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The description of electrode-electrolyte interfaces is based on the concept of the formation of an
electric double layer. This concept was derived from continuum theories extended by introducing

point charge distributions.

Based on ab initio molecular dynamics simulations, we analyze the

electric double layer in an approach beyond the point charge scheme by instead assessing charge

polarizations at electrochemical metal-water interfaces from first principles.

We show that the

atomic structure of water layers at room temperature leads to an oscillatory behavior of the averaged
electrostatic potential. We address the relation between the polarization distribution at the interface
and the extent of the electric double layer and subsequently derive the electrode potential from the

charge polarization.

I. INTRODUCTION

There is a growing demand for advanced electrochem-
ical devices for energy storage and energy conversion, for
example for electrical vehicles or smart devices [1, 2]. De-
spite of the technological progress, some fundamental as-
pect of electrochemistry derived from macroscopic elec-
trostatic theory are still not satisfactorily characterized
on the explicit atomistic level. The electric double layer
at electrochemical interfaces is typically described by the
Helmholtz layer at charged surfaces and extensions based
on point charge distributions [3-7]. The electrode poten-
tial can accordingly been derived from the capacitance
at an electrode. There have been numerous attempts to
improve the description [8-10], but it is fair to say that
the theoretical treatment of the double layer is still in-
complete. This is mainly due to the fact that a correct
description of the electric double layer requires a real-
istic electron distribution and polarization of charges at
the electrochemical interface that can only be achieved
by computationally expensive quantum chemistry meth-
ods [11-13].

As explained by Trasatti[8, 14-16], the absolute elec-
trode potential is related to the work function of the elec-
trode in the presence of an electrolyte layer. In particu-
lar, the potential of zero charge (pzc) is given by the work
function of the electrode covered by a pure and ion-free
water film and can be measured experimentally. It is
important to note that charge polarization at the inter-
face between electrode and electrolyte contributes to the
change of the work function and thus of the electrode
potential.

However, within electronic structure theory, there is no
practical implementation to treat the electrode potential
as a parameter in a so-called constant potential method
within a grand canonical ensemble. Rather, quantum
chemistry programs typically optimize a solution with a
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constraint with respect to the number of electrons leading
to constant electron methods within a micro-canonical
ensemble. Another obstacle is the liquid nature of elec-
trolyte requiring numerically demanding statistical av-
erages since many nearly degenerate configurations have
to be thermodynamically sampled to address the entropic
contributions properly. In a quantum chemical approach,
these averages have to be performed on the basis of ab ini-
tio molecular dynamics (AIMD) simulations, which had
been considered to be computationally too demanding for
the description of complex electrochemical interfaces [17—
19].

When at the electrochemical interface positive or neg-
ative ions are present, then the electric double layer and
the electrode potential will be accordingly changed from
the potential of zero charge. As demonstrated in various
experimental and theoretical studies [20-26], one of the
simplest ways to introduce ions into the water film is to
control the pH of the aqueous electrolyte by adding or
subtracting H atoms which will lead to the spontaneous
formations of hydronium or hydroxyl ions. When the
ion distribution in the electrolyte is in thermodynamic
equilibrium, then the averaged charge polarization at the
electrochemical interface will correspond to the electric
double layer at a specific electrode potential.

As the computer power increases, electrochemical sys-
tems are becoming accessible to first principles simula-
tions [25, 27-29]. For example, AIMD simulations have
already been performed yielding values of the pzc close
to experimental values[28, 29]. Here we extend this
approach by demonstrating that adequately prepared
AIMD trajectories can produce a proper polarization dis-
tribution within the electric double layer yielding a cor-
responding electrode potential. When the fluctuations at
thermal equilibrium are not too large, then the statisti-
cal properties can be reliably sampled by relatively short
trajectories.

Within this approach, the electrode potential is no
control parameter of the simulations, but established
by appropriate atomic configurations at the electrode-
electrolyte interface. Then, the polarization distribution



in thermodynamic equilibrium provides basic informa-
tion about the electrified electrochemical interface with-
out explicit consideration of a counter electrode [30, 31].
Our approach is similar in the spirit to the one devel-
oped by Rossmeisl and co-workers [11, 32] resulting in
the concept of the generalized computational hydrogen
electrode [24, 33], but is based on a larger sampling set
in order to correct for the finite size of the surface unit
cell in the simulations.

In this study, we will particularly consider electrochem-
ical interfaces between Pt(111) and a water film which
additionally contains ions such as hydronium and hy-
droxyl ions[34-41]. By performing AIMD simulations
we will elucidate the structure of the electric double layer
and derive the corresponding electrode potential.

II. COMPUTATIONAL DETAILS

The AIMD simulations have been performed using the
periodic density functional theory package vasp [42]. The
wave functions were expanded up to a cutoff energy of
400 eV using a plane wave basis set and the electronic
cores are described by the projector augmented wave
(PAW) method [43]. Exchange-correlation energies are
evaluated within the generalized gradient approximation
as suggested by Hammer and Ngrskov, known as a re-
vised version of the Perdew-Burke-Ernzerhof (RPBE)
functional [44].  Dispersion effects have been consid-
ered within the semi-empirical D3 dispersion correction
scheme of Grimme using the zero damping function [45-
47]. The RPBE-D3 approach correctly predicts proper-
ties of liquid water [28, 48, 49]. In addition, it reliably
describes the interaction of organic molecules [50, 51] and
water [28, 48, 49] with metal surfaces. The cutoff radius
for the pair interactions of D3 correction has been chosen
to be 10 A. However, the screening of the van der Waals
interactions in bulk metals is not correctly described in
dispersion correction schemes [48, 51-53]. Therefore we
exclude the dispersion correction for all metal atoms be-
low the first layer. The energies have been determined
within a 6 x 6 surface super cell employing at the Gamma
k-point of the first Brillouin zone. The energies of each
ionic step satisfy the convergence criteria of 1076 eV.

The thermodynamic properties of liquid water have
been derived from ab initio molecular dynamics (AIMD)
simulations with a time step of 1 fs. Note that the hydro-
gen and not the deuterium mass was used in the MD sim-
ulations. The density of liquid water at 298 K (1g/cm?) is
emulated by 96 water molecules in a cubic cell of 14.2 A3.
The equilibrium state of the canonical NVT ensemble at
298 K has been calculated by solving the Langevin equa-
tion with a friction coefficient of v = 5ps~!. The system
has been thermalized for 10 ps, and the statistical sam-
pling has been performed during the subsequent 40 ps
run.

The water metal interface is modeled by 144 water
molecules within a 6 x 6 unit cell corresponding to six

layers of water on a five-layer Pt(111) slab. The integra-
tion over the first Brillouin zone is replaced by a sum-
mation over the Gamma k-point which is adequate due
to the large size of the unit cell. For bulk Pt, a lattice
constant of 3.99 A is obtained using a fine k-point grid of
21 x 21 x 21 and the RPBE functional. The top three lay-
ers 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 interface have been performed using the
same setup as for the bulk liquid water simulations. In
addition, we have performed an extra 30ps AIMD run
with less tight energy convergence criteria to thermalize
the water structure.

The characteristics of the electric double layer is
mainly determined by the polarization distribution.
Technically, there is a certain ambiguity to assign partial
charges to specific atoms. Using localized wave function
based based methods, a charge polarization can be esti-
mated by monitoring the Mullikan charge of each atom.
Within plane-wave based periodic density functional the-
ory (DFT) calculations, a charge partitioning scheme is
necessary to define the net atomics charge (NAC) of each
atom. Then, the polarization of each atom can be mon-
itored as a change of the NAC from a reference value.
There are several feasible techniques available such as the
density derived electrostatic and chemical (DDEC) [54—
57] or the Bader charge [58-62] methods. Here, we have
used the DDEC method which determines the NAC from
an equivalent atomic charge distribution that reproduces
the DFT electrostatic potential. The polarization dis-
tribution can then be estimated by averaging the NAC
change over AIMD trajectories.

Polarization distributions are evaluated by the change
of net atomic charge (NAC) of each atom using DDEC
method [54-57]. The reference NAC e;0 of H and O
species is determined by a molecular dynamics simula-
tion of bulk liquid water using 96 water molecules in a
box at 298 K. The NAC has been sampled every 1 ps and
averaged up to 80ps. The e;o of the layers of the Pt
electrode is evaluated using a Pt(111) slab in vacuum.
In TablelIl, the reference NAC of H, O, and Pt species
are listed. The NAC of H and O in liquid water repro-
duces the experimental findings. The NAC with the Pt
slab shows a Friedel oscillation along the surface normal
direction.

III. CONSTRUCTION OF
ELECTROCHEMICAL INTERFACES

We will first address the Pt(111)/water interface at the
potential of zero charge. The electrochemical interface
between a Pt(111) electrode and an aqueous electrolyte
at pzc is prepared as suggested by Trassati[8, 14-16], i.e.,
it is formed by an ion free water film on a Pt electrode.
Here we modeled this particular system by 144 water



molecules on a Pt(111) slab with a 6 x 6 surface unit
cell which is separated from its periodic images by a vac-
uum layer of 1.5nm. The water film is about 2nm thick
which corresponds to six water bilayers, and the Pt slab
consists of five atom layers with an optimized fcc lattice
parameter of a = 3.99 A as shown in Fig. 1a. The liquid
configuration of the water film is prepared by a 30 ps long
thermalization period at 298 K employing low accuracy
calculations followed by a further 10 ps thermalization at
high accuracy. Note that with respect to our previous
study [28], the size of the surface unit cell is enlarged by
a factor of four.
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FIG. 1. a) A snapshot and b) time evolution of the work
function along the trajectory to determine the potential of
zero charge (trj.pzc) equilibrated at 298 K. c¢) Electrostatic
potential V(z) of Pt(111) in vacuum (dashed green line) and
the averaged potential of the Pt(111) electrode with an ion
free water film (black line). The change caused by the water
film §V (z) (red line) is illustrated in the lower panel.

A canonical ensemble at 298 K is then sampled during
40 ps by solving the generalized Langevin equation with
a time step of 1fs and a friction coefficient of v = 5/ps.
The sampled temperatures satisfy a Gaussian distribu-
tion ~ exp|[—(T — u)/20?] with a mean temperature of
w= 299K and a variation of o = 10 K. We note that the
variation is smaller than in our previous simulations [28]
due to the four times larger supercell. In addition to
the temperature, properties such as the potential energy
and work function follow Gaussian distributions indicat-
ing an appropriate sampling within a canonical ensem-
ble. The sampled work function of the ion-free water
film is 4.96eV with ¢ = 0.23eV, as shown in Fig. 1b.
The result is in good agreement with the experimental
measurement [14] as well as the previous simulations [28].

It is important to realize that in our statistical ensem-
ble we include water structures that are characterized by
work functions that do not correspond to the pzc. How-
ever, in the simulations we employ a surface unit cell of
finite size which is in fact still rather small. The electrode
potential is a macroscopic property, and the appropri-
ate ensemble will contain electrode/electrolyte structures
that locally lead to a range of work functions. Thus by
considering structures with different work functions we
effectively sample over these local structures. It is only
critical that the distribution in the work function is sym-
metric with respect to the mean value which is ensured
by the Gaussian shape indicated in Fig. 1b.

In Fig. 1c, the averaged electrostatic potential of the
ion-free water film (solid black line) and the electrostatic
potential of Pt(111) in vacuum (dashed green line) are
plotted with the Fermi levels being aligned. We note
that the potential in the water film in the range between
5 and 18 A away from the Pt(111) electrode is rather flat
and smooth. This indicates that the film aquires proper-
ties of bulk liquid water which at the same time demon-
strates that a water film of 2 nm thickness is sufficient to
reproduce the properties of the aqueous electrolyte.

The electrostatic potential is plotted with respect to
the electron whereas in electrochemistry typically poten-
tials are plotted with respect to a positive probe charge.
Hence to compare the electrostatic potential plotted in
Fig. 1c with typical graphs derived from continuum the-
ory [4-6], its sign needs to be flipped. There is no mono-
tonic behavior of the potential as predicted by the con-
tinuum theories, but rather an oscillatory behavior. The
layered structure of water at Pt(111) even at room tem-
perature is still visible. Furthermore, from the range of
the decay of the electrostatic potential to the mean value
in the bulk liquid, a thickness of the electrical double
layer at pzc of below 1nm can be derived. However, it
is also obvious that it is not so easy to assign the ex-
act location of the electric double layer given the broad
continuous variation of the electrostatic potential.

In the vacuum region, the electrostatic potential above
the water film stays below the potential above the uncov-
ered Pt(111) electrode. This difference corresponds to
the decrease of the work function of Pt(111) from 5.01eV



to 4.96eV due to the presence of the water film. At the
electrochemical interface between the electrode and the
electrolyte, we see a strong dip of the potential at the
solvating water layer compared to the bulk liquid wa-
ter. This is indicative of a positive charge polarization.
In addition, Friedel oscillations occur within the Pt(111)
slab to screen this strong charge polarization. We stress
that the charge polarization is a microscopic phenomena
and can not be explained by any proposed electrostatic
models based on a point charge scheme. We will discuss
the details of the polarization at the interface using the
charge partitioning method in Section V.

The pH of the aqueous electrolyte is changed by adding
or removing one H atom (a proton and an electron) in
the water film. The additional H atom then sponta-
neously forms a hydronium or a Zundel complex while
the electron is transferred to the Fermi level in the
metal [22, 24, 25]. In contrast, the H vacancy leads to
the formation of a hydroxyl ion with an electron taken
from the Fermi level. In the simulations, one additional
proton in 144 water molecules corresponds to a pH of
0.4, whereas one hydroxyl ion corresponds to a pH of
13.6 (pOH = 0.4) based on the self-ionization of aqueous
water molecule. Upon adding and removing an H atom,
we have further thermalized the liquid water configura-
tion for 10 ps and then sampled over 40 ps.

A solvated proton in a water film is a highly dynamic
entity. The proton is transferred from one water molecule
to another easily and can be simultaneously shared by
more than one water molecule. The presence of the
solvated proton influences not only the nearest water
molecules, but also the water molecules located further
away. In order to characterize the dynamics of the sol-
vated proton, we monitor the neighboring H atoms of
each oxygen atom. The H atoms within 1.43 A (corre-
sponding to 1.2 times the sum of the Wigner-Seitz radii
of O and H) are considered to belong to an oxygen atom.
When an oxygen atom has three neighboring H atoms,
then the oxygen is assigned as a proton active site. An
isolated proton active molecule represents a hydronium
configuration. When two proton active molecules shar-
ing a hydrogen atom co-exist, then the configuration is
regarded as a Zundel complex.

When we apply the analysis regarding the proton ac-
tivity to the trajectory of the ion-free water film (trj.pzc),
we notice a proton activity in the solvating water layer
up to 5 A away from the topmost Pt layer (see black line
in Fig.2a) in spite of the fact that no explicit ions were
introduced into the water film. The hydronium configu-
ration emerges when two water molecules approach each
other closely enough and one of the H atoms is simulta-
neously shared by the two water molecules. The popu-
lation probability is about 10 % per time step. Further
away from the electrode, in the bulk liquid-like region
no proton active molecules are observed. Obviously the
electrode drives this formation. As a result, the solvat-
ing water layer becomes acidic although the water film
is in principle ion-free. Actually, the proton activity in
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FIG. 2. a) Distribution of ion activity in water film with-
out any additional ion (trj.pzc, black line), with one H3O™
formation (trj.HsO™, red line), and with one OH~ formation
(trj.OH™, blue and green lines). b) Population probability of
proton and hydroxyl in the water film. ¢) Snapshots of hydro-
nium, Zundel and instant chain configurations in trj.HzO™".
Decay rate of chain configuration.

the solvating water layer contributes to the dip of the
electrostatic potential at the interface shown in Fig. lc.
When adding one H atom into the water film
(trj. H307T), we note that in every time step along the
simulation time there is at least one oxygen atom within
the simulation box that has three neighboring H atoms.
The population density in Fig.2a (red line) shows that
the additional H atom leads to a strong proton activity in
the range from 5 to 14 A above the electrode. The most
abundant proton active molecule is the Zundel ion (62 %



population). The population of hydronium corresponds
to 23 % which is increased by 13 % compared to the ion-
free water. Furthermore, water chains are formed that
are illustrated in Fig. 2c. Their population probability is
15 %, however, they quickly decay to Zundel ions within
about 5fs, as also shown in Fig. 2c.

Figure 2a shows the population of hydroxyl ions in the
water film (trj.OH~, blue dashed line). Interestingly
enough, upon removing one H atom, the OH™ species
are less mobile than the protons, and they are mainly
located at a distance between 13 and 19 A from the elec-
trode (blue dashed line in Fig.2a). Solvated hydroxyl
ions cause a strong rearrangement of the surrounding
water molecules. To be specific, the surrounding water
molecules build up a strong solvation shell around and
the OH™ species form instant OH™(H20),, complexes
(n = 1,2). As a result, as shown in Fig.2c, there is
no hydroxyl configuration, i.e., a hydrogen atom close to
the OH group, in 22 % of the steps.

We still find proton activity in the solvating water layer
(see full blue and red lines in Fig. 2a) even if one hydro-
gen atom has been added or removed. The population
density becomes slightly smaller than the ion-free water
film in the presence of a positively charged ion in the
double layer, whereas the density becomes slightly larger
in the presence of a negatively charged ion. Interest-
ingly enough, the proton activity close to the electrode
is rather similar in all considered three cases. Obviously
the presence of ions, both proton or OH™, in the water
film farther away from the electrode hardly influence the
acidic behavior close to the electrode.

The ion species created in the water film mainly exist
above the solvating water layer. The distributions of the
positively and negatively charged ion species are clearly
separated. The positive ions are available close to the
interface (in the range of 5 to 14 A), whereas the negative
ions exist farther away from the interface (in the range
of 13 to 19A). The presence of ions in the water film
modifies the work function with respect to the ion-free
water case as demonstrated in Tablel. The presence of a
proton decreases the work function by 0.11eV, whereas
the hydroxyl ion increases it by 0.09¢eV.

Frumkin and Petrii [20] have shown a linear behav-
ior of the pH dependent electrode potential experimen-
tally, in acidic condition a potential change of 13 mV/pH
and in alkalic condition of 11mV/pH. These numbers
are in good agreement with the work function change
of 17mV/pH in acidic condition and 14 mV /pH in alka-
lic condition, respectively. This yields credibility to our
simulations of electrochemical interfaces and the derived
absolute electrode potentials.

IV. ADSORBATES ON THE Pt ELECTRODE

Here, we consider the properties of H and OH ad-
sorbed on the Pt electrode. An H atom deposited on
the electrode (underpotential deposition of hydrogen [63],

TABLE 1. Work function ® averaged along the trajecto-
ries of a water film consisting of 144 H2O molecules on a
(6 x 6)Pt(111) electrode plus different numbers of hydogen
atoms given by AH. The trajectories are sampled for 40 ps at
298 K. The electrode potential U is determined with respect
to the standard hydrogen electrode of 4.44 V. The net atomic
charge of the Pt slab (NACpy) corresponds to the sum over
the changes in the charge polarizations over the Pt atoms with
respect to bulk Pt.

Trajectory AH @ (eV) pH U (V) NACp; (e)

trj.pzc 0 4.96+ 023 7.0 052 —1.25
trj.HsOt  +1 4.85+025 04 041  —1.56
trjOH~ —1 5.05+0.19 13.6 0.61  —0.93
trj.Hags  +1 4.92+£020 7.0 048  —1.27
trj.0Haqs —1 493 +£021 7.0 049  —1.08
t1j.36Haqs +36 4.91 £ 0.20 0.1 047  —1.03
trj.2HsO" +2 4.86 £0.20 0.1 042  —1.84

see trj.H,q4s) remains adsorbed on the electrode along the
whole trajectory of 40 ps, i.e. we did not observe any pro-
ton transfer into the water layer. Such events can only
be observed within AIMD simulations when a weakly ad-
sorbed hydrogen atom is added to a Pt(111) electrode
already covered by one monolayer of hydrogen [64]. In
contrast, when an hydroxyl is adsorbed on the electrode,
then water structures corresponding to the hydroxyl con-
figuration are created in the solvating water layer with a
probability of 71 % which is slightly lower than the prob-
ability in the water film of 78 %. This in fact means that
the adsorbed hydroxyl is more strongly interacting with
the surrounding water molecules than the hydroxyl ion in
bulk water. As an example, snapshots (ii), (iii), and (v)
in Fig. 3a illustrate the formation of the strongly inter-
acting hydroxyl-water complexes on the Pt(111) surface.

According to our simulations, H diffusion on Pt(111)
proceeds via explicit hops of the adsorbed H atom
whereas the OH diffusion is mediated through proton
transfer from a solvating water molecule to the hydroxyl,
similar to the Grotthu8 mechanism of proton diffusion
in bulk water [36]. As a result, hydroxyl is created at a
neighboring water site as demonstrated in Fig. 3a. In the
trajectory of trj.OH,q4s, we note that up to three O sites
are involved in the OH propagation. Each oxygen atom
is localized at a specific Pt site. In total we observed
78 such OH hopping events during the whole simulation
time of 40 ps.

In Fig. 3b, the proton activity in the presence of the H
and OH adsorbate is compared to the ion activity of the
pure water film (trj.pzc). An example configuration of
the proton activity is displayed in the inset window. In
all considered cases, the proton activity remains within
the solvating water layer. The averaged work functions
along trj.H,qs and trj.OH,qs are 4.92 and 4.93eV (see
TableI). The relatively small change in the work func-
tion from the ion-free water film is consistent with the
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FIG. 3. a) Snapshots of OH diffusion mechanism on Pt(111)
electrode along trj.OH.qs. The water molecules associated
with the Grotthufl mechanism of proton transfer are high-
lighted in color. b) Proton population along trj.pzc, trj.Hads,
and trj.OH,q4s. In the inset, a snapshot of proton activity in
the solvating layer of trj.pzc is demonstrated.

similar proton activity in the water film to the trj.pzc.
Thus, the proton activity in the solvating water layer is
mainly caused by the interaction between the electrode
and the solvating water molecules, and the presence of
adsorbates with a low concentration hardly affects the
electrical double layer.

Next, we consider a fully hydrogen covered electrode
(trj.36H,4s) to simulate the electrochemical interface at
low electrode potentials [19, 51, 65]. Initially, all Pt sites
are saturated by H atoms (in total 36 H atoms per unit
cell) and thermalized for 10 ps. During thermalization,
two H atoms spontaneously desorb from the surface and
form proton configurations in the water film. The cor-
responding pH of the electrolyte is then changed to 0.1,
corresponding to strongly acidic conditions. This con-
figuration is stable along the whole 40 ps of the AIMD
trajectory.

Interestingly, we also find a change of the structure
of the electrochemical interface. In Fig. 4a, the distribu-
tion of water molecules is represented by the distribution
of corresponding oxygen atoms. When we consider the
ion-free water film (see upper panel), the solvating water

layer is closely packed and the density is close to the ice-
like bilayer [28]. However, the presence of the hydrogen
monolayer lifts the whole water film by around 1A from
the Pt electrode as already observed in our group [66].
The adsorbed hydrogen layer weakens the Pt-water inter-
actions and leads to the larger distance of the solvating
water layer from the surface. Due to the weaker inter-
action, the solvating water layer becomes broader, the
deconvolution in the lower panel of Fig. 4a indicates that
the layer extends up to 8 A from the Pt surface. Thus
also the overlap between the solvating water layer and
the bulk liquid water becomes larger. Furthermore, the
solvating water layer is split into two Gaussian functions
(see lower panel). The peak at 3.8 A originates from the
water molecules directly interacting with two Pt regions
that are covered by an adsorbed hydrogen atom, whereas
the peak at 4.7 A corresponds to the remaining lifted sol-
vating water layer.

These structural changes are illustrated in Fig.4b
where snapshots of trj.36H,4s and trj.pzc are displayed.
Note that there is a spatial separation between the solvat-
ing water layer and the bulk-like water in trj.pzc, high-
lighted by the additional background color, whhereas for
trj.36H,qs no clear separation can be observed. This con-
firms that the structure of the electrochemical interface
is influenced by the presence of adsorbates. The work
function along trj.36H,q4s is 4.91V which is lowered by
only 0.05V compared to trj.pzc, in spite of the strong
proton activity in the water film. This indicates that the
polarization due to the proton activity in the water film is
largely compensated by the rearranged water structure.

In order to identify the influence of the acidic elec-
trolyte, we have also performed a simulation with two
protons in the water film without any hydrogen adsor-
bates on Pt(111) (see middle panel in Fig. 4a, trj.2H30%).
The comparison with the upper panel indicates that the
presence of the two protons in the film hardly modifies
the water distribution (see middle pannel in Fig. 4a). The
deconvolution of the Gaussian functions (dashed lines)
shows that the solvating layer stays intact at 3.2 A above
the Pt electrode. This means that the modified struc-
ture of the solvating layer on hydrogen-covered Pt(111)
with respect to uncovered Pt(111) is not caused by the
presence of the two protons in the water film.

The stability of the hydrogen layer has been tested
by filling the two empty hydrogen adsorption sites of
trj.36H,qs with two additional H atoms (trj.38H,gs).
The Pt(111) electrode in fact remained fully hydrogen-
covered in the acidic electrolyte along the AIMD run.
However, the free energy difference between trj.36H,qs
and trj.38H,4s is 0.2eV smaller than the energy of Hs
molecule. This means that the system would gain energy
if two adsorbed hydrogen atoms desorb associatively into
the gas phase. Thus, the energetics indicate that the fully
hydrogen-covered Pt electrode is less stable than the H
layer with a lower coverage. The spontaneous desorption
of H atoms is consistent with the experimental findings
of a hydrogen saturation coverage on Pt(111) of less than



one [67].
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FIG. 4. a) Distribution of oxygen atom in the water film of
the trj.pzc (black line, upper panel), trj.2H;O" (blue line,
middle panel), and trj.36Haqs (red line, lower panel). The
deconvolution of oxygen distributions in terms of Gaussian
functions is depicted as green lines. b) Snapshots of trj.pzc
and trj.36Haqs.

V. CHARGE ANALYSIS

The electrostatics at the electrochemical interface de-
pends mainly on the charge polarization. As a simplistic
approach, we will derive the charge polarization from the
change in the net atomic charge (NAC). However, since
there is no explicit description of localized orbitals within
plane wave based methods, a charge partition scheme is
necessary to attribute DFT charge densities to a partic-
ular atom [54-57]. From the NAC e;(z,t) of species 4
sampled at time step ¢, the polarization is determined

according to

P(z) = <Zei(z7t) — em> (1)

i

with the reference NAC (e;o) as given in TableII. A neg-
ative value of P(z) represents an electron surplus, while
a positive value indicates an electron depletion.

As listed in TableIl, the reference species correspond
to a Pt electrode in vacuum and bulk liquid water. The
deviation from the references effectively represents the
polarization of each atom. The atomic polarization is
smeared in the form of Gaussian distribution with a
width of 0.5 A and laterally integrated. The polarization
distribution is determined every 500fs, i.e., the polariza-
tion is averaged over 80 charge density snap shots.

TABLE II. Reference of the net atomic charge e;o of H, O,
and Pt species, with the NAC of the corresponding atomic
species taken to be zero.

Water Pt(111)
Species H O Ptir. Ptor, Ptsr Ptan Ptsp
€io 0.38 —0.76 —0.030 0.034 —0.005 0.032 —0.030

Figure 5a shows the polarization distribution of trj.pzc.
Interestingly, the formation of an interface dipole (fiint)
which is induced by a partial charge transfer from the
solvating water layer to the electrode is clearly visible.
Such a partial charge transfer has also been observed for
an oxide/liquid water interface [10] and Pt/water inter-
face [29]. According to Tablel, the NAC of the Pt slab
corresponds to 1.25 electrons, thus a little bit more than
one electron is transferred from the solvating water layer
to the Pt(111) slab within a (6x6) supercell. The neg-
atively charged electrode lowers the work function com-
pared to the Pt electrode in vacuum (see Fig.1lc) and
reproduces the absolute electrode potential of the ion-
free water film correctly. As a result, the solvating water
layer becomes more positively charged than bulk liquid
water and exhibits proton activity despite the absence
of explicit ions in the water film as shown in Fig.2a.
The charge polarization is purely dipole-like and mainly
localized in the first Pt layer and the solvating water
layer. The integrated polarization distribution vanishes
at a large distance from the interface as shown in Fig. 6a.

As shown by Trassati[8, 14], the electrode potential
can be derived from the work function of a metal elec-
trode in contact with an electrolyte. Thus the electrode
potential is influenced by any preferential re-orientation
of the solvating molecules at the interface. Recent AIMD
based studies [19, 29, 68] show that there is no preferen-
tial orientation of water molecules in the solvating layer
on Pt(111). Thus, the dipole contribution of the solvat-
ing water layer to the electrode potential is rather small
due to cancellation effects upon the statistical averag-
ing. The polarization at the interface is in fact mainly
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caused by the partial charge transfer from the solvating
layer to electrode (see Fig.5a). As a result, the interface
dipole created by the partial charge transfer dominates
the work function change. This atomistic analysis of the
factors determining the polarization at the interface al-
lows to unambiguously specify the different contributions

to the interface dipole and thus goes beyond empirical as-
sumptions.
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When ions are present in the water film, also the bulk
liquid water becomes polarized. As depicted in the up-
per panel of Fig. 5b, the presence of a proton in the water
film polarizes the water film positively compared to the
ion-free electrolyte, while OH™ polarizes the film nega-
tively. These polarizations in the water film are partially
compensated by an opposite polarization at the Pt-water
interface. These additional polarizations upon introduc-
ing ions into the water film alters the work function com-
pared to the ion-free case (see Tablel).

The addition or removal of an H atom corresponds to
a change by one electron and a proton. After addition or
removal of an H atom, the charges of the H and O atoms
in liquid water are quickly equilibrated towards the ref-
erence values in TableIl. This is due to the fact that
the additional H atom or the remaining OH group, re-
spectively, quickly become part of the dynamic hydrogen-
bonded water network so that there electronic properties
become strongly coupled to the other water molecules.

Along the trj.HsO™ trajectory, the formation of one



hydronium ion leads to an increased electron population
in the Pt electrode by 0.3 e compared to the trajectory
trj.pzc (see TableI). As shown in the integral polariza-
tion in Fig.6b, the negative polarization is increased to
—0.7e in the solvating water layer and screened by the
positive ion in the water film. After the maximum in-
tegral polarization, we note a plateau up to 7A which
indicates that the negative polarization at the interface
is well separated from the positive polarization in the wa-
ter film. Thus, this shows an additional dipole formation
by the ion population in the water film fi;,, along the
interface normal direction on top of the interface dipole
Iint- However, according to the electron count not a full
electron is transferred to the electrode leaving a proton in
the water film. This indicates that the electron distribu-
tion is not localized within the electrode and the solvating
water layer, but extended into the water film. As a re-
sult, the proton polarization is partly screened by the ex-
tended electron distribution. Such an extended electron
distribution can only be obtained in an explicit quantum
chemical description of the electrolyte and cannot be sim-
ulated by a charged metal slab in vacuum with matching
a boundary condition [69, 70]. This demonstrates that it
is crucial to explicitly determine a realistic polarization
distribution at electrode-electrolyte interfaces.

In contrast to hydronium formation, OH~ formation in
the water film (trj.OH™) leads to a depletion of the elec-
tron density in the Pt electrode and the solvating water
layer (see blue solid line in Fig. 5b). The positive polar-
ization amounts to about +0.7 e as shown in the integral
polarization in Fig. 6b. The OH™ ion induced dipole fijon
is oppositely oriented with respect to the hydronium in-
duced dipole which is consistent with the work function
increase or decrease, respectively, listed in TableI.

When an H atom is deposited on the Pt surface at a
coverage of 1/36 (trj.Haqs) OT, the NAC of H becomes
close to zero. This is also reflected in the negligible polar-
ization change shown in the lower panel of Fig. 5b. Thus,
the influence of a low coverage deposition of H on the po-
larization of the electrochemical interface is rather small
and only leads to a minor change in the work function
with respect to the pzc.

With respect to the formation of OH in the solvating
water layer (trj.OH,qs), for the O atom we take the same
NAC reference in the hydroxyl molecule as for trj.OH™.
As shown in Tablel, there is only a small amount of
electron transfer from the Pt electrode to the hydroxyl
molecule, indicated by the small difference in the NACpy
values for trj.pzc and trj.OH,qs. The partial charge trans-
fer leads to a further change on the charge polarization at
the interface. As Fig.5 shows, the ion induced polariza-
tion is symmetric along the interface normal with respect
to the position of the Pt surface atoms. Thus, the net
contribution to the ion-induced dipole fi;oy, is small.

In vacuum, OH adsorption on Pt(111) at the same cov-
erage leads to a work function change of 0.05V [71, 72].
According to TableI, the change is reduced to 0.03V in
the presence of the solvating water molecules. This in-

dicates that the adsorbate induced dipole contribution
becomes screened by the liquid water. Consequently, we
assign the rest of the dipole formation to an adsorbate
induced dipole [i,qs- We note that the three dipole con-
tributions fiint, flion, and fiags at the electrochemical in-
terfaces are additive. Then, in general, the work function
of the electrochemical interfaces can be expressed by

P = er + Msurf + ﬂint + ,L_Lion + ﬂads (2)

with the bulk Fermi level er of the electrode and the
surface dipole at the solid/vacuum interface pisys [73].

For the fully hydrogen covered surface trj.36H,s, a de-
crease of the partial charge transfer from the solvating
water layer to the Pt electrode due to the increased dis-
tance between Pt and water film by the adsorbed H layer
is observed (see Tab.I). As mentioned above, the contri-
bution of a isolated adsorbed H atom to the polarization
distribution at the interface is negligible, but the weak-
ened solid/liquid interaction at the interface makes the
interface dipole [ijyy smaller than for the trj.pzc. How-
ever, the formation of two proton ions in the water film
leads to the formation of fi;,, which compensates the
decrease of [ij,e. As a result, the polarization change
of trj.36H,s is rather symmetric with respect to the up-
permost surface layer as shown in Fig.5c, and the work
function is only changed to 4.91 eV which is still close to
the pzc of 4.96eV.

Thus, the formation of interface dipoles also depends
on the strength of the solid/liquid interaction [30]. High
coverage adsorbates on electrode can modify the interface
dipole and consequently also the electrode potential [74].
This also indicates that the partial charge transfer on
noble metal electrodes which interact weakly with sol-
vating water molecules should be small. Consequently,
other contributions to the work function change become
critical.

We note that the three different configurations of the
electric double layer (trj.H,qs, trj.OH,qs and trj.36H,qs)
all lead to a rather similar work function of about 4.92'V
as shown in Tablel. Thus, different configurations can
result in the same electrode potential. Especially, a po-
larization distribution that is symmetric with respect to
the uppermost surface layer hardly causes any change
in the work function as the contributions from different
locations cancel each other.

VI. COMPUTATIONAL HYDROGEN
ELECTRODE AND FREE ENERGIES

Here we will analyze the stability of the system along
the trajectory trj.H3O" using a grand canonical ap-
proach. The reference system will be the trajectory corre-
sponding to the pzc described by an ion free water film on
the Pt electrode. The addition and removal of an H atom
can be treated by the computational hydrogen electrode
(CHE) approach as suggested by Norskov[32, 75, 76].
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The electrochemical potential of a proton in aqueous so-
lution can be described using

~ B 1
firr+ (aq) + e~ = 5 HHa(8) ~ eUsup — kg7 In(10)pH, (3)

where one has used the fact that at standard condi-
tions defining the standard hydrogen electrode poten-
tial Usyg the solvated proton is in equilibrium with the
H, molecule in the gas phase. This approach avoids
the explicit evaluation of solvation energies of ionic
species [19, 77-80].

Since trj.H3O™ is created by adding one H atom into
trj.pzc, the free energy of trj.H3O™ should correspond to
the free energy obtained by averaging along trj.pzc plus
the energy of a solvated hydrogen given by the expression
according to the computational hydrogen electrode at an
absolute potential of 4.85V (see TableI),

<Etrj,H3O+> = <Etrj.pzc> + :aH*(aq) + ﬂ'e* ((1)7 pH) (4)

The free energy difference yields an independent estimate
of the absolute electrode potential of the SHE at pH= 0.
The free energy difference is 0.41 eV which yields an ab-
solute value of Usyg of 4.44V which corresponds exactly
to the experimental value [8, 14-16, 74]. This good agree-
ment is to a certain extent fortuitous given the small size
of the simulations cell which leads to broad Gaussian dis-
tribution in the total energies with a width of 1.3 eV. Still
this indicates that the simulation cell is large enough to
capture the main features of the electrochemical interface
between Pt(111) and an aqueous electrolyte.

VII. CONCLUSIONS

The electrochemical interface between Pt(111) elec-
trode and an aqueous electrolyte has been addressed by
ab initio molecular dynamics simulations. Thermody-
namic equilibrium properties have been estimated from
the corresponding mean values along the trajectories
with a varying number of hydrogen atoms in the sim-
ulation cell. The absolute electrode potential has been
determined from the mean value of the work function
along the AIMD trajectories. In particular, the potential
of zero charge (pzc) has been derived from the simulation
of an ion-free water film on Pt(111).

At the pzc, a partial charge transfer occurs from the
solvating water layer to the Pt electrode leading to a

dipolar polarization distribution along the interface nor-
mal. The creation of the interface dipole is essential to
understand the work function change from Pt(111) in
vacuum to the Pt electrode covered by a film of an aque-
ous electrolyte. The partial charge transfer at the pzc is
a feature that has been typically neglected within tradi-
tional electrochemistry which has rather focused on the
arrangement of point charges and the orientation of sol-
vent molecules. However, DFT studies show that the
charge transfer at the interface is a dominant contribu-
tion to determine the pzc [10].

Upon adding ions to the aqueous film, the electrode
potential becomes changed due to the formation of ad-
ditional dipolar polarizations induced by the presence of
the ions in the electrolyte and adsorbates on the elec-
trode. According to our calculations, the presence of
ions in the water film leads to the formation of an asym-
metric dipolar distribution along the surface normal with
respect to the uppermost surface layer. In contrast, ad-
sorbates at the interface tend to create a symmetric po-
larization along the interface normal direction which only
causes small work function changes.

Therefore, in order to reliably describe the electro-
chemical interface, the polarization distributions have
to be reproduced in the calculations. This also means
that the electric double layer can not be satisfactorily
described by a classical molecular mechanics approach.
Instead, quantum chemical approaches such as periodic
density functional theory calculations that explicitly con-
sider the electronic distribution need to be employed.
Previously, there have been attempts to model an elec-
trochemical interface based a charged slabs which require
the introduction of a counter charge in order to ensure
overall charge neutrality [30, 31, 69, 81-87]. We suggest
that these models can be further improved by construct-
ing a counter electrode with a charge distribution based
on the polarization distribution derived from simulations
with an explicit solvent which will allow a better quan-
tum chemical description of electrochemical interfaces.
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