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Abstract: Water is typically treated as an implicit solvent in modeling electrochemical reactions in an
aqueous environment. Such treatment may not be adequate, as a series of concerted or sequential
proton-electron transfer steps that explicitly involve water molecules are likely to play important roles
in a reaction, such as the electrochemical hydrogenation of CO,. Herein, we use the electrochemical
hydrogenation of CO, on the Sn(112) surface as a model, and employ the density functional theory
(DFT) method to examine the effect of up to 12 explicit water molecules on the stability of the
hydrogenation intermediates. Our results show that six water molecules are needed to account for the
local interaction between an intermediate and the water solvent. Furthermore, the hydrogen bonding
interaction between the explicit water molecules and intermediates causes a significant stabilization
to the O-containing intermediates, such as the HCOO* and CHO* + OH* species. The inclusion of
explicit water molecules also altered the prediction of the potential-limiting step from the formation
of H* atoms without the explicit water molecules to the formation of H,COO* in the presence of
water molecules and increased selectivity towards methane. This work provides useful insights into
E};e‘f:t‘z’; the electrocatalytic hydrogenation of CO,, emphasizing the importance of including explicit water
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Electrochemical processes have the versatility of transforming chemical energy into
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to reduce the overall CO, emission and contribute positively to the “Net Zero” goal [6-8].
There have been many studies on the mechanism of CO; reduction on different elec-
trode materials, especially the metal and metal oxide supported electrodes, to pursue an
efficient conversion of CO, [8-20]. Most electrochemical reactions are carried out in an
aqueous environment, so it is necessary to understand the basic chemical processes of CO,
distributed under the terms and  €lectrochemical hydrogenation, including the solvation effect and solvent molecules partic-
conditions of the Creative Commons _ipating in the chemical transformation. In fact, the solvent effect has been demonstrated
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40/). and found that solvation can stabilize the adsorbate and promote the hydrogenation of
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COgy [25]. Moreover, the water molecules have been shown to not only facilitate the reac-
tion by stabilizing surface adsorbates, but also they directly participate in the reaction, in
processes such as electrochemical methanol oxidation [26], oxygen reduction [27,28], and
water activation [29-31]. In those studies, two to several layers of explicit water molecules
were included in the model simulating the solvent environment.

Density functional theory (DFT) calculations, combined with the implicit or explicit
solvents, have been used to describe the solvation effect [25,32-38]. Many studies used the
implicit solvent model in the study of electrochemical CO, reduction [20,39—-41]. Satish
et al. studied the effect of implicit solvent on the adsorption energy of common adsorbates
on the Pt(111) surface, and showed that the adsorption energy of those adsorbates could
be changed due to the solvation effect [42]. However, the implicit solvent model does not
directly consider the possible hydrogen-bonding formation between adsorbates and solvent
molecules and the proton transfer facilitated by the solvent molecules [43]. Therefore, it is
imperative to include explicit water molecules surrounding the adsorbates to account for
such effects.

The explicit solvent models, including a single to a few water molecules, have been
adopted. Federico et al. showed that three water molecules stabilized the adsorption of
*OH and *OOH by —0.59 eV and —0.47 eV, respectively [44]. Zhao et al. showed a change of
relative stability of reaction intermediates by including six water molecules. Those authors
showed that the hydrogen-bonding interaction between water molecules and adsorbates
increased the adsorption energy of the COOH* intermediate but reduced the adsorption
energy of HCOO* [45]. Meng et al. concluded that hydrogen-bonding interactions between
the water molecules and the intermediate, in an environment with 30 H,O molecules,
reduced the overpotential for both methane and ethene formation [46]. Valter et al. studied
the effect of implicit solvent effect and explicit solvation by water molecules on the interme-
diates of a methanol-electrooxidation reaction and concluded that six water molecules were
needed to achieve a convergent result [47]. Clearly, including explicit water molecules is
necessary to properly account for its contribution to the electrochemical hydrogenation of
CO;. On the other hand, increasing the number of water molecules will not only increase
the cost of calculations but also the complexity of structures. It is important to establish
the minimum number of explicit water molecules for the electrochemical hydrogenation
of C02

Herein, we use the electrochemical hydrogenation of CO; on Sn(112), the stepped
surface which is considered active for C-O bond breaking, as a model to study the effect
of explicit water molecules based on the mechanism proposed in our previous work [48].
We use a hybrid solvent model, i.e., explicit solvent with up to 12 explicit water molecules
in combination with the implicit water solvent. The effect of implicit and explicit solvent
models has been studied separately and their effect has been quantified. Our results show
that explicit water molecules enhance the stability of the intermediate and reduce the
free energy barrier of CO, electrochemical hydrogenation. The presence of explicit water
molecules also causes a change in the potential limiting step and improves the selectivity
towards methane.

2. Results and Discussion

Based on our previous study, the key intermediate for electrochemical hydrogenation
of CO; on Sn(112) is formate (HCOO*), which is a result of CO, reacting with H from
a proton-coupled electron transfer [48]. Further reduction of HCOO* may generate the
H,COO* or CHO* + OH* intermediates, which can then be further reduced to methane or
carbon monoxide. Herein, we focus on the solvent effect on the steps leading to H,COO*
and CHO + OH* formation.

2.1. Implicit Solvent Effect

We first calculated the energies of intermediates with only the implicit solvent model
and compared them with the results under the vacuum condition. For the clean surface
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and H*, the implicit solvent model exhibits little effect. The implicit solvent stabilizes
HyCOO* by 0.09 eV. A significant stabilization due to implicit solvent was observed for
HCOO* (0.22 eV) and CHO* + OH* (0.25 eV) (See Figure S2). These results indicate that
including implicit solvent stabilizes the hydroxyl and other O-containing intermediates by
less than 0.25 eV but causes little change to the energy of the clean surface and the hydrogen
adatom. This observation is consistent with the previous studies [49-51]. However, the
extent of the stabilization towards O-containing intermediates (<0.25 eV) is much weaker
than some of the previous studies, which reported a stabilization up to 0.5 eV for OH*
and 0.25 eV for R-OH* groups. Furthermore, the implicit solvent model is not able to
capture the ubiquitous hydrogen bonding interaction that existed in an aqueous solution.
Explicit water molecules are needed to allow the hydrogen bonding interaction between an
intermediate and the solvent. Therefore, we study the effect of the explicit water molecules
in the next section.

2.2. Explicit Solvent Effect
2.2.1. Interaction between Adsorbates and Explicit Water Molecules

The effect of explicit solvent has been studied by including 1-12 water molecules
explicitly in the calculations. Figure 1 shows the interaction energies between adsorbates
and water clusters calculated using Equation (6). For H* and H,COO* intermediates, the
interaction energies, —0.20 eV and —0.80 eV, respectively, do not change with the number
of water molecules. Bader charge analysis shows that the hydrogen adatom carriers a
negative charge of —0.32 lel, whereas the hydrogen atom of the water molecule carries
a positive charge of +0.58 el (Table 1 and Figure 1) [52,53]. Therefore, there will be a
strong electrostatic interaction between the H atom of a solvent water molecule and H* at a
distance of 1.97 A. Adding additional water molecules will not enhance the stability of H*
further. Similarly, the H atom of the first water molecule is attracted to the oxygen atom
(labeled O, in Table 1) of H,COO*, forming a hydrogen bond. The O-H distance is 1.64 A,
corresponding to a much stronger interaction (—0.80 eV). The other oxygen atom (O1) of
H,COO* binds the tin atoms of the surface and is not available to bind the solvent water
molecules. Additionally, a tetrahedral structure of HyCOO* exposes two hydrogen atoms
to the solvent and sterically prevents additional water molecules approaching the oxygen
atoms. Therefore, additional water molecules will not enhance the interaction between
H,COO* and solvent molecules.

For the HCOO* and CHO* + OH* intermediates, the interaction energy between
adsorbates and water molecules increases as the number of water molecules is increased.
Since HCOO* lies nearly flat on the surface, both oxygen atoms of HCOO* (O, O;) can
interact with the surface and solvent water molecules. The first water molecule has an
interaction energy of —0.70 eV. Both oxygen atoms in HCOO* are nearly —1.00 | el charged.
The O-H distance with one water molecules is 1.90 A. The O-H distances between the
O atoms of HCOO* and surrounding water molecules with different number of water
molecules are labelled in the corresponding structures in Table S2. It can be seen that
the number of hydrogen bonds increases as the number of the HyO molecules increases,
enhancing the stability of the system. As shown in Figure 2, when four to seven water
molecules are added, the structure of HCOO* is reversed: both O atoms are pulled away
from the surface and further exposed to water molecules for hydrogen bonding, resulting
in greater stabilization of the adsorption structure. This is consistent with the literature
report that the number of hydrogen bonds will affect the stability of the intermediate [46,47].
However, after eight water molecules are added, the contribution of direct hydrogen bond
formation diminishes as the solvation shell is complete.

For the CHO* + OH* intermediate, O of CHO* and O, of OH* can interact with the
solvent water molecules, with the first water molecule forming two hydrogen bonds with
both O; and O,. Adding more water molecules will result in more hydrogen bonds and
eventually form a chain of hydrogen bonds. The interaction energy between CHO* + OH*
and explicit water molecules fluctuates around —1.8 eV with six and more water molecules
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in the system. The results indicate that the adsorbates become saturated by five to six
water molecules.

CRO*3OH* .
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Figure 1. The interaction energy between adsorbates and explicit water solvent as a function of
the number of water molecules. Top figure shows the optimized structures and O-H or H-H bond
distance formed with one water molecule. The Sn, C, H and O atoms are shown as blue, grey, white
and red balls.

Table 1. Bader charges (lel) of hydrogen and oxygen atoms in different intermediate. The labels
shown in the figures specify the atoms.

Species
H; —0.32 +0.10 +0.06 +0.13
H, - - +0.02 +0.59
O - -1.17 —1.09 —1.08
O, - -1.17 -1.12 -1.19

As mentioned, the added water molecules prefer to form hydrogen bond with the
adsorbate, resulting in the stabilized intermediate state. As shown in the optimized struc-
tures with water molecules, a chain or ring of hydrogen bonds can be formed when three
to four water molecules were included. The tetramer ring is the smallest ring formed
through hydrogen bonds in this study (Figure 3a). The pentamer and hexamer rings can
also be formed when more water molecules were added (Figure 3b—e, Table S2). Moreover,
the hexamer ring is the largest as the additional water molecules were found to scatter
and will coalesce into a new tetrameric, pentameric and hexameric ring when sufficient
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number of water molecules are present. Both CHO* and OH* species expose oxygen atoms
for hydrogen bonding with the H atoms of H,O and can participate in ring formation.
Figure 3f presents a pentamer ring formed from the CHO* + OH* intermediate with three
H,O. Significant stabilization of CHO* + OH* by the water molecules can be observed.
Fluctuation of interaction energy decreases after three water molecules, as the O atoms of
the intermediate are all hydrogen bonded. These results are consistent with the previous
studies [34,36,37].

HCOO*+8H,0 HCOO*+9H,0

Figure 2. The structures of HCOO* with (a) 3H,0O, (b) 7H,0, (c) 8H,O and (d) 9H,0.

Surface+7H,0 Surface+8H,0 CHO*+OH*+3H,0

Figure 3. The (a) tetramer, (b,f) pentamer and (c—e) hexamer rings formed on the surface with 4H,0,
5H,0, CHO* + OH with 3H,O and clean surface with 6H,O, 7H,0, and 8H,O.
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2.2.2. Explicit Solvent Effect for the System

After assessing the interaction between adsorbates and solvating water molecules
(AEqgs/m,0), we also examined AEg,p1,0 and AEy— g and found AE, /4,0 approached satu-
ration with four water molecules (Figure S3). We noted that the contribution from AE,,gh,0
and AEy_p was smaller than AE,4/i,0, indicating that the direct interaction between ad-
sorbates and solvating water molecules was the key factor for intermediate stabilization.
To determine the number of water molecules needed to saturate the interaction with the
adsorbate, we calculated the averaged explicit solvent energy per water (AEsys/,) including
all three contributions (Figure 4a). Clearly, the first few explicit water molecules result
in a significant stabilization, and the extent depends on the nature of the intermediates.
Stabilization of CHO* + OH* is the strongest with one water molecule (—1.10 eV). For the
HCOO* and H,COO* intermediates, the stabilization per water oscillates within 0.10 eV
when increasing the number of water molecules. The results indicate that the contribu-
tion from the localized interaction of most adsorbates with the explicit solvating water
molecules approaches saturation at six. The final value of AE;,, is stable at —0.48 eV. By
including the ZPE and entropy corrections, we determined the average free energy change
per water (AGgys/,) was at temperatures of 298.15 K (Figure S4). Notably, the average free
energy follows the same tendency as the average energy change and approaches a constant
value after four water molecules.
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Figure 4. Averaged explicit solvation energy per water (a) and solvent assistant reaction energies (b)
for different intermediates as a function of the number of explicit water molecules (n starts from 1
for (a) and O for (b), and the linear regression equation for each intermediate starting from 4H,O are
shown in (b)).

The contribution of water molecules to the reaction has been characterized by the
explicit solvent assistant reaction energy (AE];). As shown in Figure 4b, all intermediates
are stabilized and the stability increases as the number of explicit water molecules is
increased. There are variations among the intermediates in their dependence on the number
of water molecules up to four. Beyond this number, the solvent-assisted reaction energy
scales linearly with the number of water molecules, as shown in Figure 4b. The results
indicate that the stability of every intermediate will increase as the number of explicit
water molecules increases, and the magnitude scales linearly with the number of the water
molecules (0.50 eV). This indicates that the contribution to the stability is likely to originate
from the hydrogen bonding interaction between the water molecules. Consequently, a
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minimum of four explicit water molecules is needed to capture the major contribution of
the local interactions between specific intermediates and the solvating water molecules.

2.3. Combined Effect of Implicit and Explicit Solvents

The combined effect of explicit water molecules and implicit water solvent was then
evaluated by varying the number of water molecules from 1 to 12. As shown in Figure 5,
implicit solvent stabilizes the adsorbed intermediates and its effect increases with the num-
ber of the explicit water molecules increasing. After six water molecules were added, the
energies become relatively constant. These results indicate that six explicit water molecules
are needed to capture the local interactions between the reaction intermediates and the sol-
vating molecules when the implicit solvent is included. The overall trend is consistent with
that of explicit water molecules, indicating additional stabilization of implicit solvent to the
explicit water molecules, although the exact numbers of water molecules are different. The
energy difference induced by implicit solvent model between each intermediate with the
same number of explicit water molecules remains at approximately —0.2 eV. Consequently,
the presence of implicit solvent is not expected to drastically change the relative stability
between the reactant and product states along a reaction pathway. Therefore, the reaction
mechanism predicted without including the solvent effect should still be valid when the
solvent effect is only considered implicitly.

0.2

Surface
*H*
ey L COO*

0.1
0.0

-0.1

—v—H,COO"
—&— CHO*+OH*

-0.2

-0.3

-04
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-0.6
-0.7

-0.8
-0.9
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1 2 3 4 5 6 7 8 9 10 11 12
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Figure 5. The effect of implicit solvent on different intermediate with 1~12 explicit water molecules.

2.4. Solvent Effect on the Potential Limiting Step and Limiting Potential

By considering both implicit and explicit solvent effects, we calculated the reaction
free energies along the pathway of electrochemical hydrogenation of CO, on Sn(112) under
four different conditions, including (M1) without any solvent correction, (M2) the effect
implicit solvent, (M3) adding six explicit water molecules and (M4) combining the six
explicit water molecules and implicit solvent. As shown in Figure S5, M1 and M2 follow
the same mechanism with HCOO* and CHO* + OH* being stabilized by 0.20 eV in M2. In
contrast, the stabilization caused by six explicit water molecules in M3 alters the potential
limiting step. This clearly demonstrates that the explicit solvating water molecules play
important roles in the electrochemical reactions and are needed to simulate the reaction
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appropriately. In Figure 6, we compare the results of including six explicit water molecules
together with the implicit solvent, with those of no solvent effect, i.e., M4 vs. M1. As we
reported in our previous study, the reduction of CO, on Sn(112) may follow two different
pathways after HCOO* formation. One pathway goes through H,COO* — H,COHO* —
CH,O* — CH30* — CHy, while the other pathway follows CHO* + OH* — CHO* + H,O
— CHOH* — CH* — CHy* — CH3* — CH, [48]. The present results show that including
the solvent effect reduces the reaction energies. There are significant stabilizations towards
the HCOO* and CHO* + OH* intermediates from the explicit water molecules and implicit
solvent. Other intermediates, such as CHOH* and O*, are also greatly stabilized. On the
other hand, the effect of the solvent is largely negligible for the intermediates not interacting
with water, due to either no water-exposing oxygen atom or containing no oxygen atom at
all, including H,COO*, CHO*, CH* and H (<0.10 eV).
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Figure 6. Comparison of electrochemical hydrogenation of CO, on Sn(112) with and without solvent
effect. The red line shows the mechanism with no solvent stabilizations. The green line shows the
mechanism including six explicit water molecules and implicit solvent. The pink stars and arrows
represent the intermediates have relative stronger solvent effect. The blue triangles indicate the
species less influenced by the solvent effect.

The overall solvent effect for CHO* + OH* intermediate is consistent with the cor-
rections used in other works (i.e., 0.50 eV for OH* and 0.10 eV for CHO* groups) [49-51].
For hydrogen adsorption, the implicit solvent effect is negligible (only 0.01 eV), but an
explicit water molecule could provide a significant stabilization of 0.60 eV. As a result, the
first step for the electrochemical hydrogenation of CO, can be promoted significantly. The
strong stabilization of the H* intermediate by the explicit water cluster can be attributed
to the strong electrostatic interaction, as shown by the Bader charges on H* and proton of
the water molecules (Table 1). Not only does the explicit water molecules stabilize the H*
intermediate, but this H*-H" interaction also allows a delocalized proton transfer through
a network of hydrogen bonds, thereby promoting the hydrogenation of carbon dioxide.
Several previous studies reported an enhancement of proton diffusion and proton transfer
phenomenon at the liquid/solid interface [38,54-56].

Without considering the solvent effect, the potential limiting step of the H,COO*
pathway was found to be the formation of H* and that of the CHO* + OH* pathway,
which formed CHO* + OH*. In the presence of the explicit water molecules and implicit
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solvent, the H* intermediates are greatly stabilized and its formation is no longer potential
limiting. The potential limiting step was shifted to the formation of H,COO* and the
limiting potential was reduced from 0.59 eV to 0.45 eV. On the other hand, the formation
of the CHO* + OH* intermediates from HCOO* became more endergonic, indicating the
CHO* + OH* pathway will unlikely contribute to the hydrogenation of CO;. In summary,
including explicit water molecules is necessary to appropriately model electrochemical
CO; hydrogenation in an aqueous solution and six water molecules can capture the local
solvent environment surrounding an adsorbed intermediate.

3. Methods
3.1. Density Functional Theory Calculations

All DFT calculations in this work were performed using the Vienna ab initio Sim-
ulation Package (VASP) with the Perdew—-Burke-Ernzerhof (PBE) exchange—correlation
functional [57,58]. We used the projector-augmented wave (PAW) potential and set the
cutoff energy of the plane wave basis set to 500 eV. On the basis of the mechanism estab-
lished in our previous work [48], up to 12 explicit water molecules were placed next to the
adsorbates to quantify the effect of explicit solvent molecules. To minimize the intuitive
bias, a molecular dynamic (MD), run up to 0.5 ps, was performed to sample the initial water
configurations for optimization. In all calculations, the atoms in the bottom two layers of
5n(112) were fixed, whereas those in the top two layers, together with the adsorbates and
water molecules, were allowed to relax.

The implicit solvation model was implemented in VASPsol [59,60] and a dielectric
constant of ¢ = 80 for water [43,59] was used in the present study. The effect of implicit
solvent (AE;,,) was defined as:

AEim = Eim — Eelec @

where E,,. is the electronic energy of the optimized structure without solvent and E;;,, is
the single point energy obtained with VASPsol for the same optimized structure.

3.2. Reference Models

The explicit solvent contribution can be partitioned into (1) the interaction between
water molecules and the adsorbate (AE.s/H,0); (2) the interaction between water molecules
and 5Sn(112) (AEsy,¢m,0); and (3) the hydrogen bonding (AEy ) between water molecules
within the solvent clusters [61]. To separate the interactions, we defined the “reference
models” schematically, as shown in Figure 7.

As shown in Figure 7, models A, B and C allow us to calculate the energies of the clean
surface, the adsorbed intermediate on the surface and the intermediate with explicit water
molecules on the surface, respectively. Model D is the surface with the water molecules
fixed in their optimized positions in the presence of adsorbate but with the adsorbate
being deleted. Model E is the water cluster in the same position without the surface and
adsorbate. Together with the energies of isolated water, carbon dioxide and hydrogen
molecules, we can determine the formation energy of the adsorbed intermediate without
the explicit water molecule (AE,;) and the energy change, due to the presence of explicit
water molecules. This treatment will allow us to quantify the solvation energy due to
explicit water molecules (AEss/H,0):

AEu4 = B— A — xF(CO5, Hp) @)

AES]/S/HzO =C—-B- nF(HzO) (3)

where 7 is the number of explicit water molecules, xF is the energy of the reference
molecules. The averaged explicit solvation energy per water molecule was used to deter-
mine the contribution of a water molecule to the solvation as the number of water molecules
is increased.
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Figure 7. Reference models to calculate the energies used in Equations (2)—(6). The models shown in
the figure are the representative structures of clean surface (A), intermediate adsorbed on the surface
(B) and intermediate adsorbed on the surface with a cluster of water molecules (C), the cluster of
water molecules fixed in their positions optimized with the adsorbate but without the adsorbate on
the surface (D), and the cluster of water molecules without adsorbate and surface (E). Isolated gas
molecules—water, carbon dioxide, hydrogen—were also calculated (F). The energies of the reference
models were calculated without implicit solvent. Sn: blue; C: gray; O: red; H: white.

Both adsorbate formation energy (AE,;s) and explicit solvation energy (AEg/m,0) can
influence the reaction energy of a reaction step. AEy4s + AEs/y,0 will be used to characterize
the explicit solvent effect and referred to as explicit solvent assisted reaction energy (AEJ,).

The interaction between a specific water cluster and the surface (AEg,gn,0) and
the hydrogen bonding energy within the cluster (AEy_p) can be obtained based on the
following equations:

AEsurf/HZO =D-E-A 4)

AEH*B =E— TlF(HzO) (5)

In order to determine the interaction between the adsorbate and water molecules, we
excluded the interaction between the water molecules and the surface and the hydrogen
bonding energy between the water molecules within the cluster. These were achieved
by calculating the energy of the frozen configuration of water molecules and the surface
without the adsorbate. By combining Equations (3)—(5), we derived AE 4,0 as:

AEu4s/H,0 = AEsys 1,0 — AEsurf/m,0 — AEH—B ©)
=A+C-B-D

In this study, all these interactions will be investigated. We will focus on the interaction
between adsorbates and water clusters shown in Equation (6) as it may have a significant
stabilization effect on the system. Additional information on the interaction between water
molecules and the surface, and the hydrogen bonding energy among the water molecules
in a cluster, can be seen in Supporting Information.

The free energy of each intermediate in the solvent environment was calculated based
on the energy of the DFT-optimized structure with solvating water molecules and implicit
solvent, Zero Point Energy (ZPE) and entropy (TS) corrections. The ZPE and TS corrections
of adsorbed species were determined from the calculated harmonic frequencies based
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on the finite difference method implemented in VASP [62]. The ZPE and entropy (TS)
corrections for gas-phase species were taken from the previous work of Nerskov et al. [51].
The averaged ZPE and entropy corrections per water at 298.15 K are approximately 0.65 eV
and 0.17 eV, respectively, similar to the previous report [63]. Details are provided in
Supporting Information.

4. Conclusions

We have examined the effect of implicit solvent and explicit water molecules on the
electrochemical hydrogenation of CO; on Sn(112). Our results show that the implicit
solvent stabilizes the reaction intermediate by less than 0.25 eV. In contrast, including water
molecules explicitly changes the adsorption energy of the intermediates differently. Explicit
water molecules exhibit a limited effect on H,COO*, CHO*, CH*. Other O-containing
groups, such as HCOO* and CHO* + OH?, are stabilized significantly by forming hydrogen
bonds with the water molecules. Both implicit solvent and explicit water molecules are
important to account for the effect of solvent environment on the reaction free energy,
thereby affecting the potential of an elementary redox step. The presence of the explicit
water molecules reduces the reaction free energy of the elementary step, changes the
potential limiting step from H* formation to HCOO* hydrogenation to H,COO*, making
the HyCOO* pathway the dominant route for CH, formation. Our results also show that
six water molecules can capture the direct interaction between the adsorbed intermediate
with the solvating water molecules.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal13071033/s1. Figure S1. The calculated Zero Point Energy
and entropy of the water clusters as a function of the number of water molecules. Figure S2. Free
energy diagram for CO, reduction on Sn(112) with and without implicit solvent, no explicit water
considered. Figure S3. The interaction between water cluster and surface (a), and the hydrogen
bonding energy inside water cluster (b) with 1 to 12 water molecules. As one water cannot form
hydrogen bond, no hydrogen bonding energy is shown for n = 1. Figure S4. The calculated average
energy per water molecule of explicit solvent for different intermediates as a function of the number
of the explicit water molecules in the system. Figure S5. Comparison of the reaction mechanisms
for electrochemical hydrogenation of CO; on Sn(112) with different solvent conditions. The red
line shows the mechanism with no solvent stabilizations. The green line shows the mechanism
employing the implicit solvent model. The blue line shows the mechanism with six explicit water
molecules forming the solvation shell. Table S1. Bader charges of hydrogen and oxygen atoms for the
intermediate with up to 12 water molecules. The labels shown in the figures specify the atoms and
the charges are in in unit of lel. Table S2. Top view of the optimized intermediate configurations
with one to seven water molecules. Every structure is shown in two unit-cells [63,64].
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