
follow the Langmuir-Hinshelwood mechanism, i.e. the coupling of intermediate and
surface Hags[9, 20], in this work we revealed that the formation of COH,qs follows
actually the coupled proton and electron transfer, which is regarded as a feature
reaction in electrocatalysis. In addition, we use a dynamic water/metal interface
model with many explicit water molecules, which is more accurate in describing the

water effect than the vacuum/metal interface model with several static water



molecules.[19, 20, 52] However, for the favored pathway of the formation of COHggs
and that of CHO,q4s formation, the current data cannot confirm whether it is one of the
two contributes the most to the whole catalytic process in reality, or they are both
reactive. It depends strongly on the subsequent reactions of the two intermediates and

further investigates on the reactions are underway.

4.2 Constant potential effect

It is worth pointing out that in a real electrochemical system, the electrode
potential is kept constant during the coupled proton and electron transfer. However,
considering that the size of our model in this simulation is relatively small due to the
computational limitation, the electrode potential would change significantly in the
coupled proton and electron transfer (e.g. reaction 1). This crucial issue is still a huge
challenge within DFT framework. To date, the accurate calculation of an
electrocatalytic reaction involving the coupled proton and electron transfer is rather
difficult since many factors (e.g. constant potential, pH and ion concentrations) are
neglected in such a small unit cell. Some errors are inevitable in the current state of
DFT, and the description of the electrocatalytic reactions is just an approximation.
Nevertheless, the comparison between the two pathways in CO activation could help
us to generally understand the realistic reaction mechanism at the atomic scale.

As displayed in Figure 2, the disappearance of H" results in an increase in the
electrode potential from -2.04 V (vs SHE) to -0.63 V (vs SHE), thus introducing

errors in the reaction energy and the activation barrier in reaction 1 and 5 involving



the coupled proton and electron transfer. Some possible errors are worth being
discussed here. We note that, despite of the inconstant potential, it has hardly any
noticeable influence on the understanding of the two competitive pathways in CO
activation due to the following reasons. Liu’s group reported that for the surface
reaction which follows the Langmuir-Hinshelwood mechanism, e.g. reaction 6, it is
usually insensitive to the electrode potential; however, for the reaction with the proton
and electron transfer, which follows the Eley-Rideal mechanism, e.g. reaction 1, 5, it
could be facilitated by negative electrode potential.[26, 53] By using computational
hydrogen electrode model, it also suggests that a more negative electrode potential
could make reaction 1 (COH,gs) and reaction 5 (H,gs) more exothermic, which will be
discussed in the following section.[17] The realistic free energy profile at a constant
potential is thus inferred as follows. At a constant potential of -2.04 V (vs SHE), the
position of COHgqs and Hgs in the free energy diagram would shift down equally due
to the involvement of one electron transfer. In contrast, since the formation of CHOqs
is a typical surface reaction which is rarely affected by the potential, the position of
CHO,q4s With respect to COqqs + Hags keeps fixed. Consequently, the relative position
of COHggs and CHO,gs in the free energy diagram is unchanged. More importantly, at
a constant potential the formation of COH,qs is Kinetically accelerated and thus, the
barrier is actually lower than 0.38 eV while the barrier in the formation of CHO,gs is
still 0.64 eV.[26, 53] Therefore, with all these analyses considered, the formation of

COHggs would kinetically be better than that of CHOggs.



4.3 Computational hydrogen electrode model

Additionally, we calculated the formation of COH,gs and CHO44s from the state of
COqgs and H™ + e using computational hydrogen electrode method in vacuum as a
reference to avoid the varied potential in the proton transfer process.[17] The free
energy profile is presented in Figure 10. It can be seen that, under the standard
hydrogen electrode condition, the formation energies are 1.11 eV for COH,gs and 0.73
eV for CHO,s, respectively. Under the external electrode potential of -2.04 V (vs
SHE), the formations of COH,gs and CHO4s would energetically be much favored
with exothermic reaction energies of -0.94 eV and -1.31 eV, respectively. In the
computational hydrogen electrode approach, the free energy of H* + e equals to that
of 1/2 H, under the standard hydrogen electrode condition. Consequently, a correction
energy of -2.04 eV (eU) can directly be used to shift the relative energy of
intermediates.[16]

However, in the investigation of coupled proton and electron transfer process in
our model, the explicit coupled state of H* + e was introduced at the water/Cu(100)
interface. Thus, the combination of these two models can provide better
understandings on the electrocatalytic reactions both thermodynamically and
kinetically.[18] The different states of H* + e in these two models would lead to
different positions of initial states (COas + H™ + €) in the free energy diagram. In
addition to this, the relative positions of COH,gs and CHO,qgs are similar in both
models as shown in Figure 9 and 10. Without water, CHO,qs is also more stable than

COHggs by 0.38 eV (0.12 eV in the presence of aqueous solution), indicating that the



aqueous solution stabilizes COH,gs more than CHO,qs. Therefore, the calculations
using computational hydrogen electrode model can also provide evidence that CHOqgs

is more stable than COH,gs, which supports our results in section 4.2.

4.4 H coverage effect

We note that Hags is energetically more stable than solvated H* from Figure 7 and
thus the Hags coverage effect on CO activation should be considered. We calculated
systematically the reaction energy without water with an increase of Hags coverage
from 0 ML to 0.89 ML, and the results are plotted in Figure 11a and Table S3. One
can see that the free energies for the formation of COHys and CHOggs are not
remarkably affected when the Hyys coverage is lower than 0.55 ML. Once the Hags
coverage is higher than 0.55 ML, the formation of COH,gs tends to be more difficult
but the formation of CHO,qs is facilitated. However, a very high Hygs coverage was
found to be unstable since the surface Hygs tends to couple with each other, generating
H,. Accordingly, the free energy of the reaction, Hags — 1/2 Hy, is plotted against the
Hags Coverage in Figure 11b. It can clearly be seen that, under high coverages of Hags,
the stability of 1/2 H, is much higher than that of H,gs. Therefore, we suggest that the
Hags coverage on Cu(100) is expected not to be high and thus its influence should be

negligible.

5. Conclusions

In this work, the CO activation via two pathways to produce COHygs or CHOqs



on Cu(100) have been investigated at a charged aqueous interface. The mechanisms in
the formations of COHags (COags + H + € — COHags) and CHOggs (COags + Hags —
CHO,q4s) have been identified by computing the free energy barriers and the reaction
energies using constrained ab initio molecular dynamics simulations. The main
conclusions in this work are summarized below:

(i) Adsorbed CO is negatively charged on Cu(100) and the aqueous solution leads
to more negative charges on COq4s. At the charged aqueous interface, CO,qs possesses
more electrons.

(ii) For the formation of COH,qs, the reaction energy is endothermic by 0.34 eV
and the free energy barrier is 0.38 eV, indicating that the rate of proton transfer is
reasonably fast. We have identified the feasible route of proton transfer from a
solvated H* to COuqs, Which could be written as, HsO2"2q — [COuds...HsO2"aq] —
[COugs...H30"3q] — COHygs.

(iii) In the process of H* approaching gradually to the O-end of CO.gs, a linear
relationship is revealed between the C-O bond distance and the negative charge in
CO.

(iv) The formation of CHO,qs is a surface catalytic reaction with the coupling
between CO,qs and Hags. This reaction is endothermic by 0.46 eV with the free energy
barrier of 0.64 eV. Before the coupling, H adsorbs first on the surface with a reaction
energy of -0.24 eV and the free energy barrier of 0.56 eV.

(v) The formation of COH,4s has been found to be more favorable than that of

CHOyqs kinetically, but CHO,4qs has been shown to be more stable thermodynamically,



which has further been confirmed by the computational hydrogen electrode model.
This work has revealed that CO activation via the COH intermediate is an
important pathway in electrocatalysis, which helps to understand CO,

electroreduction on Cu electrodes.
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Figure Captions

Figure 1. Model of the charged water/Cu(100) interface including 20 water molecules,
a solvated proton (H") in Hs0,", adsorbed CO (CO,gs) and negatively charged Cu(100)
slab. Orange: Cu; grey: C; red: O; white: H.

Figure 2. Electrostatic potential profile averaged on the surface plane as a function of
the z-axis. The blue line was calculated from the neutral system and the red line from
the charged system with H" highlighted by yellow. In the vacuum region, a dipole
correction is introduced in the calculation in order to electrostatically decouple the
periodically repeated slabs in the z-direction.

Figure 3. Free energy profile for the formation of COHggs, COuys + H™ + € —
COHaggs.

Figure 4. Structures in the formation of COHags (COags + H™ + € — COHag)
obtained from ab initio MD simulations.

Figure 5. Calculated negative charges (a) and C-O bond distances (b) in CO fragment
when H* approaches the O-end of CO,gs from 1.8 A to 1.0 A,

Figure 6. Linear relationship between the C-O bond distance and negative charge in
CO fragment under different conditions. CO,: CO adsorption at Cu(100) without
water; CO,q: CO adsorption at the water/Cu(100) interface; Can*: CO adsorption at
the charged water/Cu(100) interface; COH,: COH adsorption at Cu(100) without
water; COH,q: COH adsorption at the water/Cu(100) interface; and CO: CO molecule
in vacuum as a reference.

Figure 7. Free energy profiles for the formation of CHO4qs. (@) H" + € — Hags; (D)



COpqgs + Hags = CHOggs.

Figure 8. Structures in the formation of CHO4gs (H" + & — Hags, COuags + Hags —

CHO,gs) obtained from ab initio MD simulations.

Figure 9. Comparison of two pathways for the formations of COH,gs (red) and
CHOggs (blue) in CO activation on Cu(100).

Figure 10. Comparison of two free energy profiles for the formations of COHggs (red)

and CHO,qgs (blue) in CO activation on Cu(100) using computational hydrogen

electrode model. The solid line represents 0 V (vs SHE) condition and the dashed line

-2.04 V (vs SHE).

Figure 11. (a) Free energies as a function of Hags coverage from 0 ML to 0.89 ML for

the formations of COH,gs and CHO4qs. (b) Free energy changes of Hygs — 1/2 Hy as a

function of H,gs coverage from 0.11 ML to 1 ML.
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Tables

Table 1. Negative charges (e) in CO,gs, first Cu layer and Cu bulk under three

conditions: at Cu(100) without water, at the water/Cu(100) interface and the charged

water/Cu(100) interface.

COuds first Cu layer Cu bulk
Cu(100) -0.44 0.32 0.12
water/Cu(100) -0.65 0.43 0.24

charged water/Cu(100) -0.74 0.26 -0.05




Table 2. Calculated C-O bond distance (A) and negative charges (e) and in CO

fragment with the distance between H* and O-end of COqgs.

d(O-H) d(C-0) charge
1.8 1.273 -0.74
1.7 1.256 -0.74
1.6 1.269 -0.76
15 1.280 -0.84
1.4 1.247 -0.82
1.3 1.258 -0.79
1.2 1.264 -0.84
1.18 1.321 -0.95
1.16 1.293 -1.08
1.14 1.341 -1.12
1.12 1.351 -1.18
1.1 1.359 -1.16

1.0 1.361 -1.19




Table 3. Calculated C-O bond distance (A) and negative charges (e) in CO fragment
under different conditions. CO, : CO adsorption at Cu(100) without water; CO4: CO
adsorption at the water/Cu(100) interface; Can*: CO adsorption at the charged
water/Cu(100) interface; COH,: COH adsorption at Cu(100) without water; COHaq:

COH adsorption at the water/Cu(100) interface; and CO: CO molecule in vacuum as a

reference.
d(C-0) charge
CO molecule 1.143 0
COy 1.197 -0.44
COqq 1.218 -0.65
COuq 1.273 -0.74
COH, 1.367 -1.21

COHy 1.361 -1.19




Table 4. Calculated the C-O bond distances (A) and negative charges (€) in COags
under different electric fields (V/A).

electric field d(C-0) d(C-0)"! charge
-0.52 1.191(-0.006) 1.117(-0.005) -0.440
0 1.197 1.122 -0.442

0.52 1.203(0.006) 1.127(0.005) -0.443




