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Ab initio molecular dynamics investigation of the
Pt(111)-water interface structure in an alkaline
environment with high surface OH-coverages

Lauri Partanen 2 * and Kari Laasonen

In this study, we investigate the structure of the Pt(111)-water interface in an alkaline environment with
large OH coverages of 1/3, 2/3 and 1 monolayer using a large well-equilibrated system. We observe that
the OH coverage influences both the orientational distribution of the water molecules and their density,
with more structure associated with higher coverage. At the same time, there is evidence of a highly
dynamic hydrogen bond network on the lower coverage systems with substantial exchange of water
between the surface and the solvent. In addition to OH and H,O species, which are preferentially
located at the top sites, the 1/3 and 2/3 monolayer surfaces also contain O atoms, which are relatively
stable and prefer the hollow sites. In contrast, the 1 monolayer surface shows none of these dynamics,
and is unlikely to be active. The dynamic coexistence of O, OH and H,O on Pt(111) electrodes in alkaline
conditions necessitates the investigation of several possible reaction paths for processess like ORR and
water splitting. Finally, the exchange processes observed between the solvent and the interface

rsc.li/pcecp

1 Introduction

The hydroxide ion is a common electrolyte for electrode reac-
tions occuring in alkaline media, such as in alkaline fuel cells.*
At the same time, the surface adsorbed OH plays a key role in
many chemical reactions such as the oxygen reduction reaction
(ORR)* and water splitting.> For example, in the hydrogen
oxidation reaction OH can act both as a bystander that blocks
surface sites or as an active participant through the recombina-
tion with adsorbed hydrogen to form water.*

Adsorbates like OH can alter the electrode-electrolyte inter-
face in two ways:’> For one, the interactions between the
adsorbate and the surrounding electrolyte can influence the
energetics of the adsorbates and the electrochemical reactions
they participate in. This phenomenon is evidenced by the way
the energetics of adsorbed OH sensitively depend on
the aqueous solvation for the ORR,*™" the hydrogen evolution
reaction (HER)">™ and the CO oxidation reaction.'>™®
Conversely, the adsorbate can reciprocally impact the sur-
rounding solvent molecules - an effect that is often lost when
one employs a simplistic model to describe the solvent.

Platinum-based compounds constitute some of the most
powerful catalysts for both the HER and ORR reactions.®*?™
Since Fisher and Sexton*” demonstrated the formation of
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underscore the need to explicitly include liquid water in simulations of systems similar to Pt(111).

adsorbed hydroxyl species on the Pt(111) surface, several
experimental articles have looked into the complex roles OH
can play on the surface.”® At the same time, the electronic
structure and adsorbtion energetics of OH on Pt(111)-surfaces
have been extensively investigated through computational
studies.®>*! The calculated reversible potentials of OH for-
mation agree reasonably well with the experimental results**~*
and show that OH is substantially (more than 0.5 eV) stabilised
by the solvation.”” "

Even though DFT calculations have greatly advanced our
understanding of the Pt(111)-surface, a key issue in the vast
majority of these studies is that they do not explicitly include
liquid water as part of the aqueous electrolyte—electrode inter-
face:*® While some studies choose to ignore water altogether,®”
others include it implicitly through a dielectric continuum?®>°
or as a static layer.””***> One way to accurately model the
liquid water—-electrode interface is through ab initio molecular
dynamics (AIMD).** Despite the relatively high computational
cost associated with AIMD, several studies have investigated
OH adsorption on Pt(111), including its free energy surface,**
formation energetics*> and desorption mechanisms.*®

Recently, Zhu et al.” provided a detailed look at the effects of
adsorbed OH on the Pt(100)/water interfacial structures. Even
though Kristoffersen et al.*® investigated some aspects of the
Pt(111) interfacial structure, no similar exhaustive analysis has
yet been performed for the Pt(111) surface. Consequently, in
this study, we perform a detailed investigation of the structure
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of the Pt(111)-water interface in an alkaline environment using
a large-scale well-equilibrated AIMD system under zero charge
conditions. As previous studies have mostly focused on OH
coverages at and below 1/3 monolayer (ML),>>”*%%” our focus is
on the higher coverages of 1/3, 2/3 and 1 ML. Our main goal is
to understand the prevalence of different surface species at
different OH coverages and their interactions with the solvent
water molecules.

2 Computational details

The computational procedure in this article closely paralleled
the methodology of our previous Pt(111) hydrogen adsorption
study.”®* Our DFT calculations utilised the CP2K/quickstep
molecular dynamics and electronic structure software pack-
age,*>*® with the hybrid Gaussian and plane wave (GPW)
method.>" A 400 Ry cutoff was used for the auxiliary plane wave
basis. Meanwhile, the 1s electron of hydrogen, the 2s and 2p
electrons of oxygen as well as the 5s, 5p, 5d and 6s electrons of
platinum were represented through molecularly optimised
double-{ plus polarisation Gaussian basis sets (MOLOPT-SR-
DZVP).>” The resulting ionic cores were represented with norm-
conserving Goedecker-Teter-Hutter (GTH) pseudopotentials.® >
The revised Perdew-Burke-Ernzerhof (RPBE)* density functional
approximation was employed for the molecular dynamics simula-
tions as recommended by Sung et al.*® While dispersion correc-
tions were included using the DFT-D3 scheme of Grimme et al.,””
the dispersion interaction between platinum-platinum pairs was
excluded due to the incorrect screening within Pt.**°%%° The
Kohn-Sham equations were solved using a matrix diagonalisation
scheme, with Fermi-Dirac smearing applied using an electronic
temperature of 1000 K. The convergence criteria for the energy was
setat 2.7 x 107° eV and at 2.3 x 102 eV A™* for the forces.

Platinum slabs consisting of 144 atoms were constructed
using a (6 x 6 x 4) supercell for Pt(111) with an optimised (PBE)
lattice constant of 3.98 A. This value agrees well with accurate
full-potential (linearised) augmented plane wave and local
orbital (FP-(L)APW + lo) calculations (3.985 A) and experimental
measurements (3.92 A).°* The Pt surface was covered with OH
with a subsequent 20 A water film (160 water molecules) added
on top. This was followed by a 20 A vacuum layer to decouple
periodic images in the direction of the surface normal.
The simulated system is illustrated in graph a of Fig. 1.

We chose to investigate 1/3, 2/3 and 1 ML OH coverages. For
the 1 ML surface, the OH groups were initially placed on the top
sites. The initial OH positions for the 1/3 and 2/3 ML surfaces
were then determined by randomly removing a suitable num-
ber of OH groups from the 1 ML system, followed by a geometry
optimisation of all three systems. The resulting initial surface
configurations are shown in graphs b-d of Fig. 1. The 1/3 ML
case has been identified as the most stable surface structure
in past RPBE exchange correlational studies looking at OH
formation on a static water bilayer-Pt(111) surface.*>** This
surface model is founded on experimental observations of a
single water layer on Pt(111) under ultrahigh vacuum and low
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temperature conditions.®” On the other hand, the 2/3 ML
coverage was identified as particularly stable in the recent
AIMD simulations of Kristoffersen et al. in a highly dynamic
liquid water environment at 350 K.*> It was also identified as
the emerging coverage from two different OH forming reactions
in the scanning tunneling and high-resolution energy loss
spectroscopy study of Bediirftig et al,*® again at ultrahigh
vacuum and low temperature. According to the experimental
results of Li et al.,* in a 0.1 M OH solution at pH > 11.3 the
increasing electrode potential increases the OH-coverage of the
Pt(111) electrode so that a 1/3 ML coverage is reached with an
approximately 0.77 V electrode potential vs. RHE. Meanwhile,
a 2/3 ML coverage requires potentials above 0.87 V. The alka-
line HER also starts to increase at approximately 0.8 V under
these conditions, making both coverages electrochemically
interesting.

Each system was equilibrated for a minimum of 20 ps
followed by a production run of approximately 20 ps. A cano-
nical (NVT) ensemble at 300 K was chosen for these Born-
Oppenheimer molecular dynamics simulations with the tem-
perature maintained using a CSVR thermostat.®® Following
Grof} et al.,*®®*%” we employed a time step of 1.0 fs, with the
lowest Pt layer frozen to mimic bulk behavior. This relatively
large time step was used to compensate for the slow conver-
gence of the calculations due to charge sloshing while securing
an efficient sampling of the phase space. During the relatively
long equilibration period, diffusion of OH along the surface,
O-formation together with water exchange to and from the
surface were observed for the 1/3 and 2/3 ML surfaces. While
both the 1/3 and 2/3 ML systems showed oxygen formation after
the first 3 ps of the equilibration period, most of the surface
adsorbed oxygen atoms in the 2/3 ML system formed within the
first 0.5 ps. Due to the strong cohesive interaction, no evapora-
tion of water molecules was observed in any of the simulated
trajectories. The data was analysed using Wolfram Mathema-
tica 14°® together with the Seaborn® and Matplotlib”® Python
libraries.

3 Results and discussion
3.1 Density profiles

Fig. 2 represents the laterally averaged number density profiles
for hydrogen and oxygen at different OH-coverages. The full
graph for the 1 ML coverage is displayed in the inset. Looking at
the figure, we see that the oxygen density has two peaks near
the edge of the slab, with the exception of the 1 ML structure.
The peak closer to the slab surface indicates the occupation of
hollow surface sites, while the second peak corresponds to
oxygen located at the top or bridge sites of the Pt surface based
on the O-Pt distance.”®”" Surprisingly, there is no hydrogen
peak below 2 A for the 1/3 and 2/3 ML coverages, which implies
that the hollow sites are occupied by oxygen atoms in contrast
to OH. This is interesting, as the review by Gottesfeld”> argues
that for potentials greater than 0.6 V vs. RHE the Pt surface is
partially covered by a mixture of adsorbed OH and O during
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Fig. 1 Representation of the investigated system and the initial surface configurations for different OH coverages. Graph a shows the simulation system
and its dimensions for the 1/3 OH ML coverage. The blue lines mark the boundaries of the simulation cell. The red, white and ochre spheres represent
oxygen, hydrogen and platinum atoms, respectively. Graphs b—d show the initial surface configurations for the investigated 1/3, 2/3 and 1 ML systems.

ORR. The Pt adsorbed oxygen is throught to form by deproto-
nation of OH at defects or at increased cathode poten-
tial.>®*7>7% pt oxidation has also been experimentally observed
under near ambient conditions through a PtO-like surface
oxide phase’® which may also play a role in the electrochemical
oxidation of Pt(111) that is associated with a substantial activa-
tion barrier for the ORR.”® In contrast, the fact that only one
oxygen peak is observed at around 2 A in the 1 ML graph shows

This journal is © the Owner Societies 2024

that all the oxygen atoms at 1 ML coverage remain on the top or
bridge sites of the surface. Curiously, there is little increase in
the ~2 A oxygen density when moving from 1/3 ML to 2/3 ML
coverage. Instead, only the O-coverage seems to increase mark-
edly. The 1 ML system also exhibits a large gap in the oxygen
density after the surface adsorbed OH-groups, indicating
a clearer separation between the surface adsorbed species
and the water phase compared to the other two systems.

Phys. Chem. Chem. Phys., 2024, 26,18233-18243 | 18235
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Fig. 2 Laterally averaged oxygen and hydrogen number density profiles for the 1/3, 2/3 and 1 ML OH coverages. The uncut graph for the 1 ML coverage

is displayed in the inset.

In the 1 ML density profiles in Fig. 2, the surface adsorbed
top site hydrogen density peak is smaller than the oxygen one,
which might point to the presence of O atoms on top sites of
the fully covered Pt surface. The hydrogen density profile in this
system also rises before the oxygen one when moving farther
from the surface, indicating the presence of donor hydrogen
bonds from the water molecules to the surface adsorbates.
It further appears that the oscillations in solvent density
become pronounced as one moves to higher OH coverages, as
does the gap in density between the surface adsorbed species
and the solvating waters — both in qualitative agreement with the
findings of Kristoffersen et al*> Indeed, the 1 ML system shows
substantial structure, with both O and H densities first rising at
around 5 A and then decreasing to a minimum at around 7 A.
However, it should be borne in mind that the RPBE-D3 functional
results in a clearly weaker platinum-water interaction compared to,
for example, the PBE one, leading to a weaker water restructuring
due to the surface.*® One should also note that the lack of ions in
our simulations is an assumption, and the results might potentially
differ at high ionic strengths.

3.2 Orientation distributions

To further investigate the structure of the interfacial surface
and its effects on the solvent water, we studied both the water

18236 | Phys. Chem. Chem. Phys., 2024, 26,18233-18243

dipole and OH vector orientations. The resulting angle distri-
butions are shown in Fig. 3 as a function of the surface
separation. In the figure, graphs a-c display the OH vector
angles for the different surface coverages while graphs d-f
contain the water dipole moment angles. The angle is calcu-
lated with respect to the surface normal so that a value of 0° for
the OH vector corresponds to it pointing away from the surface,
a value of 90° corresponds to an OH vector parallel to the
surface and a value of 180° corresponds to OH pointing towards
the surface as illustrated in the insets of Fig. 3. Note that in
addition to the surface OH species, each water molecule con-
tains two OH vectors.

In graphs a-c of Fig. 3, the surface adsorbed OH molecules
can be seen as a bright red region at around 2-3 A from the Pt
surface. The angle these OH vectors form with the surface
normal is limited to a range of about 45-95°. Upon further
analysis, most of the OH-groups have angles in the 65-75°
range. Consequently, while most OH-groups tilt slightly upward
from the surface plane, some are more directed toward the
solvent waters, especially at the 2/3 ML coverage in graph b.
This upward tilt of the OH-groups is also evident in the offset of
the O and H number density plots in Fig. 2. The least angular
variation is observed in the 1 ML surface, where the OH groups
might be more strongly hydrogen bonded to other surface OH.

This journal is © the Owner Societies 2024
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Focusing on the solvent OH-vectors in graphs a-c of Fig. 3,
one sees that the gap between the surface adsorbed and solvent
vectors becomes larger as one moves from the 1/3 ML to the
1 ML system, in line with the number density distributions seen
in Fig. 2. The solvent density oscillations also become evident
as the coverage increases. Furthermore, when comparing
graphs a and b with graph c, there appears to be an increasing
number of OH vectors with larger angle values above the
surface for the 1 ML system. These OH vectors are pointing
towards the surface, likely forming donor hydrogen bonds with
the surface adsorbed species, as predicted from Fig. 2.

With regards to the water dipole moment angles shown in
graphs d-f of Fig. 3, one clearly sees the presence of water
molecules on the surface from the pronounced dipole density
at 2-3 A in graphs d and e. Note that graphs d-f show only the
water molecules, not surface OH. Based on graphs d and e,
surface adsorbed water appears to be present both in the 1/3
ML and 2/3 ML systems while no water exists on the 1 ML
surface in graph f. Judging from the distance from the surface,
all waters are located at top or bridge sites. Meanwhile, the
angular distribution of the surface adsorbed H,O is similar to
the ones for the OH vector observed in graphs a-c with most
dipoles pointing slightly up from the surface at angles around
70°. These findings align with the results observed for Pt(100)
by Zhe et al.,> and correspond to the well-known nearly planar

1/3 ML

OH vector angle

2/3 ML
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water adsorption orientation with hydrogens symmetrically
tilted slightly away from the surface.”” ®° It is ascribed to the
coupling of the metal d-band with the 1b1 orbital of water,
which results in a relatively immobile adsorbed state.

For the solvent, we see some increase in the dipole angles
above 100° a short distance above the surface as one moves
from 1/3 to 2/3 ML coverage. As for the OH vectors, this could
indicate downward pointing water molecules forming hydrogen
bonds with the surface species. However, at the 1 ML surface in
graph f, all dipole orientations from 50 to 140° appear com-
mon, with the general increase in dipoles reflecting the bump
in the hydrogen and oxygen number density functions observed
at around 5-5.5 A in Fig. 2.

3.3 Interface structure

To understand the nature of the interface, we first looked at the
amounts of different surface species. Based on Fig. 2, oxygen
atoms were considered adsorbed if they were within 2.8 A of the
top Pt layer. Meanwhile, hydrogens that were less than 1.2 A
from an oxygen were considered bonded. The cumulative
amounts of O, OH and H,0 species on the surface are shown
in Fig. 4 as a function of time, while sample surface snapshots
are displayed in Fig. 5 for the different OH coverages.

It can be immediately confirmed from Fig. 4 and 5 that only
OH is present in the 1 ML system, whereas all three species are
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Fig. 3 OH vector and H,O dipole moment angles with respect to the surface normal. Graphs a—c display the OH vector angles (¢) for the different
surface coverages. Note that each water molecule contains two OH vectors. Graphs d—f contain the water dipole moment angles (w). These graphs
display only water, not surface OH. The insets on each row illustrate the angle definitions.
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Fig. 5 Sample interface adsorption patterns for the 1/3, 2/3 and 1 ML OH coverages. The red, white and ochre represent oxygen, hydrogen and platinum

atoms, respectively.

encountered in the other two systems despite all systems
starting the geometry optimisation preceding equilibration
with only OH on the surface and water in the solvent phase.
For the 1/3 ML system, one of the initial OH species has formed
oxygen, which remains stable throughout the simulation.
On the other hand, several waters have been adsorbed on the
surface from the solvent phase so that the total number of
surface species fluctuates around 16. A different trend is
observed in the 2/3 ML system where six stable oxygen atoms
have formed on the surface and, on average, there are a total of
23 surface species, implying that one of the formed water
molecules has escaped to the solvent.

The jagged shape of the orange line in the 1/3 and 2/3 ML
systems indicates the presence of Zundel structures as protons
transfer between two oxygens. Indeed, the numbers of surface
adsorbed OH and H,O fluctuate rapidly, pointing to proton
transfer reactions occurring within the <1 ps timescale, as
observed by Kristoffersen et al.*® The rapidly occurring proton
transfer is illustrated in graph a of Fig. 6 which follows the O-H
distance for four OH groups from the start of the 1/3 ML
simulation as a function of time: the r1 OH group (red) remains
intact throughout the simulation while the hydrogen for the r2
(orange) OH group jumps back and forth between two oxygens.
Meanwhile, the hydrogens in r3 and r4 (green and blue) quickly

18238 | Phys. Chem. Chem. Phys., 2024, 26, 18233-18243

diffuse further away from their original oxygens via the Grotthus-
mechanism. "%

Graph b of Fig. 6 displays the surface distances for two
oxygen atoms in the 1/3 ML simulation as a function of time.
Although not indicated in the figure, both oxygens are bonded
to two hydrogen atoms forming H,O when not on the surface.
Interestingly, the findings of Kristoffersen et al*® indicated
rapid H,O adsorption/desorption on the 5 ps timescale for OH
coverages below 0.17 ML, but much more rarely for systems
with higher coverages. Our results, as evidenced by graph b
in Fig. 6, seem to demonstrate that H,O adsorption and
desorption readily occur at 1/3 and 2/3 ML coverages. Indeed,
in both of our 20 ps simulations for these systems we observed
exchange processes where one water detaches from the surface
followed by readsorption or the adsorption of another H,O
molecule. The presence of chemisorbed water on the equili-
brated Pt(111) surface can be crucial as it has been recently
identified as a potential mediator in a competitive ORR mecha-
nism compared to the typical associative and dissociative
mechanisms in alkaline conditions.*’

To understand the adsorption sites of the surface species,
we also looked at the surface distributions of the O atoms as a
function of the adsorbant type, i.e. O, OH or H,O. The results
are displayed in Fig. 7. In this figure, the presence of the highly

This journal is © the Owner Societies 2024
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Fig. 7 Surface distributions of the adsorbed oxygen atoms for the 1/3, 2/3 and 1 ML systems. The different colours indicate the type of the adsorbed
oxygen with blue corresponding to atomic O, orange to OH and green to H,O. Only oxygen atoms that were less than 2.8 A from the top Pt layer were
considered. The top layers of the surface Pt atoms are shown in gray in all the figures.

dynamic hydrogen-bond network is seen in the substantial
overlap of the H,O and OH density plots in the 1/3 and 2/3
ML interfaces, reinforcing the idea of rapid interconversions
occurring between these species. In contrast, the 1 ML interface
shows evidence of only surface OH, in agreement with Fig. 2-4.

Comparing the 1/3 and 2/3 ML densities in Fig. 7 with the
locations of the Pt atoms in Fig. 5, we see that the OH and H,O
species mostly favour top sites over the bridge and the hcp and
fce hollow sites. The difference between the two hollow sites is
that the hcp has a Pt atom under the site, whereas the fcc does
not. Interestingly, according to our solvent-free individual OH
adsorbtion energies shown in Table 1, the hollow, bridge and
top sites are almost identical in energy. This means that the
observed differences likely arise from the energetic stabilisa-
tion of the top sites by the solvent, coverage, or entropic effects.
Specifically, according to Garcia-Araez*” it's the enthalpy effects
that are the driving force behind OH adsorption. The observed
OH adsorption patterns are also in broad agreement with
previous results, where some calculations show a preference
for the bridge site®® and others for the top>®”"®* at various
coverages below 1/3 ML. The recent AIMD results of Zhu et al.’
found that as the OH coverage for Pt(100) increased from 1/16
to 1/4 ML the proportion of top site OH compared to bridge site
increased from 1:1 to more than 3:1. They attributed this

This journal is © the Owner Societies 2024

Table 1 Relative adsorption energies for O, OH and H,O compared to
top-site adsorption energy in eV

Top Bridge Hollow (fcc) Hollow (hep)
o 0 — —0.80 —-1.15
OH 0 0.05 0.01 0.07
H,0 0 0.07 0.07 0.06

effect to the stronger solvation of top site OH. It should be
noted that the locations of the Pt atoms also naturally fluctuate
during the simulation, which is not captured in Fig. 7.
According to both Table 1 and previous studies,*>®*** the
top site is energetically favoured for water in Pt(111). Further-
more, the experimental results of Bediirftig et al.°® and Schiros
et al.®® point to the top site as being preferred for both water
and OH adsorption on the Pt(111) surface with a hexagonal
surface structure corresponding to a 2/3 ML coverage. Zhu
et al.” also argued that the strong attractive interaction between
the top site OH and solvent water molecules compared to the
bridge OH could help pull down water molecules from the
solvent phase onto the surface, which could help explain
the large number of adsorbed water on our 1/3 ML surface.
Meanwhile, steric effects could play a larger role on the 2/3 ML
surface, explaining the small average decrease in oxygens
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compared to the initial state. According to the experimental
results of Garcia-Araez, the coadsorped water molecules we see
in both simulations play an important role in the interactions
between the surface adsorped OH species as well as the inter-
actions between the platinum and the surface OH.*> Finally, the
OHs are exclusively located on the top sites in our 1 ML system,
in line with the predictions of Michaelides and Hu’" that at
high coverages the H-bonding between adjacent hydroxyls
causes a strong preference for OH adsorption at top sites and
the formation of OH networks.

In contrast to the OH and H,O, surface adsorbed oxygens
clearly prefer the hollow sites in Fig. 5 and 7 and show little
diffusion across the surface. According to Table 1 and previous
experimental®” and computational studies,*® the hollow sites
are strongly preferred for O. This also agrees with the oxygen
number density peaks seen below 1.5 A for both the 1/3 and
2/3 ML systems in Fig. 2. Furthermore, there is little overlap
between the O densities and the OH and H,O ones in Fig. 7,
underscoring the stability of the O species on the surface.

During equilibration, the OH reactivity to form surface
adsorbed oxygen was closely tied to the occupation of bridge
sites. In fact, all O atoms in the simulation were formed from
OH groups located on bridge sites. This phenomenon can be
seen, for example, by comparing the initial surface configura-
tions in Fig. 1 to the snapshots taken during the production run
in Fig. 5 where the oxygen atoms are already present. It also
helps to explain why no O formation was observed in the 1 ML
system: each OH group was locked to the top site by the
hydrogen bond network with the other surface OH species
which resulted in longer hydrogen bonds.

3.4 Surface bonding patterns

We also investigated the hydrogen bonding patterns of
the various surface species, and the results are shown in
Tables 2-4. In these tables, the number of donor hydrogen
bonds is indicated by the column and the number of acceptor
hydrogen bonds by the row. For example, according to Table 2,
15.7% of the surface oxygens in the 1/3 ML surface accepted
one hydrogen bond while donating none, which was one of the
two hydrogen bond configurations observed for this species.
The overwhelmingly more popular bonding pattern was the one
where the surface oxygens did not participate in hydrogen
bonds. In this study, a hydrogen bond was defined by the
typical criteria of a 2.27 A distance cutoff between the oxygen

Table 2 Surface bonding patterns for the 1/3 ML OH covered Pt(111)
surface. For each species, the horizontal direction tells the number of
donor (D) hydrogen bonds and the vertical direction the number of
acceptor (A) hydrogen bonds

(6] OH H,O0

— D DD — D DD — D DD
— 84.3% 1.2%  2.9% 0.4% 12.1% 64.1%
A 15.7% 11.2% 29.4% 0.2% 3.9% 19.2%
AA 14.0% 39.2% 0.1% 0.2%
AAA 0.4% 1.8%
18240 | Phys. Chem. Chem. Phys., 2024, 26, 18233-18243
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Table 3 Surface bonding patterns for the 2/3 ML OH covered Pt(111)
surface. For each species, the horizontal direction tells the number of
donor (D) hydrogen bonds and the vertical direction the number of
acceptor (A) hydrogen bonds

0 OH H,0

— D DD — D DD — D DD
—  93.4% 43%  8.4% 3.6% 26.7% 51.5%
A 6.6% 13.9% 33.9% 0.4%  4.2% 12.8%
AA 12.0% 26.0% 02%  0.8%
AAA 0.5%  0.9%

Table 4 Surface bonding patterns for the 1 ML OH covered Pt(111)
surface. For each species, the horizontal direction tells the number of
donor (D) hydrogen bonds and the vertical direction the number of
acceptor (A) hydrogen bonds

OH
— D DD
— 5.2% 31.3%
A 7.3% 36.0%
AA 3.7% 15.9%
AAA 0.1% 0.4%

acceptor and hydrogen donor atoms and an O-H---O angle
greater than 140°.59°°

In all three surfaces, the clear majority of the OH species
donated one hydrogen bond, with the AAD configuration most
prevalent in the 1/3 ML surface and the AD in the other two.
These results agree with previous findings on Pt (100), where
the AAD configuration was the most common one for surface
coverages below 1/4 ML.> Overall, there is a clear shift towards
lower numbers of acceptor bonds as one moves from 1/3 to
1 ML, as indicated by the increase in the D hydrogen bond
configuration from 2.9% in the 1/3 ML to 31.3% in the 1 ML
system. This could be explained by the decrease in surface
rigidity as one moves from a high coverage to a low one, where
there are less hydrogen bonds between the surface species and
they are more free to move about and accept hydrogen bonds.
On the other hand, there is a larger solvent to surface species
ratio in the 1/3 ML case, and the gap between the surface
species and the solvating water molecules is smaller as evi-
denced by Fig. 2. Hydrogen bond formation between solvent
and the surface OH species is also visible in that the 1/3 and
2/3 ML surfaces have small subpopulations of surface OH that
accept three hydrogen bonds. Interestingly, the ratio between
acceptor and donor hydrogen bonds is roughly one for the 1 ML
system, indicating that the surface OH groups form hydrogen
bonds almost exclusively with other surface OH groups. This
helps to further clarify the gap observed in Fig. 2, for the 1 ML
system as well as the lack of water exchange.

For the surface water molecules in both 1/3 and 2/3 ML
surfaces, the DD hydrogen bond configuration was the most
common, constituting more than 50% of water molecules in
both systems, followed by the D and ADD configurations.
Indeed, over 70% of the surface water molecules did not accept
hydrogen bonds, in line with previous findings indicating the
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presence of a special HO- - -HOH complex with OH as acceptor
and surface adsorbed water as donor.” This results in the
previously discussed parallel water orientation with hydrogens
tilted only slightly from the surface.””®°

4 Conclusions

In this study, we have investigated the structure of the Pt(111)-
water interface in an alkaline environment with large OH
coverages of 1/3, 2/3 and 1 ML. Our simulations combine a
relatively long 20 ps equilibration period with a large system
size. We see that the OH coverage clearly influences both the
orientational distribution of the water molecules and their
density, with more structure associated with higher coverage.
At the same time, there is evidence of a highly dynamic
hydrogen bond network on the lower coverage systems with
substantial exchange of water between surface and the solvent.
In addition to OH and H,O species, which were preferentially
located at the top sites, the 1/3 and 2/3 ML surfaces also
contained O atoms, which were relatively stable and preferred
the hollow sites. In contrast, the 1 ML surface showed none of
these dynamics, and is unlikely to be active. Consequently,
future studies should account for the presence of O, OH and
H,O even at low to moderate coverages. The dynamic coex-
istence of all three species on Pt(111) electrodes in alkaline
conditions necessitates the investigation of several possible
reaction paths for processess like ORR and water splitting.
Finally, the exchange processes observed between the solvent
and the interface underscore the crucial need to explicitly
include liquid water in simulations of the Pt(111) and similar
systems.
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