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Stay Hydrated! Impact of Solvation Phenomena on the CO,

Reduction Reaction at Pb(100) and Ag(100) surfaces

Oskar Cheong,™ " Thomas Bornhake,™ < Xinwei Zhu,® < and Michael H. Eikerling*® "9

Herein, a comprehensive computational study of the impact of
solvation on the reduction reaction of CO, to formic acid
(HCOOH) and carbon monoxide on Pb(100) and Ag(100)
surfaces is presented. Results further the understanding of how
solvation phenomena influence the adsorption energies of
reaction intermediates. We applied an explicit solvation scheme
harnessing a combined density functional theory (DFT)/micro-
kinetic modeling approach for the CO, reduction reaction. This
approach reveals high selectivities for CO formation at Ag and

Introduction

For realistic atomistic simulations of electrochemical reactions
at electrode/electrolyte interfaces, it is of utmost importance to
account for solvation phenomena. These phenomena can have
a significant impact on the energetics of different reaction
pathways."™ Different approaches to treat solvation on metal
surfaces were considered in the past, ranging from implicit over
explicit to hybrid solvation models."® Implicit solvation
models treat the solvent as a polarizable continuum and
thereby minimize computational cost. However, recent studies
have shown that H-bonding in the vicinity of solvated reaction
intermediates plays a crucial role in the stabilization of
adsorbates.””' Heenen et al.” compared adsorption energies
of several adsorbates on different metal surfaces obtained using
an implicit treatment of solvation effects with adsorption
energies calculated from ab initio molecular dynamics (AIMD)
simulations. They found that the adsorption energies derived
by the continuum solvation method and AIMD simulations
differed by up to 0.6 eV. Furthermore, they found no significant
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HCOOH formation on Pb, resolving the prior disparity between
ab initio calculations and experimental observations. Further-
more, the detailed analysis of adsorption energies of relevant
reaction intermediates shows that the total number of hydro-
gen bonds formed by HCOO plays a primary role for the
adsorption strength of intermediates and the electrocatalytic
activity. Results emphasize the importance of explicit solvation
for adsorption and electrochemical reaction phenomena on
metal surfaces.

improvement of computed adsorption energies compared to
vacuum calculations when the implicit solvation scheme was
applied.

Explicit solvation models can be divided into static and
dynamic approaches. Within the realm of static water ap-
proaches, the number of water molecules considered explicitly
ranges from several molecules®®™' to static ice-like water
bilayers."”"'? Di Liberto etal” have demonstrated that the
presence of a few explicit water molecules is sufficient to mimic
the adsorption characteristics of oxygenates on Pt(111) in a
water bilayer environment. An alternative microsolvation
approach, proposed by Rendon-Calle et al."" involves quantify-
ing the required number of water molecules in the first
solvation shell of adsorbates by taking into account the
additional stabilization of hydrogen bonding interactions with
the adsorbate. This approach predicted onset potentials of CO,
reduction reactions to CO, CH,, and CH;OH on Cu, Ag, Au, and
Zn, in reasonable agreement with experimental values. How-
ever, the main challenge of static microsolvation approaches is
the difficulty identifying a representative structure from the
vast number of configurations possible within the adsorbate-
solvent system as well as the negligence of solvation effects
that extend beyond the first solvation shell of the adsorbate.
Even if we adapt the convenient static hexagonal ice-like water
layer, the transferability of these static structures becomes more
difficult when accounting for surface facets other than (111)
and metal lattice parameters that deviate from those of the
frequently investigated Cu or Pt.

Explicit dynamic approaches such as classical MD (CMD) and
AIMD can overcome the lack of sufficient statistical sampling of
relevant configurations. However, AIMD simulations lack the
computational efficiency to sample a sufficient number of
configurations over a sufficiently long time scale.”>?? On the
other hand, CMD simulations of water structures on metal
surfaces rely on the accurate parametrization of force fields.”>*
Hybrid approaches such as the quantum-mechanical/molecular
mechanics (QM/MM) method, in which surface-adsorbate

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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interactions are described at the quantum mechanical level and
adsorbate-solvent interactions are modeled using classical
molecular mechanics, have yielded promising results for the
calculation of adsorption energies of benzene and phenol at
the Pt(111)/water interface, for which experimental data are
available to compare with.'” As this approach also relies on the
force field parameters for adsorbate-solvent and solvent-surface
interactions, it can be stated that while a lot of research works
on different solvation approaches at metal surfaces were
published, there is still no consistent approach to treating
solvation of adsorbates on metal surfaces. Specifically, there is
still no clear guidance on how to account for explicit solvation
in the CO, reduction reaction.

In the latter context, Pb is a promising electrocatalyst for
CO, reduction®?® to formic acid (HCOOH), which has many
uses in the fields of fuel cells, pharmaceuticals and crop
protection,”*" while CO, reduction at Ag mainly produces CO,
which serves as an industrial feedstock for a wide range of
chemicals.®? Whereas it has been experimentally shown that
CO, reduction generates mostly HCOOH on Pb catalyst and CO
on Ag catalyst,??>%3*% these experimental observations have so
far not been demonstrated conclusively with ab initio
simulations.® DFT calculations in vacuo allow for fast screening
of selective catalytic materials.**>" However, in the case of CO,
reduction to HCOOH or CO, solely evaluating the adsorption
energies of reaction intermediates in vacuo can be insufficient
for correctly predicting product selectivities. In particular,
adsorption energy calculations of Yoo et al.®® have suggested
that HCOOH is the main product for CO, reduction on both Ag
and Pb surfaces, contradicting experimental results. In recent
years, there have been several attempts to resolve this Ag/Pb
selectivity issue.”**"" Morrison et al”® tried to explain the
selectivity for CO formation on Ag and HCOOH formation on Pb
by coverage-dependent adsorption energies of HCOO and
COOH intermediates. Other computational works based on DFT
found CO to be the main product during CO, reduction on Ag.
These conclusions were reached with different reasoning:
(1) based on the inclusion of lateral interactions of reaction
intermediates,® (2) based on the discovery of new reaction
intermediates™” and (3) based on the incorporation of one extra
solvent molecule.*" However, it remains unclear whether the
aforementioned explanations can be extended to HCOOH-
selective catalytic materials such as Pb. We thus expect that
further refined consideration of solvation effects for the CO,
reduction reaction on both Pb(100) and Ag(100) surfaces could
improve the consistency with experimental findings.

Realizing the lack of understanding of solvation effects
during reaction energy calculations, we provide comprehensive
insights into how different solvation approaches affect adsorp-
tion energies of certain reaction intermediates as well the
overall CO, reduction reaction pathway towards HCOOH or CO
on Pb(100) and Ag(100) surfaces. We have combined DFT
calculations with microkinetic modeling to re-evaluate product
selectivities of the CO, reduction reaction on Pb(100) or Ag(100)
surfaces. Based on these results, we follow up with an
examination of various critical aspects of the explicit solvation
approach by carrying out an uncertainty analysis for the explicit
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solvation effect of reaction intermediates HCOO or COOH on
Pb(100). Additionally, we explore crucial properties that affect
the adsorption energy of these reaction intermediates.

Results and Discussion

Solvation effect on CO, reduction reaction towards HCOOH or
CO on Pb(100) surface

To show the importance of solvation when evaluating electro-
chemical reactions, we have investigated the effect of explicit
and implicit solvation on the CO, reduction reaction at the
Pb(100) surface. CO, reduction on Pb(100) (also on Ag(100))
proceeds via two major pathways. Following the first pathway,
CO, is transformed to HCOOH via the HCOO* reaction
intermediate (Egs. (1) and (2)). The second pathway proceeds to
CO and H,0O products via the COOH* reaction intermediate
(Egs. (3) and (4)).

The considered reaction pathways to CO and HCOOH are
given by

CO,(g) + H" + e + % — HCOO* (M
HCOO* + H' + e~ + % — HCOOH(g) + 2% Q)
CO,(g9) + H™ + e + % — COOH* 3)
COOH* + H" + e + % — CO(g) + H,0 + 2 4)

where * indicates a free adsorption site and adsorbed
intermediates are indicated with *.

Reaction energies for the first CO, reduction reaction step
for the vacuum case and different solvation methods are
summarized in Table 1. For the explicit solvation case, 12
explicit H,O molecules were used, equivalent to one water
layer.*? The reaction or adsorption energy for the first reaction
step of CO, to HCOO* or COOH*, Equations (1) and (3), is
calculated using the relation

Eads = EHCOO/COOHJrsurfa«:r-z_Esurface_ECOZ_O~5 * EHZ (5)

where Eyicoo/coomsurfacer Esurfacer Ecoz @nd Ey, correspond to the
energy of adsorbed HCOO* or COOH* on the Pb(100) surface,
the energy of the bare Pb(100) surface and the energies of

Table 1. Adsorption energy of HCOO*, E,4coor and COOH*, E,y coon ON
the Pb(100) surface for the vacuum case and the different solvation
scenarios, encompassing implicit, explicit and hybrid solvation. 12 explicit
H,O molecules are considered for the explicit solvation case and the hybrid
solvation case.

Method E,gsHcoo [€V] E,s.coon [€V]
vacuum —-0.37 0.75
implicit —0.57 0.56
explicit -1.11 0.53
hybrid -1.18 0.48

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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isolated gas-phase species, CO, and H,, respectively. In this
study, the terms reaction energy and adsorption energy are
used interchangeably, conveying the same underlying concept.
According to the CHE method,” the free energy of H, instead
of the free energies of protons and electrons is employed. In
solvated environment, instead of the energies of adsorbed
HCOO* or COOH*, Eycooscoorsufacee @nd of the bare Pb(100)
surface, E . the energies of the solvated adsorbed HCOO*
and COOH* on the Pb(100) surface, Eycoo/coom+ surface + nt20, @and of
the solvated Pb(100) surface, E i faceinior are included, with
nH,O representing the number of explicit water molecules. In
the Theoretical Section a more detailed explanation of the
initial configuration of water molecules considered in the
explicit solvation case is provided.

Similar calculations were performed in our previous study,
where VASP¥#! and VASPsol“** software packages were used
to perform DFT calculations in vacuum and in solvation. As
observed in the previous study,™ applying implicit solvation
stabilizes reaction energies of HCOO* and COOH* by around
0.2 eV relative to the vacuum case. The difference between
these reaction energies remains the same as in the vacuum
case. Implicit solvation stabilizes these intermediates by an
equal amount without incurring a change in their configuration
relative to the vacuum case, as shown in Figure S1 of the
Supporting Information. Explicit solvation in the case of 12
explicit water molecules results in a different picture. HCOO* is
stabilized by 0.74 eV, whereas COOH* is stabilized by only
0.22 eV in the explicit solvation environment. Overall, these
results agree with our previous findings.* In addition to these
findings, we explain the greater stabilization of HCOO*
compared to COOH* with the fact that explicit water molecules
have a significant impact on the orientation of HCOO* relative
to the surface, as illustrated in Figure 1. HCOO* changes from
perpendicular orientation towards the surface for vacuum and
implicit solvation cases to parallel orientation for the explicit
solvation case. COOH* on the other hand remains in perpendic-
ular orientation for both cases. In addition, HCOO* undergoes
H-bonding with four neighboring water molecules, while
COOH* is only H bonded to three neighboring water molecules.
Lastly, we have found that the hybrid approach, i.e., adding
implicit solvation on top of explicit solvation, incurs only a

[44]

(a) HCOO* (b) COOH*

Figure 1. lllustration of configurational change from vacuum to explicit
solvation for (a) HCOO adsorbate and (b) COOH adsorbate on Pb(100)
surface.
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minor change in the reaction energies of the explicit solvation
case, underlining the importance of including explicit water
molecules for reaction pathway calculations.

In order to assess the results of our DFT calculations, Table 2
compares the onset potential for HCOOH formation, identified
as the minimum potential required to initiate the electro-
chemical reaction, in the various computational setups used by
us, with the experimental HCOOH onset potential. While we
observe a significant discrepancy between the experimental
value and the computed values for the vacuum and implicit
solvation cases, experimental and computed values are close
for the explicit solvation case and even closer for the hybrid
solvation case.

Realizing the importance of computing solvent effects with
explicit water molecules, we have further evaluated the effect
of the adsorption energies of both HCOO* and COOH*
intermediates by systematically increasing the number of
explicit water molecules. This gives us a more advanced path
towards understanding how many explicit solvent molecules
are needed to capture water-adsorbate interactions. Figure 2a
illustrates the adsorption energy of HCOO* with increasing
number of up to 12 explicit water molecules (indicated in blue).
While we initially calculated the adsorption energy of HCOO* to
be around —0.7eV for 1-2 explicit water molecules, the
adsorption energy of HCOO* further stabilizes to —0.95 eV for
3-7 explicit water molecules and even up to —1.42 eV for 8-12
explicit water molecules.

This stabilization of HCOO* with increasing number of water
molecules can be rationalized with the increasing number of H-
bonds between HCOO* and water molecules as well as the
transformation of the HCOO*-water system from a cluster for
lower number of H,0 molecules to a connected water layer for
higher number of H,0 molecules, due to the increased number
of H-bonds (see Figure S2 in the Supporting Information). Thus,
for the specific case considered here, at least eight explicit
water molecules are needed to capture the impact of explicit
solvation on the adsorption energy of solvated HCOO*. In
general, to find the sufficient number of explicit water
molecules, one has to ensure that the number of hydrogen
bonds in the water-adsorbate system is saturated. For HCOO* it
is four hydrogen bonds, with two hydrogen bonds between
each oxygen of HCOO* and its surrounding water molecules. In
the case of COOH* (Figure 2b), the trend is not as clear as for
HCOO*. The adsorption energy of COOH* does not vary

Table 2. Onset potential (vs. RHE at pH=0) for HCOOH formation on Pb
for the vacuum case, the different solvation scenarios, encompassing
implicit, explicit, and hybrid solvation and the experimental case. The
experimental onset potential for HCOOH formation is taken from Ref. [3].

Method HCOOH onset potential [V]
vacuum —0.24
implicit —0.44
explicit —0.98
hybrid —1.05
experimental —1.08

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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(a) significantly with increasing number of explicit water molecules.
The COOH* adsorption energy was determined to be 0.47 eV
for the case of one explicit H,O molecule, and it remained
nearly the same, 0.53 eV, for the case of 12 explicit H,O
molecules. As mentioned earlier, the COOH* reaction intermedi-
ate forms fewer hydrogen bonds with surrounding water
molecules and therefore maintains a relatively unchanged
configuration compared to vacuum or implicit solvation cases.
= This observation can be explained with the adsorbate-water
4 = E’;F;'rii‘;‘ interaction being weaker for COOH* than for HCOO*.
ap— Figure 2c shows the difference of adsorption energies
L between HCOO* and COOH?*, | E,qs1coo—Eadscoon |, With increas-
ing ny,o. The difference increases from 1.12 eV in vacuo up to
196 1.85 eV in the explicit solvation environment, primarily due to
] = :’;’;‘r‘i‘;t the significant increase of E,qco0 for explicit solvation. As can
be deduced from the direct comparison of results obtained in
explicit and hybrid solvation schemes (denoted here as
“hybrid”), adding additional implicit solvation does not alter the
reaction energies significantly.

We have also performed additional adsorption energy
calculations with D3 corrections to assess the need of including
dispersion effects in our work. Table 3 shows the HCOO*
adsorption energy, E,4ncoor COOH* adsorption energy, E,q4coons
and the adsorption energy differences of HCOO* and COOH*,
| Eags coo—Eagscoon |+ for 0, 1, 6, 11, and 12 explicit water
(c) molecules on the Pb(100) surface with and without dispersion
= Explicit D3 corrections. Although the addition of dispersion corrections
| == Hybrid stabilizes both reaction intermediates, viz. HCOO* and COOH*,
the resulting adsorption energy differences of HCOO* and
COOH*, which play a crucial role in determining the selectivity
of the considered reaction pathways, differ less than 0.05 eV
compared to the case without dispersion corrections for all

Eads, Hcoo [eV]

(b)

Eads, coon [eV]

Eads, coon| [eV]
i
2

I 0.3
855 cases. Due to the small impact of dispersion corrections for our
& 0.4 system, we have not included dispersion corrections in further
T .
w o2 calculations.

0.0 -

NH20

Reaction energy pathways for CO, reduction reaction on
Figure 2. Adsorption energy of (a) HCOO* and (b) COOH* on Pb(100) surface Pb(100) and Ag(1 00) surfaces

and (c) the adsorption energy difference of HCOO* and COOH* using explicit

and hybrid solvation methods, with the number of explicit H,O molecules,

N0 Fanging from 0 to 12. The hybrid case at 0 H,O shows the purely DFT calculations
implicit solvation case.

In this section, we evaluate the effect of explicit solvation on
reaction energies and selectivities of CO, towards formation of

Table 3. HCOO* adsorption energy, E,yncoor COOH* adsorption energy, E,ycoonn and adsorption energy difference of HCOO* and COOH*,
| Eadscoo—Eadscoon |, for 0, 1, 6, 11, and 12 explicit water molecules on Pb(100) surface with and without dispersion D3 corrections. Results obtained without
dispersion corrections are also illustrated in Figure 2.
Number of Eaashcoo [€V] Eaas,coon [€V] | Eadsicoo—Eads,coon | [€V]
H,O molecules PBE PBE+D3 PBE PBE+D3 PBE PBE+D3
0 —0.37 —0.51 0.75 0.61 1.12 1.1
1 —0.63 —0.81 0.47 0.32 1.10 1.14
6 —0.91 —-1.22 0.53 0.23 1.43 1.45
11 —-1.10 —1.30 0.58 0.36 1.68 1.66
12 1.1 —1.24 0.53 0.40 1.64 1.64
ChemSusChem 2023, 16, €202300885 (4 of 12) © 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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HCOOH and CO on both Pb(100) and Ag(100) surfaces
compared to the vacuum case. The reaction pathways towards
CO and HCOOH were discussed in the previous section, where
the HCOO* pathway (Egs. (1) and (2)) represents CO, reduction
to HCOOH via HCOO* and the COOH* pathway (Egs. (3) and (4))
represents CO, reduction to CO via COOH*. For simulations in
the explicit solvation scheme, we have incorporated 12 explicit
water molecules at the Pb(100) surface and 8 explicit water
molecules at the Ag(100) surface, which are equivalent to the
formation of one complete water layer at each surface,
respectively.“>*® In order to identify the transition states and
activation barriers between reaction steps, we have utilized the
climbing image nudged elastic band (CINEB) method.”"

Figure 3 illustrates HCOO* and COOH* reaction energy
pathways at both Ag(100) and Pb(100) in vacuo. For the first
reduction step, CO, favours the HCOO* pathway towards the
HCOO* intermediate on both Ag and Pb with activation
energies, G,pcoo, Of 0.64 €V and 0.29 eV, respectively; the first
step of the COOH* pathway exhibits activation energies, G, coon
of 1.76 eV and 1.62 eV, respectively. The stronger preference for
the HCOO* pathway and thus the reaction towards HCOOH as a
product is supported by HCOO* being more stable than COOH*
by 1.05 eV and 1.19 eV on the Ag and Pb surfaces, respectively.
Thus, reaction energy pathway calculations for the vacuum case
indicate HCOOH as the main product of CO, reduction on both
metal catalysts, in  contradiction to  experimental
observations.>?>3*34 Similar to the vacuum case, we obtain a
significantly higher activation barrier for the formation of
COOH* compared to the formation of HCOO* on the Ag surface
using implicit solvation (Figure S3 in Supporting Information).
Consequently, reaction energy calculations with implicit solva-

(a)
154 Ag(100)
'; 1.0
o COOH* + H*
y Gupcoo —_—
2 /. CooHY/ |
g 031 TG o | HCOOH*
£ N/ | [Gucpon —
o CO/(b)+H / : \
£ oo — ! R
CO,(lin.) + H* H { L cor i
w alin) + H ! i 60"} co
4 | i oy
5 051 nooos —I | HCOOH
HCOO* + H*
~1.0 1
Reaction coordinate
(b)
1.5 4 Pb(100)
COOH* + H*
S 10
)
)
>
2
5 05
o
w
o f !
2 00y — | . co* co
[ COy(lin.) + H* | / N
2 i HCOOH*",
2 S
= i HCOOH
I Heoor ——
HCOO* + H*
~1.0 1

Reaction coordinate

Figure 3. Free energy diagram for CO, reduction towards CO and HCOOH via
HCOO* and COOH* reaction intermediate under vacuum environment on

(a) Ag(100) surface and (b) Pb(100) surface. Red lines and asterisk represent
activation barrier (G,) and adsorbed solute state, respectively.
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tion reaffirm HCOOH as the primary product on Ag, consistent
with the observations made in the vacuum case.

In order to determine whether explicit solvation effects can
resolve this issue, we have repeated reaction energy pathway
calculations, but now with the addition of explicit solvation
(Figure 4). In the explicit solvation case, the protons required for
hydrogenation reactions, e.g., in CO,+H" +e —HCOO* or
COOH*, originate from hydronium ions (H,0") in water,
employed in previous computational works to elucidate the
mechanism of the CO, reduction reaction in solvation
environment.**? More details on the H,0"-hydrogenation
mechanism are given in Figure S4 of the Supporting Informa-
tion.

In contrast to the the vacuum case, including explicit water
molecules in simulations allows for explicit water-CO, inter-
actions to be accounted for. By incorporating explicit water-CO,
interactions, we are capable of modeling the CO, transforma-
tion from linear to bent structure, which is a vital initial step of
the CO, reduction reaction.®® The transformation of CO, in
linear configuration to CO, in bent configuration requires
1.21 eV at the Pb(100) surface, while <0.60 eV are needed at
the Ag(100) surface. This observation aligns with experimental
results, where Ag was observed to be more “CO,-active” than
Pb.B**551 |n addition, under explicit solvation conditions, the
activation energy required for the transformation of CO, to
HCOO* and COOH* is lower for HCOO* at Pb, leading to
HCOOH as the product. Conversely, COOH* is more favourable
at Ag leading to the production of CO. This finding agrees well

(a)
2.0
Ag(100)
1.5 4
o
>
9 104
>
2
% 05
c
w
g o0
2
L
& -os .
2 HCOOH(g)
© 10
-15
Reaction coordinate
(b)
2.0
Pb(100)
1.5
s
v 1.0
2
>
2
5 05
c
w
& 0.0
w \,
8 -os . co(g)
2
© 104
154 HCOOH(g)

Reaction coordinate

Figure 4. Free energy diagram for CO, reduction towards CO and HCOOH via
HCOO* and COOH* reaction intermediate under explicit solvation environ-
ment on (a) Ag(100) surface and (b) Pb(100) surface. Asterisk, lin. and b.
represent transition states, adsorbed solute state, linear configuration and
bent configuration, respectively. H*represents the presence of H;0*-ion in
the system, which is used for activation barrier calculation (indicated in red)
of hydrogenation reactions.

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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with experimental observations. Simulations under vacuum and
implicit solvation conditions on the other hand predict HCOOH
as the preferred product at both surfaces. Regarding the
reaction step from HCOO* to HCOOH, we observe the same
activation energy of 0.64 eV on both Pb and Ag surfaces under
vacuum conditions. In the explicit solvation case, the activation
energy remains similar for Pb (0.65 eV), while it increases to
0.92 eV for Ag, limiting the further reaction to HCOOH product.

Thermodynamic and kinetic analysis

To further analyze the kinetics of the process, we have
employed a microkinetic model to assess the product selectivity
at both Ag and Pb surfaces using our calculated reaction and
activation energies under vacuum environment and solvated
environment. Microkinetic modeling has previously shown to
be an essential tool for quantitative analysis of multiple-
pathway reactions.”*¥ In the vacuum case, the microkinetic
model results in selectivities of s.o~0 and sycoon=1 at both
Ag(100) and Pb(100) surfaces, which contradicts experimental
observations. The numerical results show that both Ag(100) and
Pb(100) prefer the HCOOH pathway in vacuo since the coverage
of HCOO* is much higher than that of COOH*, resulting in the
high preference for the production of HCOOH. Also for the
implicit solvation case, microkinetic modeling results in selectiv-
ities of sco~0 and sycoon~1 at the Ag(100) surface, consistent
with the findings of the vacuum case. Similar to the vacuum
case, it fails to predict HCOOH as the primary product at the
Ag(100) surface.

For the explicit solvation case, we follow the same above
procedure to obtain HCOOH and CO product selectivities from
our microkinetic model. Details on the reaction mechanism and
the rate equations of the microkinetic model in the explicit
solvation case are given in the Supporting Information.

Given the reaction energies and activation barriers in
Figure 4, we obtain s~ 1 and sycoon~ 0 for Ag(100) and s, =0
and sycoon =1 for Pb(100), which matches experimental results.
In solvated explicit environment, the coverage of HCOO* is also
higher than that of COOH* on both Ag(100) and Pb(100).
However, the desorption barrier of HCOO* to HCOOH on
Ag(100), as shown in Figure 4, is too high to favor the HCOO*
pathway, leading to a preference for the CO pathway, whereas
the desorption barrier of HCOO* on Pb(100) is moderate,
enabling a preferential pathway for HCOOH.

It should be noted here that our DFT analysis and micro-
kinetic modelling are relevant at 0V vs. RHE. For the specific
case considered in this work, microkinetic modeling under
more negative potentials would be more accurate, since the
theoretical equilibrium potentials for HCOOH and CO are
—0.17V vs. RHE and —0.12V vs. RHE, respectively.® For
consideration of other electrochemical conditions (i.e., different
electrode potential), potential-dependent activation barriers
from DFT calculation would be required, which goes beyond
the scope of this work. During microkinetic modeling, we make
a distinction in the proton source between the vacuum case
and the explicit solvation case. In the explicit solvation case, the
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proton originates from the H;O*-ion present in water, as
elaborated in the previous section. In the vacuum phase, the
proton originates from hydrogen adsorbed on the metal
surface, formed via the Tafel reaction.

Explicit solvation uncertainty analysis of HCOO* and COOH*
adsorption energy

While we have shown in the previous section that explicit
solvation has a significant impact on both adsorption energies
of HCOO* and COOH* reaction intermediates and product
selectivities on Pb(100) and Ag(100) surfaces, a sufficient
sampling of explicit water configurations is required to correctly
assess the uncertainty of the solvated adsorption energy of
reaction intermediates. In this section we used a combined MD/
DFT approach to analyze the uncertainty of HCOO* and COOH*
adsorption energies on the Pb(100) surface in the presence of n
(n=86, 12) explicit water molecules. Similar CMD/DFT proce-
dures were proposed in the past to study solvent effects for
methanol electrooxidaation on gold™ as well as important
reaction species for ammonia synthesis on Pt."¥ We initially ran
a 10 ns MD trajectory of 95 explicit water molecules on the Pb
surface, equivalent to a water density of 1 gL™". We then picked
out 19 different configurations equally spaced over this time
span (1 ns, 1.5ns, 2ns..., 10 ns), removed all explicit water
molecules except for 6 and 12 explicit water molecules closest
to the Pb surface and optimized the obtained configurations
using DFT to obtain a range of adsorption energies for HCOO*
and COOH*. An illustration of the combined MD/DFT procedure
is shown in Figure S5 of the Supporting Information. The
purpose of this combined MD/DFT procedure is to quantify the
adsorption energy range of HCOO* and COOH* in explicit
solvation and to assess the commonly overlooked uncertainty
range that arises from analyzing stationary water-adsorbate
configurations. Given that water structure equilibration could
typically take several hundreds of picoseconds,”” using AIMD
for this task would be computationally too expensive. Con-
versely, classical molecular dynamics (CMD) requires a suitable
force field to obtain energies that closely resemble those
obtained through quantum mechanical methods. Thus, with
the combined MD/DFT method, water structures are equili-
brated using CMD followed by the DFT optimization of the
structures to obtain more accurate energies.

In Table 4, we have summarized the standard deviations
(SD) for calculating solvated adsorption energies for both
reaction intermediates HCOO* and COOH* on the Pb(100)
surface in the explicit solvation environment.

Regarding the adsorption energy of HCOO?, it is evident
that increasing the number of explicit water molecules from 6
H,O to 12 H,0 increases the standard deviation (SD) by 0.07 eV
and the minimum-maximum range by more than 0.25eV,
indicating a growing degree of uncertainty and sensitivity with
increasing number of H,O molecules. While the HCOO*
adsorption energy with 6 water molecules ranges from around
—0.60eV to —1.13 eV, for 12 water molecules the HCOO*
adsorption energy ranges from —0.48 eV to —1.28 eV. In the
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Table 4. Statistical mean, minimum (Min), maximum (Max) and standard
deviation of the mean value (SD) of HCOO* adsorption energies, E,4opcoor
and COOH* adsorption energies, E,jcoon» ©n Pb(100) surface in the
presence of 6 and 12 explicit water molecules from the combined MD/DFT
method. The sample size is n=19.

Pb(100) variables

Eadshcoo [€V]

E,scoon [V]

6 H,0 12 H,0 6 H,0 12 H,0
mean —0.89 ~-1.01 042 040
min ~1.13 128 0.13 0.12
max ~0.60 —0.48 0.70 0.58
3») 0.14 0.21 0.16 0.15

case of COOH?*, the adsorption energy ranges from 0.13 eV to
0.70 eV for six explicit water molecules and from 0.12 eV to
0.58 eV for 12 water molecules.

Interestingly, for pure water structures the uncertainty
ranges are much lower (as shown in Figure S6 of the
Supporting Information), which means that the presence of
adsorbates contributes significantly to a greater degree of
possible configurations and uncertainty of adsorption energies.
Furthermore, the mean adsorption energy of HCOO* for both
cases ranges from around —1.01eV to —0.89 eV, while the
mean adsorption energy of COOH* ranges from only 0.40 eV to
0.42 eV, confirming our above observation that HCOO* in
solvation tends to change its configuration more frequently
leading to more degrees of freedom and ultimately a greater
range of adsorption energies. We have also compared adsorp-
tion energies of HCOO* at Pb(100) computed with 12 explicit
water molecules with an increased sample size of n=38
(Figure S7, Supporting Information). Apart from an increase in
the Min-Max range by 0.09 eV, the mean and SD of the HCOO*
adsorption energy are comparable to the results of the smaller
sample size of n=19.

The results in Table 4 show that adsorption energies of
HCOO* and COOH* with 12 explicit H,O molecules on the
Pb(100) surface vary with a SD of 0.21eV and 0.15eV,
respectively. However, our initial computational predictions of
product selectivities discussed in the previous section are based
on only one representative HCOO* and one representative
COOH* configuration. Therefore, we have conducted a sensitiv-
ity analysis of our previous explicit solvation results retrospec-
tively, to bolster the confidence of our initial computational
predictions. By varying HCOO* and COOH* adsorption energies
on both Pb(100) and Ag(100) surfaces, along with their
corresponding SD from Table 5, selectivities towards HCOOH
and CO over a range of adsorption energies can be generated.
In this context, we make the assumption that altering the
adsorption energies, E, 4 coommcoos fesults in an identical change
in the activation barrier, G, coonHcoo-

Figure 5 illustrates the HCOOH and CO selectivity of CO,
reduction at both Pb(100) and Ag(100) surfaces over a range of
activation barriers for HCOO*, G,co0r and COOH*, G,coon. As
shown in Figure 5, the reference case (marked with x) from the
section Reaction energy pathways for CO, reduction reaction on
Pb(100) and Ag(100) surfaces gives high selectivity towards CO
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Table 5. Statistical mean, minimum (Min), maximum (Max) and standard
deviation (SD) of HCOO* adsorption energy, E,ypncoor and COOH*
adsorption energy, E,qcoon ON Pb(100) and Ag(100) surface in the presence
of one explicit water layer. A sample size of n=19 was used.
Variables Pb(100) Ag(100)
Edshcoo [€V] Eascoon [€V] Eadshcoo [€V] Eaas.coon [€V]
mean —1.01 0.40 —-0.71 0.35
min —1.28 0.12 —0.92 0.03
max —048 0.58 —0.50 0.63
SD 0.21 0.15 0.13 0.15
(a) HCOOH
1
0.2
Pb(100)
0.18
0.8
0.16 g
0.14 2
s 2
2 012 . F
§ 0.1 ?
% 0.4 §
o 008 3
0.06 &
0.04 0.2
0.02
0 X
0.2 0.25 03 0.35 0.4 0.45 CO
G, .coon V]

Ag(100)

G, Heoo [€V]
Product selectivity [%]

0.15 0.2 0.25 0.3 0.35 0.4 co

G,,coon [€V]

Figure 5. Contour graph showing HCOOH and CO product selectivity on
(a) Pb(100) surface and (b) Ag(100) surface with varying G, coo and G, coon- X
indicates the reference case that was extracted from Figure 4.

on Ag and high selectivity towards HCOOH on Pb. Varying
G, neoo and G, ooy OVer a range of one SD does not change the
initial trend. Only for the extreme cases of G,y <0.2 €V and
G,hcoo>0.18 eV at Pb(100) surface and G,cooq>0.4 €V and
G, neo0 <0.25 eV at Ag(100) surface we observe a reverse trend.
The observation that the HCOOH and CO selectivities within the
considered activation energy range largely align with the
selectivities observed in the reference case, provides strong
support for predictions made in the previous section.

The two important lessons to take away from this section
are: (1) it is of utmost importance to provide uncertainty ranges
for solvated adsorption energies containing static water
structures in order to evaluate the confidence of subsequent
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computational predictions with respect to experimental obser-
vations and (2) the more explicit water molecules are incorpo-
rated in simulations, the bigger is the configurational space of
the explicit water molecules, leading to a larger range of
possible configurations. Consequently, the greater configura-
tional space results in a higher uncertainty range of adsorption
energies. Thus, we must exercise caution when interpreting
computational results in explicit solvation environment.

Potential descriptors that affect HCOO* and COOH*
adsorption energy in solvation

As shown in the previous section, calculating exact HCOO* and
COOH* adsorption energies in solvation environment can be
challenging, owing to the large configurational space of the
system. While the task of precisely identifying the properties
that contribute to the variation in adsorption energies in
solvation can become quite complex, we discuss potential
descriptors that can affect the adsorption energy of HCOO* in
solvation. For this, we have considered five different config-
urations of HCOO* on the Pb(100) surface in the presence of 12
explicit water molecules generated and optimized using the
combined MD/DFT method (as described in Section Explicit
solvation uncertainty analysis of HCOO* and COOH* adsorption
energy). Figure 6 shows the comparison of the five different
HCOO*-water configurations based on properties such as total
number of H-bonds, number of H-bonds with HCOO¥*, average
HCOO* distance from the Pb(100) surface, the cavitation energy
E.,, and the adsorbate insertion energy E,.

Frequency

-1.0 -0.8
Eads, ncooleV]

1 2

While the definitions of total number of H-bonds and
number of H-bonds with HCOO* follow common notions, the
average HCOO distance from the Pb(100) surface is defined as
the vertical distance between the average central plane of the
first Pb layer and the average oxygen position of the HCOO*
adsorbate. The cavitation energy E,, is defined here as the
energy needed for the water structure to reorganize when the
adsorbate is present compared to when it is not present and
the adsorbate insertion energy E,, is defined as the energy
difference between the adsorbate with its surrounding solva-
tion shell compared to the noninteracting adsorbate and the
solvation shell®” Graphical definitions of E., and E,, are
provieded in Figure S8 of the Supporting Information.

At first sight, the total number of hydrogen bonds in the
system correlates well with the magnitude of the adsorption
energies of our five representative configurations. The more
hydrogen atoms exist in the system, the higher is the
adsorption energy of HCOO* in solvated environment. Config-
uration 1 involves 20 H-bonds with an adsorption energy of
—1.37 eV, while configuration2 has 15 H-bonds with an
adsorption energy of only —0.48 eV. However, on a quantitative
level, the correlation with the number of H-bonds fails to
explain why configurations 3, 4 and 5 have the same adsorption
energy with different number of hydrogen bonds. There must
exist other descriptors that impact the adsorption energy apart
from the number of hydrogen bonds, albeit not as significant.

While the number of hydrogen bonds of HCOO* with its
surrounding solvation shell is mostly constant (4 hydrogen
bonds) for most of the configurations, we can exclude it from
being a potential descriptor. However, the average formate
distance from the Pb(100) surface together with the total

Em ORES = g — @

. No. of H-bonds Average HCOO* distance E., E;,; Euis
Configurstion: | No.of Hehonds o Hono to Pb surface [4] [eV] [eV] [eV]
1 20 4 4.00 063 200 -137

2 15 4 419 146 -194 -0.48

3 18 4 3.52 093 -197 -1.04

4 17 4 4.64 130 232 -1.02

5 19 3 2.79 021 -122 -101

Figure 6. Comparison of five different configurations of HCOO in the presence of 12 explicit water molecules based on number of H-bonds, number of H-
bonds with HCOO, average HCOO distance from the Pb(100) surface, E,, and E;,.. The configurations are picked out from a sample size of n=38.
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Figure 7. HCOO* adsorption energy comparison of different water configurations for 4 explicit H,O on the Pb(100) surface.

number of H-bonds from HCOO-H,0 and H,0—H,0 interactions,
are capable of explaining why configurations 3, 4 and 5 have
the same adsorption energy with different number of H-bonds.
For the three cases, an increasing number of hydrogen bonds is
accompanied by a decreasing average distance of formate to
the metal surface, which leads to comparable adsorption
energies.

For the last two descriptors, E,,, and E,,, E, is not capable
of describing the adsorption trend, while E,, can only
qualitatively explain the higher adsorption energy with decreas-
ing cavitation energy. Considerations of E,, and E., as
descriptors, as proposed in the existing literature,”” fails to
properly explain the adsorption trends observed for HCOO* in
the presence of 12 explicit water molecules. So far only the
total number of hydrogen bonds has shown to exert a
significant impact on the HCOO* adsorption energy. It remains,
however, difficult to find a global descriptor that captures all
effects on the adsorption energy, let alone a system containing
12 explicit water molecules.

Therefore, we have attempted to disentangle different
effects that govern the adsorption energy of solvated HCOO*
by analyzing HCOO* in the presence of only four explicit
molecules, which is equivalent to the number of hydrogen
bonds in the first solvation shell of formate. Figure 7 shows the
different configurations of formate with four water molecules,
starting with a reference configuration 1 and then changing its
configurations slightly to observe the impact of different effects
such as the number of H-bonds, the type of H-bonding, the
water-metal distance as well as the orientation of the explicit
water molecules. Configuration 5 has the highest adsorption
energy with —0.57 eV, which is 0.44 eV more stable than the
reference configuration 1. While the reference configuration
consists of only four hydrogen bonds, configuration 5 has five
hydrogen bonds leading to the higher adsorption energy. Apart
from the total number of hydrogen bonds, the type of
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hydrogen bonding also affects the magnitude of the adsorption
energy. While both configuration 2 and 3 contain 4 hydrogen
bonds, their adsorption energies vary by 0.23 eV, which can be
explained by the fact that configuration 3 has two H-bonds
stemming from water molecules while the other two stem from
formate with its surrounding water molecule. On the other
hand, configuration 2 has all its H-bonds stemming from the
interaction between formate and its surrounding water mole-
cules, indicating that water-water H-bonding is more stable
compared to formate-water H-bonding.

We observe an additional stabilization of the solvated
formate adsorption energy as captured in configuration 4
compared to configuration 3, attributed to the reduced water-
metal distance. Lastly, the orientation of water molecules has a
minor effect on the adsorption energy (configuration 1 vs.
configuration 2).

In total, we have assessed four potential descriptors that
govern the adsorption energy of solvated HCOO* at the Pb(100)
surface. We discovered that there is no single global descriptor
that can fully account for the variation in adsorption energy.
Instead, a combination of all four descriptors is essential to
describe the change in adsorption energy, with the total
number of hydrogen bonds per unit cell being the most
significant one followed by the type of hydrogen bonding, the
water-metal distance and lastly, the orientation of water
molecules.

Conclusions

We have performed a systematic study on the role of solvation
effects on the CO, reduction reaction towards HCOOH and CO
at Pb(100) and Ag(100) surfaces. We have demonstrated how
the number of explicit water molecules exerts a substantial
effect on the adsorption energy of relevant reaction intermedi-
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ates. Implicit solvation affects the adsorption energy in a much
less pronounced manner than explicit solvation. Using an
explicit solvation scheme in combination with microkinetic
modeling, we were able to identify CO as the main product at
Ag and HCOOH as the main product at Pb, which is in
agreement with experimental observations. To the best of our
knowledge, this is the first computational demonstration of
predicting the main products from CO, reduction reaction at
both Ag and Pb catalyst, taking into account solvation
phenomena.

When it comes to calculating adsorption energies of
reaction intermediates in explicit solvation environment, assess-
ment of the uncertainty of computed adsorption energies is a
necessary step to evaluate the accuracy of the method. We
have attempted to delineate properties affecting the computed
adsorption energy of HCOO* on Pb(100) surface. The total
number of H-bonds, originating from HCOO—H,0 and H,0-H,0
interactions, emerged as the main property determining the
HCOO* adsorption energy. Other factors such as the type of
H-bonding, the adsorbate-metal distance or the orientation of
water molecules were found to play a less significant role in this
regard.

Overall, this work provides valuable insight into the role of
different solvation methods of adsorbates on metal surfaces,
and it reveals explicit solvation as a vital effect to be included in
the computation of pathways of the CO, reduction reaction.

Theoretical Section

DFT calculations

Periodic density functional theory (DFT) calculations were per-
formed for different adsorbates on Pb(100) and Ag(100) surfaces
with the PBE exchange correlational functional® using the
Quantum-ESPRESSO package.®” We used the projector augmented
wave (PAW) method for the core electrons.*® The plane wave cutoff
energy was set to 50Ry. We applied the atomic simulation
environment (ASE) to create 3x3 surfaces represented by five-layer
slabs.®® The two bottom layers were kept fixed during the
geometry optimization, while the other three layers were allowed
to relax. In order to avoid undesired interactions between periodi-
cally repeated slabs, a 20 A vacuum space was inserted between
them. A Monkhorst-Pack®® 4x4x1 k-point grid was used for
structure relaxations. The calculated lattice constants of bulk Pb
and Ag are 5.03 A and 4.15 A, respectively, which are comparable
to the measured values of 4.95A for Pb® and 4.09 A for Ag'®.
Explicit solvation structures were modeled using up to 12 explicit
water molecules and implicit solvation calculations were performed
with the soft-sphere continuum solvation (SSCS) approach using
the Environ software package.*®*®” During implicit solvation calcu-
lations, we assumed a dielectric constant of ¢=80 for the bulk
solvent value. A hybrid solvation approach was also applied by
adding implicit solvation on top of the optimized explicit water
configurations.

Adding dispersion corrections, using for instance the D3 dispersion
correction scheme of Grimme,®** can correct for the over-
structuring of water molecules in the bulk environment typically
seen with the PBE functional.”” On the other hand, dispersion
effects have a negligible impact on the relative stability, adsorption
sites, and adsorption geometries of water adstructures.””’? In
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addition, Romeo et al.”? have additionally shown that dispersion
corrections are generally not significant when water-adsorbate
interactions prevail. Therefore, to assess the need of dispersion
corrections for our given system, we have incorporated additional
calculations that include D3 dispersion corrections with zero
damping.

CMD calculations

Classical molecular dynamics (CMD) simulations on the Pb surface
were performed with the LAMMPS software package” using 95
explicit water molecules, equivalent to a water density of 1 gL' for
our system size. The interatomic interactions were described by the
interface force field (IFF)” and the SPC water model.”® The
interaction cutoff distance was set to 12A and initial water
molecule configurations on the Pb(100) surface were obtained by
random water molecule placement using the PACKMOL package.””
MD simulations were performed under NVT conditions at a temper-
ature of 300K, with a timestep of 1fs and a Nose-Hoover
thermostat with a temperature damping parameter of 100 fs.

Explicit solvation configuration setup

Regarding the representative configuration used for the case of
1-12 explicit H,O molecules, we initially generated and conducted
geometry optimizations of 5 different random configurations for
the case of 1 explicit H,O molecule. We selected the most
energetically stable configuration as the representative structure
for the case with 1 explicit H,O molecule. For the case of 2 explicit
water molecules, we used the most energetically stable config-
uration with 1 explicit H,0 molecule as a basis to generate and
optimize 5 further different random configurations. This procedure
was repeated up until 12 explicit water molecules were added at
the Pb(100) surface, which is approximately the amount of water
molecules needed to form the first interfacial water layer.”? Even
though the described water configuration generation procedure
does not sample the whole configurational space, this so-called
“brute intuition” approach, originally mentioned by Peterson,”® to
finding local minima configurations follows a simple and reprodu-
cible protocol. Hence, we have applied this approach to determine
the local minimum configuration of adsorbate-water structures on
Pb(100). More details on the initialization of the explicit water
structure is given in Figure S9 in the Supporting Information.

Reaction energy calculations

To construct reaction energy diagrams, as shown in Figures 3 and
4, zero-point energy (ZPE) and entropic (TS) corrections are
included, which are obtained through vibrational frequency
calculations, as shown in Figure S10 in the Supporting Information.
The climbing image nudged elastic band (CI-NEB) method®" with
eight images was utilized to calculate the activation barriers for
specific reaction steps.

Microkinetic modeling

In the microkinetic model, the steady state rate equations for the
changes of adsorbate coverages in vacuum environment are

dbhcoo*

—dqt = vi—v, =0 (6)
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% =v;—Vv, =0 (7)

where 6.c00r and 6O+ are coverages for HCOO and COOH
intermediates. v; is the reaction rate of the i-th elementary reaction
step from Egs. (1)-(4) and is given by

1

Vi = KiPco,Pu,? Gé — k_160ucoo* (8)
v, = kz‘choo*PHZ% (9)
V3 = kspcoszz% 05 — k_30coon* (10)
Vy = k49COOH*sz% (11)

with 6,=1-260c00-0coon- beINg the coverage of free sites, and pco,
and py, being the pressures of CO, and H,, respectively. We use
Pco»=Pw>=1atm, corresponding to standard conditions. Rate
constants, k_; and k_;, are calculated from transtion-state theory,

k, T G, .
ki = %exp (_ ﬁ) (12)

where G, .; are activation barriers of step i for the forward and
backward reactions obtained from our DFT calculations. 6,qo- and
Ocoon+ Can then be obtained by solving Egs. (6) and (7).

The selectivities of the two main products CO and HCOOH can then
be calculated by Equations (13) and (14).

Sco = v, 1V, (13)
Va
SHcooH = [ (14)
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