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ABSTRACT: Adsorbates at the electrode change the structure of the electrode/

electrolyte interface. Despite the important influence of the interfacial structure on \‘> @ (V)
electrochemical processes, computational investigations targeting this influence are e—\zo \ .
o D>

still lacking. Even the impact of one of the most common adsorbates, namely,
adsorbed OH, is so far largely unknown. In this study, we choose the Pt(100)/water

T o
interface as a model system to investigate the interfacial water structure at various o/o yy |:> a/ 5. ‘/O

OH coverages with ab initio molecular dynamics. We find that the interfacial water {

]

structure is highly sensitive to the adsorption site of OH (namely, top or bridge site)
and that the preference of adsorption sites of OH is, in turn, strongly influenced by
the solvation caused by interfacial water. This indicates that the structure of water is
correlated with that of OH. Based on a detailed analysis, we attribute these observations to a strong hydrogen-bonding network
between OH and the interfacial water. This hydrogen-bonding network also results in a complicated dependence of the interfacial
potential on the OH coverage, which is governed not only by the dipole induced by OH but also by the influence the OH species
have on the interfacial water structure.

1. INTRODUCTION how adsorbed OH influences the structure of its surrounding
water at the interface.

In this work, we aim to reveal the effect of adsorbed OH on
the interfacial structure of the Pt(100)/water interface and the

In many electrochemical processes, the reaction rates and the
reaction mechanisms depend on the electrolyte and the electric
field applied.' ™" One prototypical example is the strong FH

11-18

dependence of the hydrogen evolution reaction (HER),''™ resulting interfacial potential. Pt(100) is a particularly
which cannot be explained by the simplified models involving interesting model system as Pt(100) does not have a double-
only the interaction between the reactant and the electrode layer window (i.e,, a potential range in which the surface is
under zero charge conditions. In such cases, a detailed bare of adsorbates) in aqueous electrolytes, and water will
description of the entire solid/liquid interface becomes always dissociate spontaneously to produce adsorbed H
necessary. or(and) OH.>** For adsorbed H, it is known that it makes
In electrochemistry, the adsorbates at the interface are the Pt(111) surface more hydrophobic’®*” and similar effects
expected to interact with their surrounding electrolyte. This of H on the structure of the interfacial water are likely to occur
interaction can be divided into two parts. On the one hand, the on other metal surfaces as the hydrophobicity of the surface
electrolyte, especially the solvent, can strongly influence the can be expected to make the hydrogen-bonding network less
energetics of the adsorbates that are involved in the dependent on the exact type and structure of the metal.
electrochemical reactions. One prototypical example is the Adsorbed hydroxide OH, however, can be expected to have a
adsorbed OH, which is relevant to HER, oxygen reduction less transferable and predictable influence on the interfacial
reaction (ORR), and CO oxidation and has been séhlogvg(l)l to structure due to the strong solvation®® and the hydrogen-
depenzdz ls_eznssitively on (aquze(f)_llzsg) solvation (-see,. eg,  for bonding network it forms with its surroundings.’”*’
HER,”" ™™ for ORR, and for CO oxidation). In these In order to model the Pt(100)/water interface in the

and many other cases, the presence of water in the studies is
essential for the reaction energetics and, in some cases, 0733
even changes the optimal reaction pathway. On the other
hand, while the solvation effect on the adsorbate is essential as
mentioned above, the adsorbate, in turn, can have an impact
on the surrounding solvent molecules. The description of the
water itself, however, is rather simplistic in most of the
previous studies and is either ice-like or includes only a few
(fixed) water molecules, the positions of which are obtained
from geometry optimization. Consequently, little is known on

presence of OH, ab initio molecular dynamics (AIMD)
simulations are utilized. The AIMD trajectories are used to
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analyze the interfacial structure and to relate descriptors for the
OH structure, such as the OH adsorption site, to the resulting
changes in interfacial potential.

2. METHODS

All the density functional theory calculations are performed in
CP2K/Quickstep.*' All atoms are described by Goedecker—
Teter—Hutter (GTH) pseudopotentials:*>** the O atom is
described by the GTH-PBE-q6 pseudopotential with 2s and 2p
electrons in the valence, H is described by GTH-PBE-q1, with
all electrons in the valence, and Pt is described by the Pt GTH-
PBE-q10 pseudopotential with Sd and 6s electrons in the
valence. The DZVP-MOLOPT-SR-GTH Gaussian basis set**
is applied to all atom types except for Pt. For Pt, we use a basis
set developed for the pseudopotential Pt GTH- PBE -q10 by Le
et al. for Pt(111)/water interface simulations.”> The plane
wave energy cutoff is set to 400 Ry. We use the Perdew—
Burke—Ernzerhof (PBE) functional®® to describe the ex-
change—correlation effect with the Grimme D3 correction®’
to account for dispersion interaction.

The Pt/water interface is described in a periodic supercell
model, as shown in Figure 1. The Pt electrode is represented
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Figure 1. Side view of a snapshot of Pt(100) /water interfaces with 1/
16 ML OH. OH and water molecules are represented in ball and line,
respectively.

by a (4 X 4) X six-layer atomic slab, with the four nonsurface
layers frozen. This slab size (11.246 X 11.246 X 35.94 A®)
represents a good compromise between accuracy and
calculation efficiency as shown via tests for the work function
(see Section S1) and the water adsorption energy (see Section

S2). The lattice constant is obtained from previous work (see
ref 48), and the two interfaces are spaced by 26.0 A, which are
filled with water. The number of water molecules is adjusted
such that the bulk water (>9 A from both surfaces) density in
the AIMD models is close to unity, that is, (1 + 0.05) g cm™
This results in 97 water molecules in the system.

The AIMD simulations are performed in the canonical
ensemble (NVT) using a timestep of 0.5 fs and a target
temperature of 330 K. The calculations are carried out at the
I"-point. To speed up the simulation, second-generation Car—
Parrinello MD (SGCP MD)* is used. In the corrector step of
the SGCP MD, the maximum number of iterations in the self-
consistent field loop is set to S. The Langevin friction
coefficient yp, is set equal to 0.001 fs™', while the intrinsic
friction coeflicient y;, which arises in SGCP MD, is set to 2.2 X
107* fs™! for H,0 and OH and 5 X 1075 fs™! for Pt based on
preliminary tests. At the chosen intrinsic friction coefficients,
the species in the system are not observed to heat or cool. For
each AIMD simulation run, an initial S ps or a longer time is
used to pre-equilibrate the system. Then, 10 ps of AIMD is
performed to obtain a converged Fermi energy and electro-
static potential (see Section S3).

In the simulations containing OH in the interface, OH is
inserted at the interface after the pre-equilibration of water
structures. Because bridge site OH on Pt(100) is more stable
than top site OH in gas-phase calculations (Section S4), we
start the calculations for OH-covered interfaces with OH
adsorbed at bridge sites. The resulting structures are then re-
equilibrated as described above. Since the saturation coverage
of adsorbed OH on Pt(100) is around 0.29 ML,”* we choose
the range of OH coverage from 0 to 1/4 ML, corresponding to
0—4 OH species in the supercell. For Pt(100), these coverages
occur at potentials at which the competitive adsorption
between adsorbed O and OH can be ignored.51

When analyzing the trajectories, the following conventions
are followed: the coverage of species (i.e, OH and water) is
calculated by dividing the number of species by the number of
surface atoms (16 in our cases). In the case of OH, the
adsorption site of OH (namely, top and bridge site OH) is
defined in the following way: first, the horizontal distance
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Figure 2. (a) Water density py o and (b) orientational dipole distribution py ¢ cos y along the surface normal direction at different OH coverages
0o Water can be divided into three parts (A, B, and C) according to their distances to the surfaces. (c) Schematic illustration of chemisorbed
water (water A), physisorbed water (water B), and bulk water (water C) in AIMD simulations. z = 0 in (a,b) denotes the average positions of the
plane through the topmost Pt layer. The position of the oxygen atom in the water molecule is used to represent the position of the water molecule

in determining py; o in (a)b).
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between the oxygen atom contained in OH and the nearest
top(bridge) site is calculated. Then, OH is categorized as
top(bridge) site OH if it is closer to the top(bridge) site. When
investigating the hydrogen-bonding network in Section 3.2.2,
an O-H pair is defined as a hydrogen bond if (i) the distance
between two oxygen atoms is shorter than 3.5 A and (ii) the
O--O—H angle is less than 35°.°%

The AIMD trajectories provide us with direct access to the
interfacial structure. Additional calculations are required to
determine the interfacial potential shifts in the presence of
adsorbed species. Computational details for these calculations
can be found in Sections S5 and S6 in the Supporting
Information.

3. RESULTS AND DISCUSSION

3.1. Interfacial Water Structure. At the electrode/
electrolyte interface, the water structure can be heavily
influenced by the interaction between the metal electrode
and the solvent molecules. The resulting structure, which has a
significant influence on the interfacial potential difference of
the metal*® and on electrocatalytic reactions," > is sensitive to
the nature of both the electrode and the adsorbates at the
surface. In the following, we investigate the effects of OH on
the interfacial water structure on Pt(100), that is, the water
density (pp,0) and water orientational dipole distribution

(Pu,0 cos ), as illustrated in Figure 2a,b, respectively, where yr

is the angle between the water bisector and surface normal
vector. Different (experimentally relevant) OH coverages are
modeled; the model of a pristine interface without any
adsorbate is taken as the reference, even though it is not
relevant to practical electrochemical conditions.

Overall, the water structure on Pt(100) has similar features
to those observed on Pt(111).”> Based on the water density
profile as a function of distance from the surface, several water
layers intersected by low-density regions can be identified.
More specifically, the interfacial water can be divided into
three water layers, which are labeled A (1.9-2.7 A), B (2.7—
45 A), and C (>4.5 A) in Figure 2a. The schematic
illustrations of water layers A, B, and C are shown in Figure
2c. These water layers not only differ in location but also
possess different properties.

Water A transfers a fraction of electrons to the metal* and
chemisorbs on the surfaces with an orientational dipole
pointing outward from the surfaces. By contrast, the orienta-
tional dipole of the physisorbed water B points toward the
surface. The rest of the water, water C, is regarded as bulk
water and has a negligible net orientational dipole. On a
qualitative level, the layering and the dipole orientation of the
water at the surface are independent of the OH coverage (i.e.,
the layering is always visible and the dipole of water A always
points outward from the surface, while the dipole of water B
always points toward the surface). On a quantitative level,
however, the OH coverage clearly influences the water density
and orientational dipole distributions, and we will investigate
these influences in more detail in the following.

To gain more insights into the orientational dipole of water
as a function of OH coverage, the orientational distributions of
water A and of water B are shown in Figure 3. At high OH
coverage, water A prefers to adopt a configuration with a
slightly larger angle to the surface normal of ¥ &~ 70° (see
Figure 3a). Together with the O—H bond direction in water
molecules shown in Section S7, this slightly larger angle to the

pubs.acs.org/JPCC
0.16 1 (a) water A 0ML
E'ﬁ 0.12 4 1/16 ML
=30
£33 1/8 ML
SE 0.08 1 — 3/16ML
£ 0.04 — 14ML
0.00
(b) water B
2 0.06
= 3
o = i
§ E 0.04
£ 0.02 1
0.00 T T T

0 30 60 90 120 150 180
@ [degree]

Figure 3. Normalized distribution of  of (a) water A and (b) water
B. y is the angle between the water bisector and surface normal
vector.

surface normal can be mapped to a picture in which water A is
aligned more in parallel to the surface. As for water B, its angle
to the surface normal covers a wide range of values (see Figure
3b). On average, the dipole of water B points toward the
surface, but there is no clear trend with increasing OH
coverage.

In addition to the orientational dipole, the coverage of water
A and water B is also OH-coverage-dependent (see Figure
4a,b, respectively). While the coverage of water B decreases for
increasing OH coverage, the coverage-dependence of water A
shows a turning point: initially the coverage of water A
decreases with increasing OH coverage but then increases. The
decreasing coverage of water A and water B with increasing
OH coverage can be rationalized as the consequence of spatial
repulsion. The turning point and the sudden increase in the
coverage of water A with increasing OH coverage, however,
suggest the presence of a second, counteracting effect that
dominates at high OH coverage. We will investigate the origin
of this counteracting effect in the next section.

3.2. Origins of the OH-Coverage-Dependent Inter-
facial Structure. 3.2.1. OH Adsorption Site. With increasing
OH coverage, the coverage of chemisorbed water A changes
and shows a turning point. In order to understand the atomic
level origins of these changes in the water structure, we need to
analyze the OH adsorption site and how it influences the
interfacial water first.

In gas-phase calculations, OH is more stable at the bridge
sites than at top sites (see Section S4). Because of this, one
may expect OH to be present only in bridge sites at the
interface. In the AIMD simulations, however, we observed OH
in both adsorption sites (see Figure S and Section S8). This
can be explained as the result of a stronger solvation of top site
OH compared to that of bridge site OH. This manifests in the
strong dependence of the OH adsorption energy (see Sections
S4 and S9) and the Mulliken charge (see Section S10) on the
degree of solvation.

Depending on the total OH coverage, the ratio of top and
bridge site OH changes in our simulations (Figure 6). While
we should be cautious not to take these ratios as accurate
numbers (our calculations may not be fully converged in terms
of OH adsorption sites due to the limited timescale), we may
still use these numbers for a qualitative conclusion. In fact, we
will try to explain the unexpected dependence of water A on
the total OH coverage by analyzing it separately as a function
of top and bridge site OH.

Interestingly, we find that the coverage of water A can be
modeled with a high goodness fit by a simple multiple linear

https://doi.org/10.1021/acs.jpcc.1c04895
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Figure 4. (a) Coverage of water A (0,,,,4) from AIMD trajectories (solid line) and fitting data by the least square regression method (dashed line).
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Figure 5. Heatmap for OH spatial distribution in the xy plane in the
model with 1/4 ML OH. The lighter area indicates a higher
probability of finding adsorbed OH. Coordinates of oxygen atoms in
OH are used to represent the positions of OH. All the coordinates of
oxygen atoms are referred to their nearest Pt atoms and folded onto
an octant, as shown in the top-left corner. The color is normalized to
the highest value in the heatmap, showing the relative probability of
OH adsorbed at the interface.
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Figure 6. Left y-axis: bridge site OH coverage (6,) and top site OH
coverage (6,). Right y-axis: the fraction of bridge site OH coverage
(6/60y) and top site OH coverage (6,/60y) proportional with all
OH. The top site and bridge site OH species are defined based on the
horizontal distance between the O in OH and the top/bridge site.

regression as a function of the coverage of top site and bridge
site OH (see Figure 4a)

ewatA = ewatA,O + ktet + kbgb (1)

where 0,4 o represents the water A coverage without OH. The
other two fitting parameters k, and k, can be regarded as
correlation factors between water A and top site or bridge site
OH, respectively. We find k, to be positive and k;, to be
negative, which indicates that top site OH pulls water A toward
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the surface, while repulsive effects dominate for bridge site
OH. Taking the observations made in this section together, we
find that (i) the presence of water influences the adsorption
site of OH at the interface due to solvation effects and that (ii)
the adsorption site of OH has a significant effect on the
coverage of water A. This suggests the presence of a site-
dependent, mutual interaction between OH and the interfacial
water, the origin of which we will analyze in the following.
3.2.2. Hydrogen-Bonding Network of OH at the Pt(100)/
Water Interface. In the previous section, we have learnt that a
complicated interplay of OH and its surrounding water exists,
where the top site OH attracts water A to the surface in
contrast to the bridge site OH repelling it due to spatial
repulsion. So far, the mechanism of this attraction is still
unclear at the atomic level. Here, we propose that a strong
hydrogen-bonding network between adsorbed OH and its
surrounding water accounts for this attractive interaction.
The existence of a hydrogen-bonding network between
adsorbed OH and its neighboring water molecules has been
reported for Pt(111).*>>" However, Pt(111) is a special case
due to the good match of its hexagonal structure to the water/
OH adlayer structure. It is therefore not immediately obvious
that a water/OH hydrogen-bonding network will also exist on
Pt(100), which has a square lattice. However, by counting the
number of hydrogen bonds formed by adsorbed OH, based on
the criteria for hydrogen bonding described in Section 2, we
find that adsorbed OH does indeed form hydrogen bonds with
the neighboring water (see Figure 7). Furthermore, a Mulliken
population analysis for the atoms in OH and water (Section
S11) shows that the oxygen atoms in OH are even more
negatively charged than those in water, suggesting an even
stronger hydrogen-bonding network than that present between
water molecules. Based on the geometry and charge, we can
thus postulate that OH forms particularly strong hydrogen
bonds with the surrounding water, which could account for the
attraction between top site OH and water A. Based on a
snapshot of the interface (see Figure S8) and previous classical
MD simulation studies,’>™’ we believe these bonds to
participate in the hydrogen-bonding network at the interface.
As the attraction between water A and OH varies with the
adsorption sites of OH (see Section 3.2.1), we expect a
difference between top and bridge site OH in the hydrogen-
bonding network. Indeed, as shown in Figure 7, each top site
OH can form three hydrogen bonds on average (two as
acceptors and one as a donor) with its neighboring molecules,
while there are only two hydrogen bonds (one acceptor and
one donor) for the bridge site OH. The quantitative analysis of
the hydrogen-bonding network mentioned above thus agrees
with the strong attractive interaction observed between water

https://doi.org/10.1021/acs.jpcc.1c04895
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Figure 7. Comparison of hydrogen bonds (ny5) of adsorbed OH as the (a) acceptor or (b) donor. Bars with and without shadow indicate bridge
site and top site OH, respectively. “d” in bracket denotes the donor and “a” stands for the acceptor.

A and top site OH. Furthermore, it even explains the OH-
coverage-dependent structure changes of water A (see Figure
3a) as shown in the following.

In the interfacial hydrogen-bonding network, a special HO--
HOH complex with OH as an acceptor and water A as a donor
is often observed for top site OH (see Figure S7). This does
not only suggest a strong attraction between top site OH and
water but also the observed flattening of water A at high OH
coverage (see Figure 3a) as the hydrogen bond to top site OH
causes the water A to be aligned more in parallel to the surface
(see Section S9 in the Supporting Information). The strong
hydrogen-bonding network thus explains the attractive
interaction between water A and OH as well as structural
changes in the interface.

3.3. Effect of OH Adsorption on Interfacial Potential.
A thorough understanding of the interfacial potential is
important in electrochemistry as the interfacial Egtential
affects adsorption energies and reaction barriers.'”*** This
interfacial potential can be influenced by interfacial species,
and the sign and the magnitude of this species-induced shifts
can be accessed via a change in the outer potential difference
A® as measured relative to the bare surface in vacuum

AD = W,/e) — Uy, = W,/eq — (Usyg + Uasbl_sIE ()

where Uy, is the absolute potential of the electrode with or
without adsorbates and/or water, Ugyy, is the potential of the
electrode measured versus the standard hydrogen electrode
(SHE), US'E = 4.44 V*7 is the absolute potential of the SHE,
W, = 5.49 eV is the work function of the bare metal in the
computational setup used (see Section S1), and ¢, is the unit
charge. Computationally, U, can be accessed if a vacuum
interface is present in the simulation cell (see Section S6),
while Ugyg can be calculated using the computational SHE
(cSHE) method, as explained in Section SS.

Interfacial species can alter A® either via their intrinsic
dipole moment or by inducing electron redistribution at the
interface. The interfacial potential increases if a molecule
donates electrons to the electrode or if it has a dipole moment
pointing outward from the surface. If, on the other hand, the
surface donates electrons to the molecule or if the molecular
dipole points inward, the interfacial potential will decrease. In
the case of OH, two counteracting effects need to be
considered: (i) OH carries a dipole moment pointing outward
from the surface, contributing to a positive shift to the
interfacial potential, and (ii) OH adsorption leads to partial

electron transfer from the surface toward the OH species (see
Section S10), contributing a negative shift to the potential.
Although the relative magnitude of these two direct
contributions of OH is a priori unclear, a monotonous, even
linear change might be expected for the interfacial potential as
a function of OH coverage in the absence of lateral interaction.
Yet, the shift in interfacial potential as a function of OH
coverage that we obtain in our calculations shows a strongly
nonlinear behavior (see Figure 8). This indicates that either

@ Adoy
- A®oh, wata

6oH

Figure 8. Interfacial potential difference A® caused by OH (A®qy,
dotted line), OH and chemisorbed water A (A®gyy s, dashed line),
and entire Pt/OH/water interfaces (A®,,, solid line) at different OH
coverages. Computational details for the last one can be found in
Section S5 and the others refer to Section S6 in the Supporting
Information.

the behavior of OH is more intricate than that sketched above
or that the interfacial water species, which we disregarded so
far, have a strong, nonlinear influence on the surface potential
shift. In order to disentangle these effects, we split the
interfacial potential shift A® into three parts: (i) ADyy, the
contribution of OH only (dotted line in Figure 8), (ii)
A®qy 0a, which includes the additional effect of chemisorbed
water (water A) (dashed line in Figure 8), and (iii) A®,,,
which includes the contribution of entire Pt/OH/water
interfaces (solid line in Figure 8). The computational details
of this separation are given in Section S6 in the Supporting
Information.

A®qy (dotted line in Figure 8) describes exclusively the
direct effect of the OH adsorbate on A®. Interestingly, already
the OH-only-induced potential shift shows a nonlinear
dependence on OH coverage, which correlates roughly with
the ratio of top site to bridge site OH (compare blue bars in
Figure 6 with the behavior of A®@y in Figure 8). This suggests
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that the influence of OH on A® varies with the OH
adsorption site. Indeed, gas-phase calculations shown in Figure
S12a indicate that top site OH causes a negative shift in
potential, while bridge site OH induces a positive shift. This
site dependence of the shift in potential can be rationalized as
follows: (i) OH contributes an orientation-induced, positive
shift to A®, as shown in Figure S12b. This positive shift is
smaller in magnitude for top site OH than that for bridge site
OH as top site OH tends to lie more in parallel to the surface
than bridge site OH in AIMD simulations (see Figure S13).
(ii) OH causes a charge-transfer-induced, negative shift in A®,
as shown in Figure S12c. This shift is larger in magnitude for
top site OH than that for bridge site OH as top site OH not
only situates further from the surface but also induces a
stronger charge transfer from the surface to the OH species
than bridge site OH (see Figures S14 and S10). Because top
site OH dominates in our calculations only at high coverage
(see Figure 6), a negative shift in A®gy is only observed for
high OH coverage.

The OH contribution, A®y, alone, cannot account for the
overall trend observed in A®;,, with increasing OH coverage.
Undoubtedly, the OH-coverage-dependent contribution of
water is necessary to correctly capture the interfacial potential
profile of the Pt/OH/water interface.

Water can influence the interfacial potential in two different
ways: directly and indirectly. As for direct contributions, we
consider the effect the water has on the potential due to its
orientational dipole and due to the electron redistribution it
causes at the interface. For water A, these effects both add a
positive contribution to A®.* In addition to these direct
effects, water A can also contribute indirectly to A®: as shown
in Figure S10, water A can stabilize a larger negative charge on
OH, thus enhancing the electron transfer from Pt to the OH
species. This causes a negative contribution to A®. Although
this effect is undoubtedly present, the direct contribution of
water A is the dominant effect as the overall contribution of
water A (difference between A®qy; and ADy .4 in Figure 8)
is positive. These direct contributions can be expected to
depend more or less linearly on the coverage of water A.
Therefore, we may also expect the contribution of water A to
A®yy a4 to be related to the coverage of water A. Indeed, as
the coverage of water A increases at high OH coverage (see
Figure 4a), the negative contribution of water A to A®qy,.c
increases and even inverses the upward trend in A®qy caused
by OH directly.

While A®qy .4 is sufficient to capture the qualitative trend
observed in A®,, as a function of OH coverage, an additional,
somewhat smaller contribution is still missing (difference
between the dashed and solid line in Figure 8). This smaller
contribution stems mainly from the influence of the orienta-
tional dipole of water B on A®, as verified by the good linear
correlation between A®; — A®qy .n and the orientational
dipole of water B (see Figure S15).

By bringing together all the contributions mentioned above,
an intricate but complete picture of the dependence of the
interfacial potential on the OH coverage can be identified.
Although we might have not reached full equilibrium in terms
of OH adsorption sites, the interfacial potential difference as a
function of OH coverage is clearly governed by a complicated
interplay of the OH present at the surface and the interfacial
water. Particularly, the chemisorbed water A, which is strongly
influenced by the presence of OH, plays a dominant role. This
finding illustrates that it is important to include this

chemisorbed interfacial water layer at a reasonable (adsor-
bate-dependent) coverage and orientation for a qualitative
analysis, while the physisorbed water layer should also be
considered if an accurate and quantitative analysis of potential-
or electric-field-dependent processes is sought.

4. CONCLUSIONS

In this work, we characterized the Pt(100)/water interface in
the presence of adsorbed OH under zero charge conditions.
Studying the interface at the atomic level, we revealed a close
relationship between the properties of adsorbed OH and its
surrounding water, leading to a mutual interaction of OH and
the interfacial water on each other. In understanding this
mutual interaction, the hydrogen-bonding network between
OH and water plays an important role, allowing us to
rationalize our observations. The reinforcement of the near-
surface hydrogen-bonding network by adsorbed OH may
influence electrochemical processes beyond a simple change in
the interfacial water structure. For example, the altered
hydrogen-bonding network may ease or hinder the influx of
hydronium ions from the bulk solution®®*” and may even hide
active sites.”” By providing a first analysis of the influence of
OH on the interfacial water structures, our results may thus be
expected to provide useful insights when studying such
processes. Apart from the altered hydrogen-bonding network,
the mutual interaction of OH and the interfacial water has also
other far reaching effects. We find that the interfacial potential
change caused by OH adsorption is dominated by OH-
induced changes in the configuration of chemisorbed water
rather than by OH itself. This modification of the near-surface
potential drop caused by OH-induced change in the interfacial
water may influence potential- and electric-field-dependent
processes. An understanding of these water- and OH-induced
changes of the interfacial potential may thus be relevant for
accurate barrier calculations”'**® and adsorption energetics."’

The research that we presented in this paper showcases
many intriguing effects of OH and water on the Pt(100)/
electrolyte interface. Nevertheless, many open questions and
limitations still remain. For example, AIMD simulations, as
used in this contribution, suffer from limited timescales. This
issue becomes even more severe when we deal with OH
adsorption at the interface due to the slow equilibration in top
versus bridge site adsorption and the strong influence this has
on the interfacial water structure. Fortunately, the emergence
of machine learning apgroachesél’62 and their combination
with concurrent learning”” can be used to extend the timescale
of MD simulations to a few nanoseconds, providing us with a
new way to overcome these difficulties. Another issue arises
when trying to capture the pH effect in our system. Due to the
high cost of free energy calculations, including pH effects in
AIMD simulations is still challenging. Establishing a model for
the electric double layer that can correctly capture the
potential versus distance relationship at constant pH will
thus remain a problem. In awaiting simulation tools that will
allow us to directly access these properties, the analysis
presented in this paper will hopefully prove to be a useful tool
allowing limited insights into the happenings at an OH-
covered Pt surface.
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