The structure of water at a Pt(111) electrode and the potential of zero charge studied
from first principles
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The structure of a liquid water layer on Pt(111) has been studied by ab initio molecular dynamics
simulations based on periodic density functional theory (DFT) calculations. First the reliability of
the chosen exchange-correlation function has been validated by considering water clusters, bulk ice
structures and bulk liquid water, confirming that the dispersion corrected RPBE-D3/zero functional
is a suitable choice. The simulations at room temperature yield that a water layer that is six layers
thick is sufficient to yield liquid water properties in the interior of the water film. Performing a statis-
tical average along the trajectory, a mean work function of 4.88 V is derived giving a potential of zero
charge of Pt(111) of 0.44V vs. standard hydrogen electrode, in good agreement with experiments.
Therefore we propose the RPBE-D3/zero functional as the appropriate choice for first-principles
calculations addressing electrochemical aqueous electrolyte/metal electrode interfaces.

I. INTRODUCTION

Structures and processes at water/metal interfaces are
of great technological importance [1-3], for example in
electrochemical energy conversion and storage devices,
electrocatalysis, or corrosion, just to name a few. From a
theoretical point of view, a quantum chemical description
of the water-metal interface is desirable, as the water-
metal interaction influences the strength of the water-
water interaction [4, 5]. However, the high computational
cost of first-principles electronic structure calculations,
even on the basis of density functional theory (DFT), still
hampers the proper statistical description of metal-liquid
water interfaces [6-8]. Furthermore, there are concerns as
far as the reliability of current DF'T exchange-correlation
functionals for the water description are concerned [9,
10].

It is a well-known problem that widely used density
functionals based on generalized gradient approximation
(GGA), such as the popular Perdew-Becke-Ernzerhof
(PBE) functional [11], lead to an over-structuring of
liquid water [12, 13] compared to experiments [14]
which is caused by the over-estimation of the directional
hydrogen-bonding in the PBE functional [15]. Still the
PBE functional has been used quite frequently to ad-
dress properties of systems including liquid water [16-
19]. In order to reproduce the structural properties of
liquid water at room temperature correctly, the tempera-
ture in the molecular dynamics runs has been deliberately
raised [16-18]. Of course, this is not a very satisfactory
approach. The temperature correction is only appropri-
ate for the simulations of pure bulk liquid water. When
another species than water molecule is included into sim-
ulations, the temperature correction will produce wrong
thermal properties of the additional species. Especially,
when electrode-electrolyte interfaces are simulated, then
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the temperature correction cause a wrong population of
vibrational states in the electrode and any adsorbates on
the electrode.

Nuclear quantum effects [20, 21] are apparently not re-
sponsible for the over-structuring of PBE water as there
are competing quantum effects that cancel to a large ex-
tent [22, 23]. Instead, it has been suggested that a proper
handling of dispersion interactions in the water descrip-
tion might be crucial for a reliable description of water
properties [19, 24-26]. However, in many of these stud-
ies hybrid DFT functional including exact exchange have
been employed, but these functionals are not well-suited
to describe metal-water interfaces as the inclusion of ex-
act exchange in DFT functionals deteriorates the descrip-
tion of metals [27].

Recently we have demonstrated that the combination
of a revised version of the PBE functional (RPBE [28])
together with dispersion correction suggested by Grimme
et al. [29] yields a rather satisfactory description of the
properties of liquid water [15]. The success of this RPBE-
D3 scheme is caused by the fact that the overestimated
directional hydrogen bonding existent in PBE is replaced
by the non-directional van der Waals interaction. Not
only the water-water interaction is appropriately ad-
justed by the consideration of dispersion effects, also the
treatment of the water-metal interaction is improved re-
sulting in a correct description of the wetting behavior of
water on several metal surfaces [30-32].

We have now extended our previous studies concerning
the proper first-principles description of the water-metal
and water-water interaction [15, 30, 31]. This work is
part of a long-standing project to model structures and
processes at electrochemical metal electrode/aqueous
electrolyte interfaces [4, 6-8, 33-38]. In electrochemistry,
the electrode potential is a crucial quantity determining
the structure of electrode/electrolyte interfaces [39]. The
electrode potential is related to the workfunction of a
metal in the presence of a liquid layer [40-46]. As wa-
ter molecules have a sizable dipole moment, the work-
function of a water-covered metal electrode depends sen-



sitively on the structure and orientation of the water
molecules [7, 33, 47, 48], therefore a correct description
of water-water and water-metal interactions is essential
for reproducing electrochemical properties. Therefore,
in this paper we first present an extended validation of
the RPBE-D3 approach with respect to a proper struc-
tural description of isolated water clusters [10, 49, 50],
bulk ice [26] and bulk water. In this context, we par-
ticularly focus on the role of the damping functions in
the dispersion correction scheme, i.e., we compare re-
sults obtained with the Becke-Jonson (D3/bj) and zero
(D3/zero) damping functions [29, 51].

Furthermore, we address an important electrochemical
quantity, the potential of zero charge (pzc) which accord-
ing to Trasatti is given by the workfunction of a metal
covered by a pure, ion-free water film [41, 42, 48]. Ex-
perimentally, pzc of Pt(111) has been measured to be
in the 4.8-4.9V range in an absolute electrode poten-
tial scale [42, 45, 46, 52]. Theoretically, Tripkovic et al.
tried to derive the pzc of several metal electrodes by se-
lecting an appropriately chosen static water adsorption
structure [48]. Here, we rather perform large scale AIMD
simulations, making sure that we properly reproduce lig-
uid water properties in the water film. Thus we obtain
a value of the pzc in good agreement with the experi-
ment, demonstrating that the RPBE-D3/zero approach
is well-suited to describe metal electrode/aqueous elec-
trolyte interfaces.

II. NUMERICAL METHODS

The periodic DFT calculations have been performed
using the software package VASP[53]. The electronic
cores are described by the projector augmented wave
method [54] and the electronic one-particle states are
expanded up to 400eV using a plane wave basis set.
Exchange-correlation effects have been taken into ac-
count within the generalized gradient approximation us-
ing the PBE [11] and the RPBE functionals [28]. Semi-
empirical dispersion corrections have been taken into
account according to Grimme’s D3 scheme with both
Becke-Jonson (D3/bj) and zero (D3/zero) damping func-
tions [29, 51].

The small water clusters have been described in a cu-
bic box of 17 A3 using just the the Gamma point in the
k-point summation. Thus, the periodic images of clus-
ters are separated by vacuum layers wider than 12 A.
The pairwise dispersion interactions are summed over
the atoms with a cutoff radius of 10 A, to avoid the con-
tributions from periodic images. The bulk ice crystals
are optimized based on the configurations obtained with
the PBE functional [26]. To achieve a numerically sta-
ble optimization of the ice structures, the energy cutoff
has been raised to 500eV. A 2 x 2 x 2 k-point grid has
been used for the integration over the first Brillouin zone.
The pairwise dispersion interactions have been summed
within a radius of 50 A. The numerical setup satisfies

convergence criteria of 0.5 meV/H;0 with respect to the
total energy and of 0.01 A3 with respect to the unit cell
volume.

The thermodynamic properties of liquid water have
been derived from ab initio molecular dynamics (AIMD)
simulations with a time step of 1fs performed at the
Gamma k-point. The density of liquid water at 298 K
(1g/cm?) is emulated by 96 water molecules in a cu-
bic cell of 14.2A3. The equilibrium state of the canon-
ical NVT ensemble at 298 K has been calculated by
solving Langevin equation with a friction coefficient of
v = 5ps~!. The system has been thermalized for 10 ps,
and the statistical sampling has been performed during
the subsequent 30 ps run.

The water metal interface is modeled by 36 water
molecules corresponding to six layers of water on a five-
layer Pt(111) slab within a 3 x 3 unit cell. The integra-
tion over the first Brillouin zone is replaced by a summa-
tion over a 5 x 5 k-points. As the D3 dispersion correc-
tion scheme does not correctly describe the screening of
the dispersion interaction within the bulk metal [30, 55],
in the pairwise summation we only include the disper-
sion interaction between the Pt atoms of the top most
layer and the water molecules as well as the dispersion
interactions within/between water molecules. The pair-
wise dispersion interactions are summed over the atoms
within a radius of 10 A, to exclude interactions between
water molecules and periodic images of the Pt layers.
For bulk Pt, a lattice constant of 3.99 A is obtained us-
ing a fine k-point grid of 21 x 21 x 21 and the RPBE
functional. The top three layers of the Pt slab are fully
relaxed, while the bottom two layers are fixed at their
bulk positions. The water film has a thickness of about
20 A separated by 15 A of vacuum from the next metal
slab. The AIMD simulations for the Pt(111)-water inter-
face have been performed using the same setup as for the
bulk liquid water simulations. In addition, we have per-
formed an extra 30 ps AIMD run with less tight energy
convergence criteria to thermalize the water structure.

IIT. WATER-WATER INTERACTION WATER
CLUSTER, BULK ICE AND BULK LIQUID
WATER

In this section, we study the energetics and structure
of small water clusters, bulk ice and bulk liquid water
using the PBE and the RPBE functional. For RPBE,
we additionally performed calculations in the D3 scheme
with bj and zero damping. The results for the small
clusters will be compared to those recently obtained using
a coupled cluster method [50], and the calculations for
bulk ice will be contrasted with experimental results that
are extrapolated to zero temperature [56].

The formation energy of the water clusters and the
bulk ice structure is referred to the isolated water
molecule. Thus, the formation energy per water molecule
is given by Ey = (Eclustcr/icc - nEHzO)/n7 where



FEcluster/ice 18 the total energy of water cluster /ice system,
Em,0 is the total energy of an isolated water molecule,
and the number of water molecules in the cluster and the
unit cell of the ice bulk structure, respectively, is denoted
by n.

A. Small water clusters

In order to validate the reliability of the dispersion-
corrected RPBE functional with respect to the mod-
eling of small water cluster, we use coupled cluster
CCSD(T) calculations performed by Temelso et al. [50]
as a reference. These clusters contain up to ten water
molecules. We have relaxed the CCSD(T) structures em-
ploying the RPBE, RPBE-D3/zero, RPBE-D3/bj, and
PBE functionals. The 38 resulting cluster geometries ob-
tained with the RPBE-D3/zero method are illustrated in
Fig. 1. Note that we confirmed the CCSD(T) local mini-
mum structures, except for the water-4-Py configuration
marked by the diagonal dashed line in Fig. 1. This clus-
ter converged to the water-4-Ci geometry In our DFT
structure optimization for all considered GGA function-
als.

The formation energies of the 38 water clusters ac-
cording to the CCSD(T) calculations [50] and the de-
viations of the DFT-GGA values from the CCSD(T) re-
sults are listed in Table I. Note that the RPBE func-
tional leads to an underestimation the cluster formation
energies, whereas the PBE and the dispersion-corrected
RPBE functionals cause a slight overestimation of the
formation energies compared to the CCSD(T) results.
For the water dimer that is denoted as the water-2-Cs
configuration, the RPBE-D3/bj functional outperforms
the RPBE-D3/zero functional, however, we are consider-
ing errors of only 1 and 2 meV, respectively, with regard
to the CCSD(T) calculations. For all other larger wa-
ter clusters, the results obtained with the RPBE-D3/zero
functional are significantly closer to the CCSD(T) results
than those calculated with the RPBE-D3/bj functional.

In total, for the RPBE-D3/zero functional a mean ab-
solute deviation (MAD) from the CCSD(T) values of
only 9meV per HoO molecule results. As Fig. 1 illus-
trates, the set of water clusters consists of rather differ-
ent shapes and geometries, from more planar configura-
tions to compact structures, also spanning a wide range
of possible coordinations. The rather small MAD already
indicates that the RPBE-D3/zero functional gives an ac-
curate and reliable description of the water-water inter-
action. In contrast, the PBE functional yields a MAD of
34meV/Hy0 with respect to the CCSD(T) values that
is about four times larger than the one according to the
RPBE-D3/zero functional. When dispersion corrections
are added to the PBE functional, then this error only be-
comes larger as dispersion leads to additional attractive
interaction.
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FIG. 1. Configuration of water clusters relaxed using the
RPBE-D3/zero method. The initial structures were taken
from recent CCSD(T) calculations [50]. Hydrogen bonds are
indicated by dashed blue lines.



B. Ice structures

In addition to small water clusters, we also considered
crystalline ice in our validation of the GGA functionals.
In ice crystals, the water molecules are typically fully
coordinated through hydrogen bonds, but the symmetry
and water density can differ significantly. As far as the
initial configurations are concerned, we start with the en-
ergy minimum structures obtained by Santra et al. using
the PBE functional [26]. Both the geometry as well as

TABLE I. The formation energies of the small water clusters
from CCSD(T) calculations (Eyef) taken from Ref. 50 and the
deviation compared to E,.¢ in the calculations with RPBE,
RPBE-D3/zero, RPBE-D3/bj, and PBE methods. The mean
absolute deviation (MAD) shows that RPBE-D3/zero method
reproduces the CCSD(T) calculations best.

E.ef (€V/H20) E¢ — Eyer (€V/H20)

Water clusters CCSD(T) RPBE D3/zero D3/bj PBE

Water-2-Cs —0.109 0.023 —0.002 —0.001 —0.007
Water-3-UUD —0.227 0.052 —0.004 —0.006 —0.020
Water-3-UUU —0.218 0.054 —0.001 —0.002 —0.016

Water-4-Ci —0.288 0.051 —0.007 —0.014 —0.036

Water-4-Py —0.259 unstable

Water-4-54 —0.297 0.051 —0.008 —0.015 —0.037
Water-5-CA-A —0.300 0.048 —0.008 —0.008 —0.041
Water-5-CA-B —0.293 0.031 —-0.012 —0.026 —0.051
Water-5-CA-C —0.301 0.065 —0.009 —0.015 —0.030
Water-5-CYC —0.312 0.048 —0.008 —0.016 —0.042
Water-5-FR-A —0.287 0.058 —0.012 —0.015 —0.032
Water-5-FR-B —0.303 0.051 —0.008 —0.011 —0.029
Water-5-FR-C —0.281 0.056 —0.013 —0.016 —0.032
Water-6-BAG —0.322 0.061 -—0.011 —0.017 —0.036

Water-6-BK-1
Water-6-BK-2

—0.329 0.061 —0.009 —0.015 —0.037
—0.326 0.060 —0.010 —0.016 —0.037

Water-6-CA —0.332 0.075 —0.008 —0.011 —0.026
Water-6-CB-1 —0.315 0.049 —-0.007 —0.015 —0.041
Water-6-CB-2 —0.314 0.050 —0.006 —0.014 —0.040

Water-6-CC —0.322 0.050 —0.006 —0.014 —0.041

Water-6-PR —0.333 0.075 —0.008 —0.008 —0.021

Water-7-BI1 —0.331 0.059 —0.011 —0.018 —0.041

Water-7-BI2 —0.330 0.059 —0.010 —0.018 —0.040
Water-7-CA1l —0.345 0.070 —0.010 —0.016 —0.034
Water-7-CA2 —0.340 0.070 —0.010 —0.016 —0.034
Water-7-CH1 —0.337 0.058 —0.009 —0.017 —0.041
Water-7-CH2 —0.334 0.058 —0.010 —0.017 —0.040
Water-7-CH3 —0.329 0.060 —0.008 —0.014 —0.037
Water-7-HM1 —0.324 0.058 —0.006 —0.012 —0.036
Water-7-PR1 —0.355 0.077 —0.009 —0.013 —0.029
Water-7-PR2 —0.354 0.080 —0.009 —0.012 —0.028
Water-7-PR3 —0.352 0.078 —0.008 —0.012 —0.028
Water-8-D2d —0.393 0.086 —0.011 —0.017 —0.035

Water-8-S4 —0.393 0.086 —0.010 —0.017 —0.035

Water-9-D2dDD
Water-9-S4DA

—0.394 0.080 —-0.012 —0.019 —0.039
—0.392 0.080 —0.012 —0.019 —0.039
Water-10-PP1 —0.403 0.081 —0.013 —0.020 —0.040
Water-10-PP2 —0.403 0.081 —0.013 —0.020 —0.040

MAD 0.062 0.009 0.014 0.034

FIG. 2. Optimized ice crystal structures obtained with the
RPBE-D3/zero functional. Blue dashed lines represent hy-
drogen bonds.

the cell volume are optimized simultaneously. Figure 2 il-
lustrates the equilibrium ice configurations obtained with
the RPBE-D3/zero functional.

The experimentally determined values of the volume
per water molecule extrapolated to zero temperature [56]
are listed in Table IT and compared to the theoretical re-
sults. Again, we find that the RPBE-D3/zero functional
performs best among the considered functionals with a
MAD of only 3.28% compared to the experiment. Even
more importantly, there is no outlier as far as the dis-
crepancy with the experiment is concerned, which means
that is describes all coordination patterns in the ice crys-
tals equally well. The MAD obtained with the PBE and
RPBE-D3/bj functionals of 3.44 % and 4.44 %, respec-
tively, are also acceptable, however, they strongly under-
estimate the Ice-Ih volume. This implies that the PBE
and RPBE-D3/bj functionals reproduce the properties of
hydrogen bonds in different high coordination situations
with a varying accuracy. Finally, the RPBE functional

TABLE II. Experimentally determined volumes of ice struc-
tures per water molecule compared to the calculated values
obtained with the RPBE, RPBE-D3/zero, RPBE-D3/bj, and
PBE functionals.

Viet (A?/H,0) V/Vier — 1(%/H20)

Ice crystals Experiments RPBE D3/zero D3/bj PBE

Ice-1h 32.05 1.78 —-3.88 —6.21 —7.71
Ice-IX 25.63 1291 —-2.29 —-3.53 —1.48
Ice-11 24.97 11.09 —-2.88 —4.08 —3.56
Ice-XIII 2391 11.38 —2.90 —4.21 —3.51
Ice-XIV 23.12 1211 —-2.97 —4.54 -3.72
Ice-XV 22.53 13.80 —2.86 —3.94 —2.89
Ice-VIII 20.09 20.06 —5.18 —4.58 —1.19
MAD 11.88 3.28 444 3.44




leads to a large overestimation of the ice crystal volumes,
or in other words, to a significant underestimation of the
density of the ice structures.

The findings with respect to the ice volume are
confirmed when the formation energies of ice crystals
are considered, as TableIll demonstrates. Again, the
RPBE-D3/zero functional reproduces the experimental
results [56] with the smallest MAD. Note that the MAD
of 10meV /H50 in the formation energy of the ice crys-
tals is comparable to the MAD of 9meV/Hy0 for the
cluster calculations. This shows that the RPBE-D3/zero
functionals describes finite and periodic water structures
equally well. In contrast, the MAD for the RPBE,
RPBE-D3/bj, and PBE bulk ice calculations is larger
than the corresponding MAD for the cluster calculations,
in particular for RPBE. This means that the RPBE,
RPBE-D3/bj, and PBE functionals describe the high-
coordinated bulk ice configurations with a lower accuracy
than the cluster configurations which is disadvantageous
with respect to the simulation of liquid water properties
which requires a similar accuracy for all possible water
configurations.

C. Thermodynamic properties of bulk liquid water

Finally, we checked the performance of the consid-
ered GGA functionals with respect to the simulation of
bulk liquid water. The calculations have been performed
in the canonical ensemble using the Langevin equation
including 96 water molecules in the unit cell. A fric-
tion constant of ¥ = 5ps~! has been selected to mimic
the diffusive behavior of liquid water as suggested by
Paterlini and Ferguson [57]. The NVT ensemble was
equilibrated during the first 10ps of the AIMD runs
at 298 K. After then, the statistical sampling has been
performed for the subsequent 30ps. The temperature
along the production runs satisfied a Gaussian distribu-
tion ~ exp|[—(T—pu)/20?] with mean temperatures of y =
297, 299, 297, and 300K for the RPBE, RPBE-D3/zero,
RPBE-D3/bj, and PBE functionals, respectively, and a
variation of ¢ = 14K for all functionals. Hence, the

TABLE III. Experimentally derived formation energies of ice
crystal [56] compared to the calculated results obtained with
the RPBE, RPBE-D3/zero, RPBE-D3/bj, and PBE function-
als.

E.ef (eV/H20) E; — Eret (eV/H20)

Ice crystals Experiments RPBE D3/zero D3/bj PBE

Ice-1n —0.610 0.122 —-0.027 —0.043 —0.054
Ice-IX —0.606 0.160 —0.010 —0.023 —0.011
Ice-11 —0.609 0.195 —-0.002 —0.006 0.016
Ice-VIII —0.577 0.282  0.003 0.033 0.101
MAD 0.190  0.011 0.026 0.046
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FIG. 3. Radial distribution functions of atom A and B
ga—B(r) in liquid water simulations are compared to neutron
scattering experiments.

sampling of the this canonical ensemble is appropriate to
derive equilibrium water properties.

In Fig. 3, the calculated radial distribution functions
for the various functionals are compared to the results
of neutron scattering experiments by Soper [14]. As al-
ready shown in a previous study with a smaller unit
cell [15], the RPBE-D3/zero functional reproduces the
radial distribution functions of liquid water most closely
among the considered functionals, as a visual inspection
of Fig. 3 reveals. In order to quantify the discrepancy
between theory and experiment, we evaluated the in-
tegral [|go—o(r’) — 95 o (r")|dr’ and normalized it to
the number of water molecules by unit cell. This error
measure yields values of 0.6, 0.3, 0.7, 1.4 for the RPBE,
RPBE-D3/zero, RPBE-D3/bj, and PBE functionals, re-
spectively, verifying the visual impression. Note that the
larger error in the PBE and RPBE-D3/bj calculations
is related to the existence of the peaks in the go_o(r)
distribution which are too much pronounced indicating
an over-structuring of the simulated liquid.

Note that the reliability of any water simulation is
closely related to the fact how well the hydrogen bonds
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and liquid water simulations using GGA functionals.

are described. In the following we will focus on the co-
ordination of liquid water, i.e., on the average number
of hydrogen bonds per water molecules. Experimentally,
an average number of 3.3 hydrogen bonds per molecule
in liquid water has been derived from X-ray adsorption
spectroscopy [58-60]. For simplicity, we identify the
number of hydrogen bonds by the probability that O-
H bonds of a certain distance occur. Then, the num-
ber of hydrogen bonds can be estimated from the inte-
gral over the radial distribution function go_p(r) up to a
given distance. The corresponding integrals as a function
of the upper boundary obtained with the four different
functionals are plotted in Fig. 4. In addition, the corre-
sponding curve for Ice-1h is plotted. The second nearest-
neighbor O-H distance in Ice-Ih corresponding to the O-
H distance in hydrogen bonds is 1.8 A. Consequently, the
integral over the radial distribution function jumps from
two for the two O-H bonds within a water molecule to
four at this value in a step-function like fashion.

In liquid water, however, the integral over go_u(r)
is a smooth continuous function. Typically, hydrogen
bonds are assumed to have a length between 1.6 and
2.0,A. Therefore we have selected 2.0,A as the upper
value in the integrals in order to determine the water
coordination, indicated by the dashed line in Fig. 4.
Admittedly, this choice is somewhat arbitrary, but the
general trends should be independent of this particular
value. Thus we obtain effective coordination numbers
of 3.34, 3.24, 3.57, and 3.76 in the liquid water simula-
tions performed with the RPBE, RPBE-D3/zero, RPBE-
D3/bj, and PBE functionals, respectively. The results for
the RPBE and RPBE-D3/zero functionals match the re-
sults of the spectroscopy experiments considerably well,
whereas the RPBE-D3/bj and PBE functionals overesti-
mate the water coordination. In particular, the estimated
coordination of PBE water of 3.76 is too close to the ice-
like coordination of 4. This confirms the well-known fact

that PBE leads of an over-structuring of liquid water.

In spite of the good estimation of the water coordina-
tion, the RPBE functional still does not yield a satisfac-
tory description of water properties. As shown in Fig. 4,
RPBE water reaches a coordination of 4 at a larger value
than all other functionals. As a consequence, the equilib-
rium density of RPBE water too low. Therefore, RPBE
water is slightly compressed in the chosen unit cell cor-
responding to a water density of 1g/cm®. This result
is consistent with the overestimated equilibrium volumes
of the ice crystals derived from RPBE calculations (see
Table II).

Summarizing the results of this section, the RPBE-
D3/zero functional yields a satisfactory description the
properties of water cluster, bulk ice crystals and bulk
liquid water indicating that the water-water interaction
is well reproduced in this particular approach.

IV. THERMODYNAMICS OF THE
Pt(111)-LIQUID WATER INTERFACE

In the previous section we have confirmed that the
RPBE-D3/zero functional is well-suited to reproduce the
properties of water systems. In addition, in previous
studies we have already shown that the RPBE-D3/zero
functional also yields a reliable description of the water-
metal interaction. It reproduces the right wetting be-
havior of water on various metal surfaces [30], whereas
RPBE, PBE and dispersion-corrected PBE calculations
fail to predict this correctly. Therefore, the RPBE-
D3/zero functional represents the optimal choice to ad-
dress properties of aqueous electrolyte-electrode inter-
faces from first principles.

There has been a long debate whether water layers at
closed-packed metal surfaces are ice-like or not. AIMD
simulations have indicated that already the first water
layer on fec(111) metal surfaces is disordered, at least
as far as the orientation of the water molecules is con-
cerned [7]. Still it is not clear at which distance from the
metal surface water really becomes bulk water liquid-like.
In order to address this issue, we have considered a rela-
tively thick water layer on a Pt(111) slab still taking vac-
uum above the water into account. This will also allow
us to derive the potential of zero charge of the Pt(111)
electrode. In detail, we have selected a 3 x 3 surface unit
cell of Pt(111) covered by 36 water molecules leading to
a water layer with a thickness of about 20 A roughly cor-
responding to six bilayers of water. This water layer is
separated by a vacuum layer of 15 A thickness from the
bottom of the next metal slab.

A. Thermodynamic equilibrium of electrode and
electrolyte

The thermodynamic sampling has been performed
with solving the Langevin equation at 298 K. We start
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FIG. 5. Calculated values of (a) the temperature and (b) the
potential energy of the liquid water-Pt(111) interface along
the AIMD trajectory. The red dots correspond to values av-
eraged over 5 ps. In the insets, the distribution in the temper-
ature and potential energy are shown together with Gaussian
fits.

from a bulk liquid configuration placed on metal elec-
trode. We bring the water configuration at the interface
and the surface close to the equilibrium during 30 ps with
less tight energy convergence. After then, the energy con-
vergence is switched to the production accuracy. The sys-
tem is thermalized during 10 ps and the thermodynamic
sampling is performed during 30 ps with RPBE-D3/zero
method.

Figure 5 presents the temperature derived from the
kinetic energy and the potential energy along the 30 ps
production runs. The red lines correspond to values aver-
aged over 5 ps. The insets of Fig. 5 illustrate the distribu-
tion of temperature and potential energy together with
Gaussian fits, the corresponding fit parameters are given
in the two panels. There is some long-time oscillation in
the potential energy. Still, both the temperature and the
potential energy follow a Gaussian distribution indicat-
ing an appropriate sampling within a canonical ensem-

(a) Distribution of oxygen atoms

3 36 water ; """" 35
¢ molecules
3. R $ . 130 _
< Gaussi ! 2
< 2.5F Gaussian 125 3
e peaks -'f:j
§20f pl:124 120 2
5 p2: 15.3 3
Q - . _
= 15; p3:18.9 15 ®
& q0f PE21T 103
p5: 24.9 E
6: 28.5
05F P 15
p7:29.2
00 S N e SN O
0 10 20 30 40

Coordinate (A)
(b) Distribution of hydrogen atoms

7 70
6. 60
T sol Gaussian lso -%
i : peaks 2
c 4oL p1:12.0 a0 2
-L;’ p2: 13.8 s
2 3.0t p3:15.7 -30%
B p4: 18.4 e
0 20r p5:21.9 120 @
p6: 24.8 £
1.0F p7:285 110
0.0L_P8: 287 0
0 40

Coordinate (A)

FIG. 6. Mean value along the AIMD runs of the laterally
averaged distribution of (a) the oxygen and (b) the hydrogen
atoms of the water molecules as a function of the distance
from the surface (green solid lines) together with a decon-
volution in terms of Gaussian functions (blue short-dashed
lines). The long-dashed black lines show the integrated dis-
tributions.

ble. This allows to derive equilibrium properties of the
electrode-electrolyte interface from the AIMD runs. Note
that the mean temperature of the system is p = 294K
with a variation of ¢ = 21 K. No water dissociation has
been observed during the simulation time.

B. Spatial distribution of water molecules at the
electrode-electrolyte interface

In order to analyze the structure of the water layer,
we have plotted the mean value along the AIMD runs of
the laterally averaged distribution of the hydrogen and
oxygen atoms of the water molecules as a function of
the distance from the surface in Fig.6 together with a
deconvolution in terms of Gaussian functions. In addi-
tion, the integrated distributions are shown. Note that



the integrated distributions corresponds to straight lines
in the interior part of the water layer for z-values of
14 < z < 26A). This indicates that there is no pro-
nounced layer structure in the middle of the water layers,
or in other words, that the distribution of water molecules
corresponds to a liquid state. This conclusion is sup-
ported by the estimated density of water molecules in
12 < z < 29 A which corresponds to the bulk liquid wa-
ter value of 1.0 g/cm?® at 298 K.

We are now analyzing the spatial distribution and ori-
entation of the water molecules in more detail. The
oxygen distribution peak directly at the interface (pl in
Fig. 6a) corresponds to about six oxygen atoms. The wa-
ter coordination at the interface is in fact the same as in
ice-like water bilayers on metal surfaces. The related hy-
drogen distribution peak (pl in Fig.6b) contains around
11 hydrogen atoms. Note that the positions of the pl-
oxygen and the pl-hydrogen peak are almost same. This
means that there is no preferred orientation of the wa-
ter hydroxyl bond with respect to the direction normal
to the surfaces, i.e., there is no preference for either the
H-up of the H-down water structure. This confirms the
findings of a previous AIMD study of water layers on
metal surfaces [7].

Focusing on the water-vacuum interface, there are two
oxygen distribution peaks (p6 and p7 in Fig. 6a) consist-
ing of three atoms each at the water-vacuum interface
consist of three atoms. At the same height there is also
a pronounced peak in the hydrogen distribution (p7 and
p8 in Fig. 6b). This shows that there is also no preferred
water orientation of the water O-H bonds perpendicular
to the water-vacuum interface.

C. Potential of zero charge of Pt(111) electrode

Finally, we address the potential of zero charge (pzc)
of the Pt(111) electrode. According to Trasatti [42], the
potential of zero charge of a metal electrode can be de-
rived from the work function of the metal covered with an
ion-free water film. This definition has also been used in
the DFT study of Tripkovic et al. [48]. We have collected
the work function at each MD step as shown in Fig. 7.
It has been evaluated by the difference between the the
Fermi level and the vacuum level which is estimated from
the electrostatic one-electron potential including dipole
corrections to account for the asymmetry in the vertical
direction. There seems to be a drift of the work function
along the trajectory which might be related to the ob-
served structure in the potential energy as a function of
run time (see Fig. 5b). Still, the distribution of the work
function is Gaussian-like (see the inset of Fig. 7) which is
consistent with a canonical ensemble.

The mean work function of the trajectory is 4.88 V
which is in nice agreement with the measured abso-
lute pzc of 4.9V derived using the CO adsorption tech-
nique [42, 45, 46, 52]. When we take the value of of 4.44V
for the absolute standard hydrogen electrode (SHE) po-
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FIG. 7. Calculated work function of the water-covered

Pt(111) slab along the AIMD trajectory. The red dots corre-
spond to values averaged over 5ps. In the inset, the distribu-

tion in the work function is shown together with a Gaussian
fit.

tential which is suggested by both theory and experi-
ments [40, 41, 48, 61], then the calculated pzc corre-
sponds to 0.44V versus SHE.

Note that the work function of a water/metal system
includes contributions from the dipole moments at the
solvated metal electrode surface and the averaged dipole
moments of liquid water along the surface normal. These
averaged dipole moments are related to the equilibrium
distribution in the orientation of water molecules in the
liquid water film. The fact that the RPBE-D3/zero cal-
culations are able to predict the correct potential of zero
charge of Pt(111) indicates that the RPBE-D3/zero func-
tional is suitable to describe the atomic structure and
electronic distribution within the electric double layer.
Furthermore, our results indicate that a water film with
a thickness of 20 A should be sufficient to model the elec-
tric double layer.

V. CONCLUSIONS

Calculating the properties of water clusters, bulk ice
crystals and bulk liquid water with total energy elec-
tronic structure calculations based on density functional
theory, we have confirmed that the RPBE-D3/zero func-
tional yields a reliable description of the water-water in-
teraction. We have then used this functional to study
the properties of a water film with a thickness of 20 A
on a Pt(111) electrode by performing ab initio molecu-
lar dynamics simulations at room temperature. It turns
out that the water is bulk-liquid like in the interior of
the water film. Furthermore, by taking the average
work function along the trajectory, a potential of zero
charge of 4.88 V corresponding to 0.44 V versus SHE has



been derived in good agreement with experiments. This
demonstrates first that the RPBE-D3/zero functional is
a good choice to address electrochemical interfaces be-
tween a metal electrode and an aqueous electrolyte from
first principles, and second, that a 20 A thick water film
should be sufficient to model the electric double layer at
these interfaces.
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