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Potential-Dependent Pt(111)/Water Interface: Tackling the
Challenge of a Consistent Treatment of Electrochemical

Interfaces**

+ x[a, b, c

Laura Braunwarth™*, Christoph Jung*,

The interface between an electrode and an electrolyte is where
electrochemical processes take place for countless technologi-
cally important applications. Despite its high relevance and
intense efforts to elucidate it, a description of the interfacial
structure and, in particular, the dynamics of the electric double
layer at the atomic level is still lacking. Here we present reactive
force-field molecular dynamics simulations of electrified Pt-
(111)/water interfaces, shedding light on the orientation of
water molecules in the vicinity of the Pt(111) surface, taking
into account the influence of potential, adsorbates, and ions
simultaneously. We obtain a shift in the preferred orientation of

Introduction

At the interface between an electrode and an electrolyte, the
electric double layer (EDL) is formed, which is characterized by
a considerable potential change within a few Angstroms and a
complex interplay of charges between solvent dipoles, charged
adsorbates, and the diffuse ion layer. A deeper understanding
of EDL is a compelling need for knowledge-based progress in
electrochemical processes occurring in technologically relevant
areas such as energy conversion, storage devices and solar
cells™ Despite their great importance, a complete and
comprehensive description of EDL at the atomic level, including
interfacial structures and dynamics, has been lacking. The
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water in the surface oxidation potential region, which breaks
with the previously proclaimed strict correlation to the free
charge density. Moreover, the characterization is comple-
mented by course of the entropy and the intermolecular
ordering in the interfacial region complements the character-
ization. Our work contributes to the ongoing process of
understanding electric double layers and, in particular, the
structure of the electrified Pt(111)/water interface, and aims to
provide insights into the electrochemical processes occurring
there.

complexity and difficulty of studying them have been ad-
dressed in recent years both experimentally (e.g. using X-ray
photoelectron spectroscopy (XPS)™ Raman spectroscopy,™
laser-induced temperature jump methods,” Cyclic voltammetry
(CV)® or sum frequency generation spectroscopy®) and theo-
retically via empirical interatomic force field simulations and
first-principles calculations (e.g. ab initio molecular dynamics
(AIMD),""%" see also Ref. [12,13] and references therein).
Although theoretical approaches are attractive because they
can provide structural information and insight into the dynamic
processes of electrified interfaces at the atomistic level and
complement experiments, several challenges remain to be
overcome. Several strategies have been developed to incorpo-
rate electrode potential into simulations, such as the widely
employed computational standard hydrogen electrode
scheme,"” in which the metal electrode exchanges electrons
with a reservoir," constant Fermi level molecular dynamics,!'%"”
the electronegativity offset method," by introducing fixed
excess charges'®'® or homogeneous background charges.?”
The description of the aqueous electrolyte also differs: From
implicit treatment of the solvent as a dielectric medium,?"*? to
explicit but static solvent molecules localized at the
electrode,*¥ to fully explicit modeling of the electrolyte."*'"
Although explicit modeling is advantageous in terms of polar-
ization, solvation, and accuracy, the higher computational costs
must be considered (e.g. limiting the number of solvent
molecules in AIMD simulations to about 100). Here, force field
methods can complement first-principles calculations by cover-
ing much larger time and length scales while still providing
atomistic, mechanistic, and dynamical information. Even the
early conception of a frozen bilayer structure of interfacial water
on certain transition metal surfaces was modified by the
inclusion of some degree of disorder, underscoring the
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importance of including water dynamics.>>>% Although adsor-
bates affect the properties of the solvation layer, they have not
been included in the interface system in most AIMD simu-
lations, with the exception of selected studies that consider
adsorbed hydrogen®* or hydroxide.*® However, adsorbates
are of particular interest in simulating the platinum/water
interface: More detailed insights into the effects of surface
coverage on the interfacial structure of the adsorbed water
layer are urgently needed, taking into account the coverage of
the electrode with oxygen-containing intermediates at elec-
trode potentials relevant to catalytic reactions (e.g. oxygen
reduction reaction).

Recently, Le etal. have performed state-of-the-art AIMD
simulations to investigate the relationship between the molec-
ular structure of the Pt(111)/water interface and its capacitive
behavior."” Sakong etal. have studied the mobility and
orientation of the water molecules in the adsorbate layer on
the same surface, including the variation of the potential."”
Bouzid et al. also studied the structural reorganization of the
electrical double layer as a function of the potential with Fermi
level molecular dynamics and observed a so-called flip-flop
behavior: The dipole of the water molecule points toward (or
away) from the Pt(111) surface when negatively (or positively)
charged."” However, the question of how water behaves at the
interface when all relevant factors (e.g. potential, adsorbates,
and ions) are considered simultaneously remains unanswered.

Motivated by these questions, in the present work we have
performed extensive ReaxFF studies on the reactive molecular
dynamics (MD) of the Pt(111)/water interface, including the
influence of an electrode potential as a function of surface
charge densities and surface coverages of oxygen-containing
intermediates. In contrast to several previous studies, we
provide a fully self-consistent description of the entire electro-
chemical interface, including both the surface and an extended
portion of the electrolyte region. We present a detailed analysis
of the variation of the water orientation at the interface as a
function of the applied potential. Our calculations show that
the H-down orientation, where an O—H bond is directed toward
the surface, is preferred in the region of the surface oxidation
potential region. We further elucidate the thermodynamics of
the Pt(111)/water interface by evaluating the progression of
entropy from the bulk water to the adsorbed water layer. Our
work demonstrates the importance of adding to the picture of
the potential-dependent structure and dynamics of the EDL at
the molecular level.

Methods
ReaxFF

The ReaxFF reactive force field method is based on a bond
order-dependent potential energy term combined with a time-
dependent polarizable charge description.?***' Bonding terms
(e.g. bond, angle and torsion contributions; inherently depend-
ing on the bond order) and non-bonding interaction terms (e.g.
van der Waals, Coulomb interactions and hydrogen bonds)
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contribute to the potential energy formulation. The bond order
is updated at each iteration step, controlled by the local atomic
environment. In this way, both bond formation and dissociation
can be captured. The self-consistent electron equilibration
method (EEM) by Mortier et al®® is used to determine the
partial charges of each atom and to describe electrostatic
interactions. Our self-developed Pt/O/H reactive force field by
D. Fantauzzi et al.®” serves as the atomistic potential for the
platinum, the oxygen-containing intermediates, and water,
extended by the reactive force field parameters for K* and F~
ions.® There, the interactions between the electrolyte ions and
water were extensively validated, while in our previous work
(Ref. [37]), the force field for platinum bulk and surfaces
including the surface oxide formation of the Pt(111) surface was
intensively tested. Note that no direct bonding terms are
considered between the charged ions and the surface, as these
ions are assumed to keep their solvation shell. However, all
elements (including the ions) were considered in all non-
bonded interactions. All ReaxFF calculations were performed
using the ADF software package (version 2019.103).2% |n
general, a time step of 0.25fs was used to integrate the
equations of motion using the Velocity-Verlet algorithm. This
short time step is sufficient to properly describe the smallest
oscillations in the system, which are the hydrogen stretching
oscillations. The Nosé—Hoover thermostat with a damping
constant of 100 fs set the temperature for the MD simulations
to 298.15 K% Regarding the thermostat, for selected model
systems we compared the Nosé—Hoover as well as the
Berendsen thermostats (both available in the ADF package
suite), showing a consistent behavior. The Pt(111) surface was
modeled by a symmetric twelve-layer slab (10 x 10 x 12 atoms)
with the two middle layers fixed to the corresponding
calculated bulk crystal structure. For convergence studies of the
platinum crystal distance, the number of layers, and the size of
the unit cell, we refer to the paper by Fantauzzi et al. (Ref. 37)
Normal to the surface planes, the Pt slab is in contact with a
50 A thick water layer (o =0.997 g/cm®), e.g. 2306 water
molecules. The selected size of the water box is based on the
findings published in Ref. 43. The systems were created using
packmol software.* All systems presented here were equili-
brated for 400,000 iterations in the canonical NVT ensemble,
followed by a production run for an additional 400,000
iterations. Two-phase thermodynamics (2PT) calculations were
performed to evaluate the spatially resolved entropy of water
layers, with the NVT run followed by 50,000 iterations in the
microcanonical NVE ensemble plus 5,000 iterations for evalua-
tion within the 2PT method. For a detailed description of the
method as well as the coupling between the 2PT method
(developed by Lin et al.***) and ReaxFF, we refer the reader to
our recent publication.”® Structure visualizations were per-
formed using VMD software *”
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Introducing the Electrode Potential in ReaxFF MD Simulations
Double Layer Potential Region

The electrified Pt(111)/H,0 interfaces were made by placing
charges on the platinum slab, thus assuming thereby premising
the established conception of the free charge density being a
good approximation of the electrode potential®'®* Here,
Gauthier et al. also consider the effective free charge density as
a descriptor for the electrochemical driving force of processes,
which is preferable to the work function approach because of
its sensitivity to the size of the simulation cells.*® The free
charge density (denoted oy, ) here describes the actual charge
located on the electrode side of the EDL, compensated by the
ionic charge in the electrolyte in the absence of specific
adsorption of hydrogen or hydroxide.”***® The free charge
density curves obtained by Garcia et al. using the laser-induced
temperature jump method for the Pt(111) surface in 0.1 M
HCIO, serve as a reference for introducing the electrode
potential into our simulations.”” Note that via experimental
cyclic voltammetric measurements, the total charge density is
accessible, including the charge transferred during adsorption
processes (e.g. when chemical bonds are formed). In the
following interfacial characterization under double layer poten-
tial conditions (E < 0.5 V), we assume an adsorbate-free surface,
therefore the equality of free charge density and total charge
density holds true.

For our simulations, a series of electrified Pt(111)/water
interface models with different free charge densities were
created; for the charge neutrality of the double layer, oy, is
compensated by counterions. A detailed explanation of the
methodological setup can be found in the Supporting Informa-
tion (SI), where the nature of the charges as well as their
location and the counterions present are also described.
Furthermore, due to the charge balance equilibration approach
in ReaxFF, the atomic charges of platinum are not fixed, but

allowed to fluctuate (dynamically determined by the local
environment), with the only constraint being the given total
charge of the slab. The resulting charge on the atoms of the
surface layer gives a specific surface charge density correspond-
ing to a certain electrode potential (see Figure S2 of the SlI).
Depending on the electrode potential, the charge distribution
within the platinum slab differs, though showing some
common features: As shown in Figure 1 (b), the main charge is
located in the surface layers of the symmetric platinum slab
(labelled Pt,). Subsequent layers show a slight Friedel oscil-
lation until the atomic charges deviate only slightly from the
mean bulk charge.® To account for charge compensation of
the platinum surface, counterions, i.e. K* and F~, are introduced
into the system and are located both in the outer Helmholtz
plane and in the subsequent diffuse layer, see Figure 1 (a).

This approach provides a self-consistent description of the
entire electrochemical interface and thus promises a more
realistic ion distribution compared to homogeneous back-
ground charges, the use of an effective screening medium, or
Gaussian  charge sheets commonly wused in AIMD
simulations."”?**'>3 Because ReaxFF allows nanosecond-scale
simulations, the interface, including the ion distribution, is
sufficiently equilibrated, which also allows extensive and
representative sampling of the phase-space.”"

The oy, (see Figure S2 of the Sl) shows good agreement
with the surface charge density obtained using the laser-pulsed
jump technique by Garcia et al” The location of the zero
crossing at about 0.3 V, which corresponds to the point of zero
free charge and is in good accordance. Following the evolution
of the double-layer charge as a function of the simulated
electrode potential, the hump-shaped, bell-shaped course of
the double-layer capacitance C, is obtained, as shown in SI
Figure S2. Here, the peak around 0.3V describes a significant
change in the double-layer capacitance, presumably caused by
structural rearrangements of the EDLM* In particular, a
potential-dependent adsorption/desorption behavior of H,0 or
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Figure 1. (a) Representative snapshot of the Pt(111)/H,0 interface at a potential corresponding to 0.1 V vs. SHE. The Pt and K* atoms are colored in gray and
brown, the water molecules are shown as red and white sticks for sake of clarity. (b) For the atomic charge distribution in the individual layers of the Pt slab,
the mean atomic charge per layer is color coded between red (partially positive) and blue (partially negative). The topmost and lowest balls correspond to the

surface layers (denoted: Pt;)).
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its orientational ordering in the interface could be important
here. In the following, we investigate these properties self-
consistently in detail.

Surface Oxidation Potential Region

In the double layer potential region, we could relate the charge
density of the adsorbate-free Pt(111) surface to the electrode
potential. However, the transition to higher potentials requires
consideration of appropriate adsorbate compositions (i.e., oxy-
gen atoms O, hydroxide molecules OH*, and water molecules
H,0*) and surface oxidation effects. In the following, we
formulate and apply a structure—potential-relation connecting a
given electrode potential to the corresponding equilibrium
surface structure as predicted in the literature. In this sense, the
theoretical studies by Kronberg et al®" and Sakong et al.®”
have recently included hydrogenated Pt(111) surfaces to
approximate the low potential region. To date, the authors are
not aware of any similar approaches for modeling the higher
potential region that consistently include all relevant oxygen-
containing adsorbates.

As can be seen from experimental observations (e.g.
XPS,15>581 CVB7 and theoretical predictions,”® OH* appears on
the Pt(111) surface due to H,O oxidation from about 0.6V
onward. This coverage becomes dominant around 0.8 V, while
less H,O* is adsorbed on the surface. As the potential increases,
O* occurs by oxidation of OH* and becomes the dominant
surface species at potentials near 1 V.

In Figure 2 (a), the realization of the potential-dependent
surface coverages in our simulations are displayed. The
depicted composition of oxygenated adsorbates is thermody-
namically stable and mirrors the corresponding electrochemical
environment at the respective electrode potential, without
including the potential as an explicit parameter of the
simulation. The total coverage of OH*, H,0* and O* is around
0.6 ML over the whole potential range. This resembles the
coverage as known from traditional water bilayer models,
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demanding an intensive structural elucidation of the hydrogen
bonding present and adsorbate configurations (see results
section). For a description of the location of charges and the
total amount of K* and F~ ions, see the SI.

For verifying our structure—potential-relation the structural
model of the electrified Pt(111) interface by Huang et al. serves
as benchmark® Within their model, the authors include
parameter-based submodels for an oxide layer, the water layer
and the diffuse layer. They are consequently able to deconvo-
lute the total charge density into contributions arising from Pt
oxidation (o,,) or hydrogen adsorption and the free surface
charge density oy. oy, itself is associated to the dipole moment
of the oxide layer, the water dipole in the interfacial electric
field and the pure double-layer charging. In our simulations, the
deconvolution is not required as the interface is treated self-
consistently. We calculate oy, as the charge density of the Pt
surface layer including the partial charges of oxygenated
intermediates and adsorbed H,O* molecules. Correlating the
respective surface coverages of OH*, H,0* and O* to the
expected number of transferred electrons upon adsorption, o,
is obtained. Here, we can reproduce the course of gy, in the
structural model by Huang et al. along with the location of
zero-crossing, as well as the magnitude of the charge density in
the potential range between 0.65 and 1.0 V, see Figure 2 (b).

We have presented two approaches to include the effects of
an electrode potential into ReaxFF simulations: First, the double
layer potential region (up to 0.5V) is installed over the
potential-defining free charge densities on the adsorbate-free
Pt(111) surface. Second, in the surface oxidation potential
region (0.65-1.0V) the stable coverages of oxygenated inter-
mediates on the Pt(111) surface define the free surface charge
density and correlate to a specific electrode potential.

Results and Discussion

The orientation of the interfacial water molecules is influenced
by the chemical interactions between platinum and water, the

[=1%]
f=23
o

0.75 0.85

Vvs.SHE

Figure 2. (a) The potential-dependent surface coverages of H,0*, OH* and O* are displayed as stacked area chart. The total surface coverage is observed to be
around 0.6 ML throughout this potential region here. (b) The free charge density at the Platinum surface o, in dark blue and the charge density transferred in

surface oxidation o, in orange are displayed.
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free charge density (affecting the direction of the water dipoles)
as well as the presence of adsorbates (through blocking of sites
and manipulating the electrostatic effect of the free charge
density). Here, three main configurations of interfacial water
can be distinguished: H,0-parallel, with the molecule adsorbed
via the oxygen atom on a top-site of the Pt surface and both
hydrogen atoms slightly tilted away from the surface. H-up,
where one hydrogen atom points away from the surface and
H-down with one hydrogen atom directed towards the surface,
see Figure 3 for visualization. Numerous studies have contrib-
uted here, obtaining small to negligible differences in stability
between the two orientations.>¥ % |n the following, we
focus on - with no claim to completeness — experimental and
theoretical work including the electrode potential into their
investigation of the Pt/H,O interface. In our ReaxFF-MD study,
we observe a change of the preferred orientation of interfacial
H,O from H-up to H-down with increasing electrode potential.
To the author’s knowledge, this shift to a dominating H-down
configuration in the surface oxidation potential region is so far
undocumented. A detailed discussion of the structure of the
water layer as well as the occurrence of ordered patterns will be
presented together with the spatially-resolved entropy behavior
later. Near the assumed location of the potential of zero charge
(pzc, ~0.3V), both H-up and H-down orientations of the
interfacial water molecules (e.g. H,0 within 35A
distance to the Pt surface) are observed. In Figure 3, this is
represented by a comparable proportion of both configurations.
Up to 0.5V, the H-up orientation is distinctly preferred, in line
with AIMD studies."®""*" This indicates a strong correlation
between the water orientation and the free charge density, as
with a more positively charged surface the hydrogen atoms
tend to point away from the surface.

Also, the surface coverage of H,O* is increasing in this
potential region, up to 0.76 ML at 0.5 V. Following Le etal.'s
argumentation, this increase in coverage induces a significant
interface dipole potential change and causes a negative
capacitance.'® This is in line with the obtained one-humped

0.8
- up/Ha2O—parallel
= H~-down
- 06
A ......... 5
9 i
=]
B
0.4
5\{ 0.2 J
9 PSP G R R R T i
" ¥ o F O F oV o7 o ¥

Figure 3. Depending on the applied electrode potential, the orientation of
the adsorbed water molecules on the Pt(111) surface is categorized as
H-down or H-up/H,0-parallel. Hereby, H-down corresponds to one hydrogen
atom pointing towards the surface characterized by an angle v >90°
between the surface normal vector i and the water bisector vector.
Analogously, H-up corresponds to one hydrogen atom pointing away from
the Pt surface and an angle 1 <90°. Shaded areas in the plot correspond to
the dominating configuration in the respective potential region.
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course of the differential double layer capacitance with its
maximum near the pzc as depicted in Figure S2 of the SI.
Singular occurrences of H,O* dissociation, leading to H* and
OH* can be detected. However, as soon as oxygenated
intermediates are present on the Pt(111) surface, the proportion
of H-down oriented H,0* is increasing and from 0.8 V onwards
dominating. The presence of negatively charged adsorbates
(e.g. OH* and O*) promotes the reorientation of interfacial
water molecules to pointing their positive charges on the
hydrogen atoms towards the surface. This is visualized in
Figure 3, where the H-down configuration is observed for up to
66 % of the interfacial water molecules between 0.9V and 1.0 V.
The median of the angle ¥ between the water bisector vector
and the surface supports additionally our observation of the
preference of the H-down configuration with increasing
potential: ¥ eqan IS Cchanging from 61.7° at 044V to its
maximum value of 105.2° at 1.0 V. This reorientation is however
restricted to the water molecules within a few Angstroms
distance to the Pt(111) surface. Further away from the platinum
surface, the water molecules shows random orientations and
are only locally affected by charged ions. For a detailed study of
the ion—water interaction the reader is referred to Ref.38. As
the orientation of the interfacial water molecules is a result of
several (competing) influences, we expect the intermolecular
ordering and hydrogen bonded network to be affected as well.
For elucidation thereof, we investigated the course of the
water’s entropy at the Pt(111) interface in combination with the
distribution profiles of water regarding the Pt—H,0O distance and
the H,0*—H,O* in-plane distances.

We have successfully transferred the Two Phase Thermody-
namics method (2PT) to the ReaxFF framework and the Pt(111)/
H,O interface for a structural and thermodynamical character-
ization thereof, see Ref.43. This method constitutes the
calculation of thermodynamical quantities by merely post-
processing a molecular dynamics trajectory, dividing the density
of states function of the liquid into a superposition of solid and
diffusive contributions and thereon applying the respective
thermodynamic theories. There, we have observed a significant
reduction of the entropy S by nearly 50% in the adsorbed water
layer on the Pt(111) surface at conditions of potential of zero
charge compared to the entropy in bulk water. The bulk water
entropy has been determined as Sy o pu = 59.27 J/molK, devi-
ating by 15% from the experimental value of Sy ¢ o, = 69.95 J/
molK.® This underestimation occurs over several empirical
water models, the main reason being too stiff hydrogen
bonding interactions, and has been discussed in detail in our
recent work.” In Figure 4 (a), the potential-dependent evolu-
tion of the entropy from the adsorbed water layer into the bulk
water is depicted. For the double layer potential region in
general and exemplary at £ =0.37V, the reduced entropy of
Sh,0* 037v = 29.57 J/molK (compared to the bulk water entropy
of Sy,0,buk = 59.27 J/molK) suggests a higher ordering in the
H,O* adsorbate layer. This can be structurally resolved to the
occurrence of (disordered patterns of) five-, six-, or seven-
membered rings. However, due to the dynamics and thermal
fluctuations, no ideal hexagonal hydrogen-bonded network can
be observed. The effect of the charged platinum electrode onto
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Figure 4. Variations on the electrode potential affect the thermodynamics of the Pt/H,O interface. In (a), the course of the entropy S for two simulated
electrode potentials with increasing distance from the Pt(111) surface is depicted. Each data point has been calculated in a water layer of Az = 3.3 A. The
dashed line represents the average H,0 bulk value of the entropy, 59.27 J/molK.**¥ (b) Oxygen distribution in z direction with increasing distance from the Pt
surface for 0.37 V and 0.95 V electrode potential. Characteristic Pt—H,O distances are labelled for comparison.

the water’s entropy lasts up to a distance of 15-20 A, then the
entropy fluctuates around the bulk value of Sy puk- This
observation is however dependent on the potential: From 0.1-
0.5V, the entropy reducing range of the Pt surface is increasing.
The simultaneously growing proportion of H-up configurations
of H,0* enables the formation of hydrogen bonds between the
layer of adsorbed water molecules and the subsequent wetting
layers. In contrast, under surface oxidation potential conditions
the water’s entropy regains its bulk value directly after the layer
of adsorbed water (S,,0* o95v = 34.73 J/molK). Here, the domi-
nating H-down configuration induces hydrophobicity, as hydro-
gen bonding within the H,O* layer is encouraged while less
hydrogen bonds are donated to the surrounding bulk water.®®

This can be also interpreted from Figure 4 (b) where the
oxygen distribution with increasing distance to the Pt(111)
surface is shown. While in the double layer potential region
(E < 0.5V) only H,0* is present at the surface, producing two
distinctive peaks of 2.1 A and 2.65 A, the distribution profile
differs in the surface oxidation potential region (E = 0.65-1.0 V):
Here, additional peaks for O* at 1.05 A and for H,O molecules
hydrogen bonded to O* or OH* at ~3.1 A appear. Depending
on the respective local environment, the H-up or H-down
configurations are located a bit closer to the Pt(111) surface.
Subsequently at around 3-4 A, a nearly depleted region (e.g.
low density area) contains mainly dangling hydrogen bonds.
The width of this depleted region is again influenced by the
applied electrode potential, spanning 1.6 A at 0.1V to only
08A at 0.5V. Here, a balanced H-up/H-down proportion
enables the formation of an intact intra- (e.g. within the
adsorbed water layer) and interlayer (e.g. bridging the depleted
region) hydrogen bond network (typical hydrogen bond length:
1.8 A). Meanwhile, an increasing occurrence of H,0para1e1 OF H-up
configurations comprises the network and reduces the extent
of layering in z direction. In the surface oxidation potential
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region, due to the presence of oxygenated intermediates, the
water layer is less homogeneous reflected by a less prominent
adjacent depleted region and a more disconnected hydrogen
bond network.

Lastly, to further elucidate the correlation between the
entropy and structural ordering of water molecules on the
Pt(111) surface, the H,0*—H,0* distance distribution is eval-
uated. Here, the occurring distances are compared to the
discrete distances of an ideal hexagonal water network, see
Figure S3 in the SI, as well as Figures S4 and S5. In the double
layer potential region, a distinct in-plane ordering of the
adsorbed water molecules can be observed. With increasing
potential though, a broadening of the peaks introduces noise,
suggesting a less distinct ordering. This can be also traced back
to the increasing coverage of H,0%, surpassing the coverage of
the ideal hexagonal adsorbate structure (2/3 ML) at 0.37 V. For
the surface oxidation potential region, the presence of O* is
deciding: For E < 0.9V, only OH* and H,O* are present on the
surface, which are maintaining a fairly ordered hydrogen
bonded network, represented by discrete peaks in the O—O
distance distribution. The presence of O* however seriously
disturbs the ordering on the surface and causes a broadening
of the O—0 distance distribution. In the water layer beyond the
depleted region, in a distance of ~4-65A to the Pt(111)
surface, no ordering can be observed (independent of the
applied potential). This is interpreted from a smooth distribu-
tion of the O—0 distance distribution in Figure S3 (right) of the
Sl, featuring no distinct peaks as known from hexagonal motifs.

Conclusion

In the present work we present a self-consistent approach to
handle the electrode potential in electrochemical interfaces,
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based on the bond-order dependent ReaxFF force field
molecular dynamics approach. This method was applied to
describe the electrochemical interface between a Pt(111)
electrode and different aqueous electrolytes, with a particular
focus on the structure and properties of the predominant water
within the interface region as function of the electrode
potential. Here, the potential within the double layer region
(E < 0.5V) is reproduced by imposing a charge on the platinum
slab, mirroring the free charge density on the surface as known
from experimental studies. For the surface oxidation potential
region (E = 0.65-1.0V), the compositions of oxygenated
intermediates on the Pt(111) surface (e.g. O%*, OH* H,0*) as
known from literature are adapted and kept during the
simulations, thereby premising a structure—potential-relation.
Subsequently, the potential-dependent orientation of interfacial
water is investigated, obtaining a shift of preference to H-down
oriented adsorbed water in the surface oxidation potential
region, due to the presence of oxygenated adsorbates. For
investigation of the intermolecular water ordering and the
hydrogen bonded network, the spatially resolved entropy of
the water layers is calculated via the Two Phase Thermody-
namics approach, which we have recently adapted to the
ReaxFF force field framework.*® An enhanced ordering effect
can be observed in the double layer potential region, where a
balanced proportion of H-up and H-down configuration proves
beneficial. Furthermore, our studies shed light on the interplay
between water as electrolyte and the Pt(111) electrode,
including the electrode potential, adsorbates and ions contribu-
ting to its still ongoing characterization and understanding
process. As our approach realizes a self-consistent treatment of
the electrochemical interface, our work demonstrates the
capabilities of the ReaxFF method for the further clarification of
the interface between electrode and electrolyte as well as the
further optimization of electrochemical processes in heteroge-
neous catalysis.
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