Structure of water layers on hydrogen-covered Pt electrodes
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The structure of water layers above hydrogen-covered Pt(111) surfaces at room temperature has
been studied by ab initio molecular dynamics simulations based on periodic density functional theory
calculations. Fully hydrogen-covered Pt(111) with additionally either a hydrogen vacancy or another
hydrogen adatom have been considered. The resulting structures have been analyzed in detail as a
function of the hydrogen coverage. In particular, the thermal disorder in the water layer is examined
in terms of deviations from the ice lattice, orientational inhomogeneity within a water bilayer, as
well as the onset of proton transfer. On hydrogen-covered Pt(111), the water layer is located at a
much larger distance from the Pt atoms than on the pure metal surfaces. Surprisingly, the more
weakly bound water layer on the hydrogen-covered Pt(111) electrode exhibits a greater order than
the water layer on clean Pt(111) which is attributed to the stronger water-water interaction above
hydrogen-covered Pt(111). The relevance of our findings for the understanding of electrochemical

electrode/water interfaces is discussed.
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I. INTRODUCTION

There is a renewed interest in the whole field of elec-
trochemistry because of its relevance for future technolo-
gies in energy conversion and storage. At the same time,
modern electrochemistry becomes increasingly concerned
with the development of an atomistic understanding of
electrochemical processes [1]. In spite of the complex-
ity of electrochemical interfaces, theoretical studies can
contribute significantly to the progress in this field [2]
in a similar way this has already happened in the re-
lated field of surface science [3]. In particular electronic
structure calculations based on density functional the-
ory (DFT) calculations can nowadays elucidate the struc-
tures of complex interfaces [4]. And in fact, there have
already been numerous studies addressing structures and
processes at electrochemical solid-liquid interfaces within
periodic DFT calculations taking also varying electrode
potentials into account [5-17]. It is certainly true that
these studies provided valuable insights into fundamental
electrochemical processes at the atomistic level.

Still, it is also fair to say that in most of these theoret-
ical studies little attention has been paid to the fact that
as a function of the electrochemical conditions (electrode
potential, pH, electrolyte) in equilibrium electrochemi-
cal interfaces are typically covered by specifically or non-
specifically adsorbed species [1]. It is very likely that
the presence of these adsorbed species has a severe in-
fluence on the structure of the electrochemical electrode-
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electrolyte interfaces and on the processes such as elec-
trocatalytic reactions occurring at these interfaces.

It is well-known that under electrochemical condi-
tions and low potentials Pt(111) is covered by hydro-
gen [18, 19]. There is still some controversy between ex-
periment and theory regarding the hydrogen equilibrium
coverage. Whereas experiments indicate that at 0V rela-
tive to the normal hydrogen electrode (NHE) the hydro-
gen coverage should be about 0.66 ML [19], DFT calcu-
lations rather yield a hydrogen coverage of 1 ML [10, 20].
Still, there is a qualitative agreement that there is a sig-
nificant hydrogen coverage. In the electrochemical litera-
ture, this strongly adsorbed hydrogen is typically referred
to as underpotential deposited (upd) hydrogen [21].

Additionally, there is another weakly adsorbed hydro-
gen species which is also called overpotential deposited
(opd) hydrogen [21]. The role of this opd hydrogen in the
hydrogen electrocatalysis has just been intensively dis-
cussed from a theoretical point of view [22]. In particular
on transition metal surfaces, this weakly bound species
might play an important role in the hydrogen evolution
reaction which is for example a crucial step in the elec-
trolysis of water [23]. Clarifying the microscopic struc-
ture and the dynamics of the hydrogen layer on Pt(111)
under realistic electrochemical conditions is therefore a
prerequisite for an understanding of the mechanism un-
derlying this important reaction.

It is true that there exist many molecular dynamics
simulations addressing the structure of water/metal in-
terfaces using classical force fields which usually repro-
duce bulk water structures rather well [24-27], however,
which typically do not describe the water-metal inter-
action reliably. Ab initio molecular dynamics (AIMD)
simulations have recently shown [17] that at room tem-
perature water layers at close-packed hexagonal electrode
surface such as Ag(111), Au(111), Pt(111) or Ru(0001)
are not crystalline in an ice-like structure as was previ-
ously assumed [6, 28-31] but are rather disordered. This



|a) ayYT 2"

HIRHHERIHS

gy an

FIG. 1: Snapshots of the initial structure of water on clean platinum (left panels), after 11 ps in the molecular dynamics run
(center panels), the initial structure of water on platinum covered with 1 ML of hydrogen (right panels). Only the water bilayer
closest to the metal surface, i.e., the first water bilayer, is shown in the top views (upper panels).

ice-like structure has been proposed based on the obser-
vation of long-range order of water on metal(111) sur-
faces and the good match between the lattice constant
of metals and the ice-like structure [32] (for reviews, see
Refs. [27, 33, 34]).

Furthermore, the experimentally observed work func-
tion changes of Au(111), Pt(111) and Ru(0001) upon
the adsorption of a water layer can only be theoreti-
cally reproduced if this thermal disorder is taken into
account [17, 20] which is of crucial importance in elec-
trochemistry since the work function is directly related
to the electrode potential [35]. However, for the more
strongly interacting substrates Pt(111) and Ru(0001)
still a hexagonal arrangement of the water molecules was
identified in the AIMD simulations, but the orientation of
the water molecules was found to be disordered. This fits
nicely to the results of a recent combined low energy elec-
tron diffraction (LEED) and He atom scattering study
of water on Ru(0001) where the LEED results insensi-
tive to the positions of the hydrogen atoms suggest an
ordered structure whereas the He atom scattering results
that probe the positions of the hydrogen atoms suggest
a disordered structure [36].

Still, in AIMD studies addressing the structure of
metal-water interfaces usually no equilibrium coverage of
adsorbate layers on the electrode have been considered so
far [17, 20, 37-39]. We have therefore extended our pre-
vious AIMD study addressing the structure of water at
Pt(111) at room temperature by considering different hy-
drogen coverages in the simulations. Besides considering
a fully hydrogen-covered Pt(111) surface with strongly
adsorbed hydrogen atom, we have also studied hydrogen-
covered Pt(111) with a hydrogen vacancy and with one
additional hydrogen atom per surface unit cell.

In this paper, after describing the computational meth-

ods, we will present the results of the ab initio molecu-
lar dynamics simulations. From the AIMD runs, vari-
ous distributions have been derived in order to charac-
terize the resulting geometrical structures of the water
layers. These will be carefully analyzed and contrasted
with existing experimental and theoretical data. Note
that this study is part of a long-term project to derive the
atomistic structure of the electrochemical double layer
at water-metal interfaces by increasing the complexity of
the considered interfaces in the calculations in a step-wise
fashion [17, 20, 39]. Thus the different factors influenc-
ing the structure of the double layer can be disentan-
gled. The dependence of the electrochemical interface
on a varying electrode potential will not considered here,
however, it is the topic of ongoing research in our lab.

II. COMPUTATIONAL METHODS

All total-energy calculations were carried out using the
periodic DFT package VASP [40], employing the gen-
eralized gradient approximation (GGA) to describe the
exchange-correlation effects by employing the exchange-
correlation functional by Perdew, Burke and Ernzerhof
(PBE) [41]. It has been shown that this functional gives a
reasonable description of the properties of water [42—-45].
The ionic cores were represented by projector augmented
wave (PAW) potentials [46] as constructed by Kresse and
Joubert [47]. The electronic one-particle wave function
were expanded in a plane-wave basis set up to an energy
cutoff of 400 eV. The Pt(111) substrate was represented
by a four-layer slab, of which the outermost two layers
were always given full degrees of freedom to move during
the geometry optimization and in the molecular dynam-
ics runs as well.



Ab initio molecular dynamics (AIMD) simulations
were performed using the Verlet algorithm [48] at a tem-
perature of 300 K within the microcanonical ensemble for
at least 11 ps. These simulation times turned out to be
long enough to reproduce the main experimental find-
ings of the water-induced work function change on (111)
metal surfaces [17, 20]. As a rule of the thumb, the time
step in MD simulations should be approximately one-
tenth of the shortest period of motion [49]. As far as
water is concerned, this corresponds to the O-H stretch
vibrational period which is typically about 10 fs. Hence
we have chosen a time step of 1fs. The role of possi-
ble quantum effects in the hydrogen dynamics is hard to
assess as true quantum dynamical simulations are com-
putationally much too demanding. Tunneling effects are
usually negligible due to the large width of barriers, but
zero-point effects could become important. Yet, in disso-
ciation and recombination reactions on surfaces involv-
ing hydrogen, such as the proton transfer considered in
this study, the sum of zero-point energies can stay ap-
proximately constant so that the effect of the zero-point
energies is rather limited [50].

Note that liquid water described by the PBE functional
is overstructured. Therefore, it has been suggested to
perform DFT-PBE simulations of liquid water at higher
temperatures (see, e.g., [43, 51, 52]). Our goal is not to
study liquid bulk water but the structure of water at a
platinum electrode, and the water structure at this in-
terface is not only determined by the water-water, but
also by the platinum-water interaction. There are indi-
cations that the water-metal interaction is slightly un-
derestimated by PBE [45, 53] which would rather sug-
gest to use a lower temperature to appropriately model
PBE water-metal interfaces. In the light of these un-
certainties we decided not to select some more or less
arbitrarily modified temperature, but rather used 300 K.
There have been suggestions that the DFT description of
water can be improved when dispersion effects are appro-
priately taken into account [54, 55]. We have also taken
steps along this line [45, 56], but this is an issue of ongo-
ing research, in particular as far as the treatment of the
screening of the van der Waals interaction inside metal
electrodes is concerned [57].

The Pt(111)-water interface was modeled with two wa-
ter layers within a 2v/3 x 2v/3R30° geometry, leading to
12 metal atoms and 8 water molecules per layer. Energy-
minimum structures of the water bilayers were used as
the initial configurations of the molecular dynamics runs,
and were determined using 4 x 4 x 1 k points until the
energies were converged to within 10~* eV. For the molec-
ular dynamics simulations, the energy cutoff was reduced
to 350 eV and 2 x 2 x 1 k points were used to obtain a
compromise between sufficient accuracy and manageable
simulation time. Water layers on Pt(111) in an ultra-high
vacuum chamber typically desorb at temperatures below
200K [58, 59]. Consequently, in order to prohibit the
water layers from desorbing in our computational setup,
the height of two oxygen atoms per surface unit cell in

the second water layer above the surface (but not their
lateral position) was fixed. This means that just two out
of 144 spatial degrees of freedom of the water layer are
not treated dynamically.

III. RESULTS AND DISCUSSION

Before discussing the structure of water layers on
hydrogen-covered Pt(111), we first address the structure
of water on clean Pt(111) as a reference which was al-
ready previously studied by AIMD simulations [17]. The
lefthand panels of Fig. 1 show the initial structure of wa-
ter used in the molecular dynamics run, which we refer
to in this paper as the ordered water bilayer structure on
Pt(111). It should be noted that for a single water bilayer
on Pt(111) it has been shown that the combination of
so-called flat-lying and H-down oriented water molecules
comprise the stable structure [17] if a v/3 x v/3R30°
periodicity is assumed. He scattering experiments [60]
have identified two other water structures on Pt(111)
at 130K, a V37 x V37R25.3° and a v/39 x V/39R25.3°
structure, which have also been addressed in DFT stud-
ies [29, 61, 62] and in a recent combined scanning tun-
neling microscopy (STM) and DFT study [63]. We have
not used these larger structures as a basis for our in-
vestigation since a second ice-like hexagonal water layer
does not fit on top of them [63]. Furthermore, we are
mostly interested in general trends in the changes of the
water structure on Pt(111) upon introducing a hydrogen
adlayer, which we derive from simulations using exactly
the same, already rather large unit cell for all considered
systems.

The presence of the second bilayer, however, influences
the structure of the first water layer. It stabilizes the
H-up orientation for the molecules of the first hexago-
nal bilayer, as the stronger hydrogen bonding between
the water molecules in this configuration lowers the total
energy. The presence of surrounding water weakens an
individual water molecule’s bond with the metal surface,
of which one consequence is a substantial shift of the po-
sition of water from the platinum surface, from 2.4 A for
a single water molecule on platinum to about 3.2 A for
the ordered water bilayers in Fig. 1. In order to maxi-
mize the hydrogen bonding in the double-bilayer struc-
ture, the two honeycomb lattices of water are stacked
directly against each other, but with the water molecules
staggered in terms of their relative orientations: H-down-
oriented molecules lie right above the flat-lying molecules
of the first bilayer, while flat-lying molecules are posi-
tioned right above the H-up molecules of the first bilayer.

We are interested in the influence of a hydrogen layer
on the water structure at Pt(111) in this study, and a
natural choice is the case of a full monolayer of hydrogen
on Pt(111) which has been theoretically shown to be sta-
ble a room temperature [10, 20]. Hydrogen atoms were
placed on fcc threefold-hollow sites since a full monolayer
of hydrogen on Pt(111) adsorbs more stably at this po-



FIG. 2: Snapshots at 11 ps of ab initio molecular dynamics runs of two water layers above a hydrogen-covered Pt(111) electrode.
The hydrogen overlayer is drawn using yellow in order to understand the figures better. The simulation for water/H(0.92 ML) /Pt
is shown on the left, while the water/H(1 ML)/Pt and water/H(1.08 ML)/Pt systems are shown in the center and righthand
panels, respectively. Only the water bilayer closest to the metal surface is shown in the top views (upper panels).

sition [20], compared to analogues for top-site and hcp
threefold hollow site adsorption. In addition to the full
monolayer of hydrogen, we chose to investigate two oth-
ers: a slightly lower coverage, § = 11/12ML, which was
chosen in order to investigate vacancies in a full hydrogen
cover, and a higher one, § = 13/12 ML, which was cho-
sen in order to investigate the behavior of weakly-bound
hydrogen atoms, the so-called opd hydrogen.

The initial structures of the water bilayers for the wa-
ter /hydrogen/Pt systems are shown in Fig. 1(c). The
structure of the double bilayer is similar to that shown
in Fig. 1(a), except for the fact that the water bilayers
are positioned farther away from the metal surface by
about 1 A, which is a substantial shift.

In the presence of the water layers, there are three
choices in selecting the position of the hydrogen vacancy
in the supercell that was used. The total energies for the
three systems were however found to be within 0.005 eV
of each other, and so the choice for the location of the hy-
drogen vacancy is trivial. What is more interesting is the
selection of the adsorption position of the weakly-bound
opd hydrogen atom for the § = 13/12 ML hydrogen cover.
We likewise have three choices for hcp-site adsorption,
and another three choices for top-site adsorption.

Adsorption on the top site located below a flat-lying
water molecule was found to be the most energetically
favorable for the opd hydrogen atom, and hence this
configuration was selected as the initial structure for
subsequent molecular dynamics simulations. The two
other top-site adsorption configurations, with the hydro-
gen atom located below an H-up water and on the un-
covered Pt atom, are both about 0.02eV higher in en-
ergy. Adsorption energies of the opd hydrogen on an hcp
threefold-hollow site were not found to vary greatly on
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FIG. 3: Distribution function for the distance of the oxygen
atoms of the first water bilayer from the platinum surface.

the location choice within the supercell, and are higher in
energy by 0.39eV compared with the most stable top-site
adsorption. What makes this interesting is the fact that
the trend is reversed in the absence of water above the
platinum surface. This suggests that the presence (or ab-
sence) of water in the system has a profound effect on the
stability of opd hydrogen. On a Pt(111) surface covered
with a full monolayer of fcc site-adsorbed hydrogen, we
could not obtain stable opd hydrogen adsorption on top
sites in the absence of water. Adsorption on the unoccu-
pied hcp sites is on the other hand favorable, but more
weakly bound (Eyqs = —1.74eV) compared with the ad-
sorption of a hydrogen atom on clean platinum (fce-site,
Eugs = —2.60eV).

The structures of the water/H /Pt systems at 11 ps are
shown in Fig. 2. A quick visual comparison with Fig. 1(c)



shows obvious signs of disorder in the water bilayers. In
order to make a more encompassing description of the
disorder in these systems, we have plotted distribution
functions of some relevant structural parameters of the
first water bilayer in order to more clearly see the extent
to which the water bilayer is disordered, through the fol-
lowing parameters:

1. Planar deviation. The distances from Pt of oxy-
gen atoms of the ordered water structure shown
in Fig. 1 are practically the same all throughout
the bilayer. Thermal disorder is measured here as
the extent to which oxygen atoms deviate from this
planar arrangement.

2. Honeycomb structure deviation. The angle formed
by any three oxygen atoms in the top view of Fig. 1
is almost exactly 120°, and so a honeycomb network
of perfect hexagons is one of the most obvious char-
acteristics of the ordered bilayer. Disorder is mea-
sured here as the extent to which O-O-O angles
deviate from 120°.

3. Orientational inhomogeneity. The two crite-
ria mentioned above refer to disorder observable
through the relative positions of water molecules
in three-dimensional space. Here, disorder is mea-
sured by the orientations of water molecules with
respect to the surface, and more importantly, with
respect to each other.

4. O-H bonding. It is interesting to examine what ef-
fect the hydrogen cover has on the OH bonds of the
nearest water layer. In particular, proton transfer
events at the metal-water interface and within the
water molecule network are examined.

The vertical axes of the distribution functions refer to
the number of times within the 10 ps timeframe the pa-
rameter concerned is found at a given value, omitting the
first 1000 fs of the 11 ps run that comprise the thermal-
ization period.

Distributions of oxygen atom positions with respect to
the platinum surface are shown in Fig. 3. For compari-
son, we note that the corresponding distribution function
for the ordered water bilayer is a closely-spaced (0.03 A)
double-spike structure at 3.17 A. There is an observable
rightward shift of the peak of the distribution with re-
spect to coverage, the water molecules move farther away
from the platinum surface as more hydrogen is added to
the water-platinum interface. Furthermore, a decrease
in peak height and increase in the distribution spread is
found with increasing coverage, indicating that the dis-
order in the water layer increases as the platinum sur-
face is covered with more hydrogen. For water on clean
Pt, the closer proximity of the water layer to the plat-
inum surface as well as the sharper distribution of the
oxygen (and hence water molecule) positions are indica-
tive of stronger water-surface interaction compared to the
hydrogen-covered counterparts.
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FIG. 4: Distribution function for the angle formed between
any given three adjacent oxygen atoms of the first water bi-
layer.

Aside from the main peak at 3.17 A for the water/Pt
system, we find a minor peak at 2.45 A. This minor peak
is due to single water molecules temporarily breaking out
of the bilayer, and has been earlier shown to be corre-
lated with the interaction strength between water and
the metal substrate [17]. This minor peak is not ob-
served for the hydrogen-covered platinum surface at the
submonolayer and full monolayer coverages investigated
here, but is interestingly once again present with the ad-
dition of the top site-adsorbed hydrogen atom. As will be
discussed later in this paper, this minor peak is relevant
in the occurrence of proton transfer in the metal-water
interface.

Fig. 4 shows the distribution of angles formed between
any given three adjacent oxygen atoms in the first water
bilayer. For comparison, we note that the correspond-
ing distribution function for the ordered water bilayer
is a sharp spike at 120°, and hence a broader distribu-
tion implies greater disorder. More precisely, this angle
is obtained from the projected coordinates of the oxygen
atoms onto z = 0, since the disorder along the surface-
normal z direction is already described in Fig. 3. The
mean value of all distributions is always 120°, as one can
naturally expect from hexagons. We see a clear distinc-
tion between the hydrogen-covered and uncovered cases.
The important thing to note here is that the presence
of the hydrogen layer reduces the disorder in the water
bilayer by keeping the honeycomb lattice arrangement of
water molecules intact. We surmise that the roughness
in what would otherwise be ideal normal distributions is
due to the limited molecular dynamics run used.

The orientational distribution of water molecules are
expressed in this study through two angles: dipole mo-
ment angles «, and HOH plane angles 3. The water-
surface dipole moment angle «,,_, is defined here as
the angle that a water molecule’s dipole moment vector
makes with a surface-parallel plane.

Fig. 5 shows the distribution functions we obtained.
The range of angles is from —90° to 90°, with negative
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FIG. 5: Distribution function for the dipole angle a,—s, which
is the angle formed between the dipole moment vector of a
given water molecule and a plane parallel to the platinum
surface, e.g. z =0.

angles meaning the z-component of the dipole moment
vector of a water molecule is pointing into the surface.
The corresponding distribution function for an ordered
water bilayer would have sharp spikes at —20° and 38°,
which correspond to the angles made by flat-lying and
H-up water molecules, respectively.

The an,—_s distribution is especially important because
one can estimate the net dipole moment of the water
bilayer at room temperature from this. In particular,
the mean value we obtained for «,,_, for the distribution
function of water on the clean platinum surface is 7.6°,
which indicates that the net dipole moment of the bilayer
points away from the metal surface. The presence of the
hydrogen layer of 1.08 ML lowers this value significantly.

The distributions are far from being flat horizontal
lines, meaning the water molecules are far from being
randomly oriented. Across all the distributions, we also
find that the section centered at —20° is broader than
the section with the peak at about 39°. This means that
the initially flat-lying molecules exhibit greater disorder
compared to the initially H-up molecules. The role of the
hydrogen layers is primarily to make the distributions less
broad, hence to decrease the disorder in the water bilayer.
Furthermore, the presence of hydrogen leads to a minor
shift in the H-up peak toward higher angles.

Water-surface HOH plane angles 3,_s on the other
hand are the angles created between the plane of the wa-
ter molecule and a surface-parallel plane such as z = 0.
We show in Fig. 6 the distributions (,_ for the four
systems covered in this study. The corresponding dis-
tribution function for the ordered water bilayer would
have sharp spikes at -20° and 89°, corresponding to the
angles made by flat-lying and H-up water molecules, re-
spectively (simply speaking, while the plane of H-up wa-
ter is oriented perpendicular to the surface, the flat-lying
molecules are not exactly lying parallel to the surface).

Once again, we find that the initially flat-lying
molecules exhibit greater disorder compared to the ini-
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FIG. 6: Distribution function for the water-surface plane an-
gle Bu—s, which is the angle formed between the H-O-H plane
for any given water molecule and a plane parallel to the plat-
inum surface, e.g. z = 0.

tially H-up molecules, implying that the initially flat-
lying molecules have greater freedom to reorient both
their dipole vectors and HOH plane. The presence of the
hydrogen layer likewise lessens the orientational disorder
in the water bilayer as made evident through the higher
peaks at G,_s = 20°,89° and narrower distributions.

It is also convenient to look at the a,,_, and By, _,, dis-
tributions shown in Figs. 7 and 8 to complement the pre-
vious discussion. These are the intermolecular counter-
parts of i, and 3,,_s. For example, instead of measur-
ing a with respect to the surface plane, the intermolecule
dipole angle aw,_,, is obtained by comparing a given pair
of water molecules, as illustrated in Fig. 9. Here we sep-
arate the analysis in terms of the two “layers” that com-
prise the water bilayer, referring to the initially flat-lying
molecules as comprising layer A, and the initially H-up-
oriented molecules making up layer B. These are good
measures for orientational inhomogeneity as ay,—s and
Bw—s do not distinguish between coordinated and totally
independent molecular rotations within each layer.

The corresponding distribution function for an ordered
water bilayer would have spikes at 0°, as the water
molecules are perfectly aligned in the ordered bilayer
of Fig. 1. The distributions in Fig. 7 and Fig. 8 show
that the individual molecules within the water layers are
mostly off-aligned in their dipole vectors and HOH planes
by 10-20°.

From these distributions we find that layer A (initially
flat-lying) exhibits more disorder than layer B (initially
H-up), which is consistent with the conclusions we ob-
tained from Fig. 5 and Fig. 6. More importantly, the
presence of the hydrogen cover generally lessens the ori-
entational inhomogeneity in the water bilayer. The one
exception to this trend is the surprising presence of a
peak near a,,—,, = 80° for the layer B (initially H-up)
molecules of the hydrogen (1.08 ML)-covered platinum
surface. We attribute the presence of this peak to the
disorder in the water bilayer brought about by the pro-
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FIG. 7: Distribution function for the intermolecular dipole
angle au,—w, which is the angle formed between the dipole mo-
ment vectors of any given pair of water molecules (see Fig. 9).

ton transfer observed in the system, which is discussed
in more detail later in this section.

A definite trend for disorder as a function of hydrogen
coverage was found with regard to the position of water
molecules from the platinum surface. As far as any disor-
der in the honeycomb structure and the relative orienta-
tion is concerned, its dependence on the exact hydrogen
coverage is much harder to discern. A larger sampling
of data, e.g. through longer molecular dynamics runs
may be necessary to make more decisive conclusions on
the disorder trend for the three hydrogen coverages near
unity.

Typically one would expect that less strongly-bound
water layers on the metal surface to be more liquid-like,
i.e., to have greater disorder, because of the smaller in-
fluence of the surface arrangement on the water struc-
ture. It is thus surprising to find more order for the case
of water on hydrogen-covered Pt(111). One may argue
that the stronger order in the water layer, particularly on
the preservation of a honeycomb lattice, is caused by the
creation of directed hydrogen bonds between the water
molecules and the hydrogen atoms of the adlayer at the
fce sites. This explanation is however unapt given the
increase in the water-surface separation upon the forma-
tion of the hydrogen adsorbate layer which indicates that
no additional hydrogen bonds are formed.

In order to explain these results, it is helpful to look at
formation energies for water/Pt and water/H/Pt, which
can be obtained using

Eiryop, = ZERO/P) [BE) + NEEO) -y

E(H,0/H/Pt) — [E(H/Pt) + N E(H;0)]
Ew,o0-n/pt = N
(2)

where Fpy,o-pt is the formation energy of water on a
clean platinum surface, E(H2O/Pt) is the total energy
of the system comprised of ordered water bilayers on
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FIG. 8: Distribution function for the intermolecule plane
angle By—w, which is the angle formed between the H-O-H
planes of any given water molecule pair.

FIG. 9: Defining the intermolecular dipole angle qu—qw.
The arrow represents the dipole moment vector of a water
molecule.

platinum, E(Pt) is the energy of the platinum surface,
E(H30) is the energy of a water molecule in a vacuum
environment, Fyy,o.p/py is the formation energy of wa-
ter on hydrogen-covered platinum, E(H,O/H/Pt) is the
total energy of the system comprised of ordered water
bilayers on hydrogen-covered platinum, F(H/Pt) is the
total energy of hydrogen-covered platinum, and N is the
number of water molecules in the system.

Formation energies were calculated for the water/Pt
and water/H(1 ML) /Pt systems. Surprisingly, very sim-
ilar numbers were obtained, at —0.58 eV. It is important
to note that this energy is based on calculations with
two water bilayers. Using just one water bilayer, the for-
maton energy for the H-down bilayer is only —0.48 eV,
very similar to previously reported values [17, 31, 62].
The higher formation energy in the two-layer system is
due to the additional hydrogen bonding between the two
water bilayers.

It should also be noted that the adsorption energy of
a single water molecule on a clean platinum surface is
—0.23 eV, and the the larger magnitude of the formation
energy is due to the hydrogen bonding. One may in-
terpret the significant increase in the separation between
water and hydrogen-covered platinum as evidence for less
strongly surface-bound water layers. Given that the two



FIG. 10: Snapshots showing proton transfer in the system for
water on platinum covered initially by hydrogen at 1.08 ML.
The top site-adsorbed hydrogen atom is shown in brilliant
yellow in order to distinguish it from the rest of the hydrogen
atoms covering the platinum surface. (a)-(b) transfer from
the Pt surface to the interface water; (c)-(f) proton transfer
within water molecules.

calculated formation energies are similar, we can thus say
that the unexpected stronger order we find through some
of the distribution functions shown for hydrogen-covered
platinum arises from the stronger hydrogen bonding be-
tween water molecules.

The stronger order in terms of the position of the wa-
ter bilayer from the metal surface Fig. 3 for water/Pt
compared with water/H/Pt is attributed to the stronger
interaction with the surface; the stronger order in the wa-
ter bilayer on the hydrogen-covered platinum in terms of
maintaining the honeycomb structure and orientational
homogeneity (Figs. 7, 8) is attributed to stronger inter-
action between water molecules. This is consistent with
the fact that hydrogen bonding is highly orientational.

The weak interaction of water with the hydrogen-
covered Pt(111) electrode means that for specifically ad-
sorbed atoms and molecules the interaction with water
will be even less important than on clean Pt(111) where
the influence of the presence of water on chemisorption
energies is already minor, as also on other metal sur-
faces [20]. However, the upd hydrogen layer passivates
the Pt(111) electrode, adsorbates have to replace the
chemisorbed hydrogen atoms. Furthermore, the elec-
tronic properties of Pt(111) will be influenced by the
presence of upd hydrogen [64]. The precise influence of
the hydrogen upd layer on the electrocatalytic properties
of a Pt(111) electrode still need to be studied in detail.

Finally, we would like to comment on proton transfer
events that were observed only in the molecular dynamics
run with a 1.08 ML hydrogen cover in between platinum
and water. Snapshots are shown in Fig. 10. In panel
(a) we can see the top-site-adsorbed hydrogen atom still
adsorbed on the platinum surface. In panel (b) the top-
site adsorbed hydrogen atom moves up to the water layer,
as the receiving water molecule prepares to transfer one
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>
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FIG. 11: Distribution function for O-H bond lengths.

of its hydrogen atoms to a neighboring water molecule.
A series of transfers of hydrogen atoms within the water
bilayer is observed, jumpstarted by the initial transfer of
hydrogen from the platinum surface.

Aside from the close proximity of the top-site adsorbed
opd hydrogen to the water layers, it is also less strongly
bound to the platinum surface. Referring to the systems
comprised of ordered water bilayers on hydrogen-covered
platinum, our calculations show that it needs 2.13 eV to
remove the additional weakly bound hydrogen out into
the vacuum region (not taking account possible energy
barriers), while removing one of the fcc site-bound hy-
drogen atoms requires 2.59 ¢V. In contrast to this loosely
bound hydrogen, the rest of the hydrogen cover is rela-
tively intact. The presence of water does not shift the
hydrogen cover’s position from platinum, and the ad-
sorption energy per hydrogen atom for the full mono-
layer coverage remains at —2.68 eV. Within the limited
run time of the molecular dynamics performed, no fcc-
bound hydrogen atom was observed to hop out of the
fce threefold-hollow sites. This indicates that the hydro-
gen upd layer is rather stationary. In contrast, the more
weakly bound opd hydrogen seems to be rather mobile.
The equilibrium coverage of the opd hydrogen layer obvi-
ously consists of hydrogen atoms or protons that dynam-
ically move back and forth between the electrode and the
water layers which contributes to their high electrocat-
alytic activity [22].

Interestingly, the series of proton transfers is not very
visible in the OH bond length statistics shown in Fig. 11.
This suggests that proton transfer, while shown to occur,
is still a relatively rare event if one is to look at all OH
bonds in the water layer. Having said that, the hydrogen
cover on platinum does not seem to change the OH-bond
lengths of water significantly. Proton transfer/exchange
in the Pt-water interface is not very likely to occur for
hydrogen coverages # < 1 ML.



IV. CONCLUSIONS

In summary, we have performed ab initio molecular
dynamics simulations in order to study the structure
of water layers on clean and hydrogen-covered Pt(111)
electrodes at room temperature. In addition to Pt(111)
covered with one monolayer of hydrogen, also hydrogen-
covered Pt(111) with a hydrogen vacancy and with one
additional hydrogen atom per surface unit cell were con-
sidered. In the presence of a hydrogen layer on Pt(111),
the distance of the water molecules from the metal
atoms is increased by more than 1 A compared to clean
Pt(111) indicative of a weakened water-electrode inter-
action. Yet, the total formation energy of the water lay-
ers is hardly influenced by the presence of the hydrogen
layers which suggests that the weakening of the water-
electrode interaction is accompanied by a strengthening
of the water-water interaction.

All considered water bilayers on clean and hydrogen-
covered Pt(111) are more disordered than ice, although
far from the liquid state. Surprisingly, a stronger or-
der in the water bilayer on hydrogen-covered Pt(111) in
terms of maintaining the honeycomb structure and orien-
tational homogeneity has been found. At room temper-
ature, one would expect less strongly-bound water layers
on the metal surface to be more liquid-like, i.e., to have
greater disorder, because the water molecules are free to
move beyond the periodic constraints of the surface. The

opposite result is attributed to the fact that the presence
of the hydrogen layer weakens the interaction of the water
with the surface, and the resulting stronger water-water
interaction promotes the unexpected order in the water
bilayer. Thus the presence of the strongly bound upd
hydrogen layer passivates the Pt(111) electrode which
should also be relevant for its electrocatalytic activity.

The additional weakly bound hydrogen adatom is
found to be transferred to the water layer during the
11 ps run time of the AIMD simulations leading to the
formation of hydronium complexes. This suggests that
the opd hydrogen on Pt(111) is in a dynamical equilib-
rium with protons in the water contributing to its high
electrocatalytic activity.
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