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Abstract

Self-consistent modeling of the interface between a solid metal electrode and a liquid electrolyte
is a crucial challenge in computational electrochemistry. In this contribution, we adopt the ESM-
RISM computational framework to study the charged interface between a Pt(111) surface partially
covered with chemisorbed oxygen and an aqueous acidic electrolyte. This method proves to be
well suited to control the electrode potential and describe the chemisorption and charging state
of the interface. We present an in-depth assessment of the ESM-RISM parameterization and of
the importance of computing near-surface water molecules explicitly at the quantum mechanical
level. We found that ESM-RISM is able to reproduce some key interface properties, including the
peculiar, non-monotonic charging relation of the Pt(111)/electrolyte interface. The comparison
with independent theoretical models and explicit simulations of the interface shows strengths and

limitations of ESM-RISM for modeling of electrochemical interfaces.

I. INTRODUCTION

The transition to a defossilized energy economy depends on the development of highly
performing and economically viable water electrolysers and hydrogen fuel cells for the pro-
duction and use of green hydrogen [IH5]. Building advanced electrochemical devices requires
ground-breaking progress at the materials science frontier, to generate fundamental under-
standing of the relations between structure, properties and performance of materials and to
enable the design of functionally optimized materials. Atomic-scale understanding of the
structure and dynamics at the interface between a solid electrode and a liquid electrolyte
under an applied electrode potential is a crucial aspect in this context [6-12]. However,
experimental studies are difficult to perform at this scale. Atomistic simulations therefore
play an important role in understanding the properties of this interface [0, 13, [14].

Despite major efforts over the last two decades, a simulation approach to self-consistently
model the electrode/electrolyte interface with the required accuracy and at a reasonable
computational cost does not yet exist [I5], [I6]. The major challenges are: (1) to compute
an electrode under an applied electrode potential, meaning that the number of electrons in
the system is allowed to vary, and to pin this potential to an experimental potential scale;
(2) to take into account electrostatic as well as electronic solvent and electrolyte effects and

perform a proper thermodynamic sampling of solvent configurations; (3) to describe the



non-linear coupling of interdependent phenomena at the solid electrode/liquid electrolyte
boundary.

Computational approaches nowadays routinely describe the solid metal electrode at the
level of density functional theory (DFT), but differ in the way the electrolyte and electric
field effects are taken into account. An extensive review of currently available methods has
recently been provided by Schwarz and Sundararaman [15]. The widely used computational
hydrogen electrode (CHE) [17] introduces the effect of the electrode potential a posteriori by
adding a correction term, el, to the reaction Gibbs energy of any elementary surface reaction
step that involves an electron transfer, where U is the electrode potential. Different treat-
ments for charged surface configurations and potential effects have been proposed [18-22].
The original variant of the CHE and other DFT-based approaches [18, 21], 23-25] consider
the state of the electrode at constant charge (i.e. at a fixed number of electrons), while
experiments are conducted at constant electrode potential. A constant electrode potential
is realized in grand canonical computational schemes that allow the number of electrons and
electrolyte ions to vary [22] 2628].

First-principles methods in electrochemistry differ in the treatment of solvent and elec-
trolyte[] effects [15]. Computing the entire system explicitly at the DFT level, as done in
ab initio molecular dynamics (AIMD) simulations, would in principle provide an accurate
treatment of the electrolyte [29, [30]. However, AIMD simulations are computationally de-
manding and practicable only for short time and length scales. These scales are usually
insufficient for meaningful computational studies of electrochemical interfaces, including
electrolytes with low concentrations of ions [I5]. Therefore, most approaches employ hy-
brid schemes to compute electrode and electrolyte at different levels of theory. They treat
the solid electrode at the DFT level and the electrolyte with force field-based molecular
dynamics (MD), corresponding to so-called QM /MM approaches [31], B2]. Another type of
approach employs implicit or continuum solvation models (CSM) for the electrolyte region
[33-37]. In these computationally efficient approaches, solvent molecules and electrolyte
ions are replaced by a uniform polarizable medium with continuous ion density distribution.
This implies that any structural information on the molecular entities of the electrolyte and

their local arrangement is lost. In the implicit models, electrolyte ion density distributions

! Note that in the following, by “electrolyte” we denote the electrolyte solution consisting of solvent and

electrolyte ions.



as a function of potential distribution are most commonly described by either standard or
modified Poisson-Boltzmann approaches [38]. Many of these models [34H37] place the solute,
namely the electrode slab, into a cavity, which remains electrolyte-free. Cavity-based im-
plicit solvent models have been developed originally for the solvation of small, neutral solute
molecules 39 [40]. They might therefore not be suitable to describe solvation phenomena
at metal surfaces.

Non-cavity based implicit solvation models rely on the integral equation theory of liquids
or classical density functional theory. The former is the case for the Reference Interaction
Site Method (RISM) [41], 42], whereas the latter approach is implemented in joint density
functional theory (JDFT) [43]. In contrast to standard cavity-based implicit solvation ap-
proaches, these approaches capture features of the statistical liquid distribution [44] [45].
Further partitioning of the electrolyte region could combine explicit and implicit treatments
of solvation effects. Hybrid models aim at providing a more accurate description of an in-
terface by including a few explicit electrolyte species at the DFT level, while treating the
rest of the electrolyte by implicit models [46].

The study presented here adopts the effective screening medium reference interaction
site method of Otani and coworkers (ESM-RISM) [44]. This method combines a quantum
mechanical description of the solid electrode, at the level of DFT, with the classical theory of
liquids in the RISM framework for the electrolyte region. The periodic boundary condition
in the spatial direction perpendicular to the plane of the electrode slab is lifted by replacing
the periodic images of the simulation cell by vacuum using the ESM approach [20]. It
thereby avoids spurious electrostatic interactions between the periodically repeated images
of the simulated interface model.

ESM-RISM gives distribution functions of solvent molecules and electrolyte ions and the
local electrical potential at the interface [44] 45], thus providing important information on
the structure and properties of the electrochemical double layer. We employ an implemen-
tation that includes a potentiostat [26] to simulate the effect of electrode potential within a
grand canonical ensemble. The potential in the bulk electrolyte serves as the reference elec-
trode potential [44]. Any slab charge is screened by the electrolyte, so that charge neutrality
is always guaranteed without having to add any countercharge. The method is computation-
ally efficient due to the classical force field-based treatment of electrolyte—electrolyte and

electrode—electrolyte interactions and due to the mixed boundary conditions that allow to



use relatively small simulation cells [20, 44]. However, RISM is an implicit electrolyte model
that does not provide any information on the electronic configuration of the electrolyte
and its ionic configuration is described only in an average, statistical way. Electroactive
molecules that undergo reactive processes at the metal surface must be considered explicitly
at the quantum mechanical level, i.e. as part of the DFT region. With a proper partitioning
into explicit quantum mechanical region and classical continuum region, ESM-RISM is well
suited to describe, at least qualitatively, electrolyte phenomena at the electrode/electrolyte
interface and it has been successfully used to simulate electrochemical systems [45], 47-49].

We computed properties of the widely studied Pt(111)/electrolyte interface [13], 50, [51].
Depending on applied potential and electrolyte composition, the Pt(111) surface is known to
be covered by varying types and amounts of adsorbates [52]. This allows to pin the potential
to the surface structure, by adding a variant number of adsorbed atoms to the surface [53/-
55]. We first studied the RISM description of pure bulk water. This is followed by thorough
tests of various input parameters for the ESM-RISM interface calculation setup, including
the geometric arrangement of the solid electrode and liquid electrolyte in the simulation cell
and the interaction parameters that describe electrode—electrolyte interactions. In the last
step, we computed various interface properties, such as electrostatic potential profiles and

metal charging relations.

II. METHODS

We computed clean as well as partially oxidized Pt(111) surfaces in pure water and
aqueous HCI electrolyte. All calculations were performed with the plane-wave QUANTUM
ESPRESSO software package, version 6.4 [56], modified by Nishihara and Otani [44] to im-
plement the ESM-RISM interface model. We used the PBE exchange-correlation functional
[57] to directly compare our results with previous studies of Fernandez-Alvarez and Eikerling
[55]. For systems with explicit water we used the revPBE exchange-correlation functional
[58] in conjunction with the D3 dispersion correction [59]. This functional is known to
give very similar results to the RPBE-D3 functional [60], 61], which reliably describes water
structures at the Pt(111)/water interface [62]. However, the latter functional is not imple-
mented in the standard version of QUANTUM ESPRESSO. Core electrons were described

by ultrasoft pseudopotentials, with the Pt 6s'5d°, O 25?2p* and H 1s! electrons computed



explicitly. All calculations were spin-unpolarized, with energy cutoffs of 40 Ry and 320 Ry
for plane waves and charge density, respectively. Gaussian broadening by 0.015 Ry was used
for orbital occupations. Geometries were optimized with convergence thresholds of 104 Ry
and 1073 Ry/ao (where ag is the Bohr radius) for energy and forces, respectively.

RISM computes electrolyte—electrolyte and electrode—electrolyte correlation functions by
solving the Ornstein—Zernike equation and a suitable closure relation self-consistently [42].
The closure equation contains an interparticle interaction potential u,, that describes the
interactions between particles of type o and v in the electrolyte—electrolyte and electrode—
electrolyte systems. In the ESM-RISM scheme applied here, the interaction potential -

is of Lennard-Jones (LJ) type and contains a separate term for Coulomb interactions, given

by
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=t (%)= () | 22 0

For the interactions between particles of different type, we apply the classical Lorentz—

Berthelot mixing rules: oa, = 23?2 and €4y = /Zag, [63]. The choice of LJ parameters
directly determines the system’s correlation functions via the closure relation. In the first
step of a RISM calculation, electrolyte—electrolyte correlation functions are computed in the
1D-RISM framework [44]. When computing molecules in electrolyte solution, the 3D-RISM
[64] is then used to obtain the solute-electrolyte correlations. For computation of interfaces
we applied the Laue-RISM scheme in the ESM framework, called ESM-RISM [44].

The computation of a single water molecule in aqueous solvent was performed using a
cubic box of 20 A length and the 3D-RISM framework with the Kovalenko-Hirata (KH)
closure relation [65]. A single k-point (the T' point) was used in this case. The solvent
temperature was set to 300 K and the cutoff energy for solvent correlation functions was
160 Ry. Solvent water of density 1g/cm?® was described by the TIP5P [66] and SPC [67]
water models. It should be noted that the original water models are modified in the RISM
framework by adding LJ parameters of €=0.046kcal/mol and o =1.0 and 1.8A at the
H and oxygen lone pair (L) sites, respectively [45, 68-70]. The LJ parameters for the
solute water molecule were o =0.1554 keal/mol, oo =3.166 A [71], e =0.0460 kcal /mol
and oy =1.0A. Convergence thresholds for the 1D-RISM and 3D-RISM were 10~ Ry and
10~% Ry, respectively.

Interface calculations were performed in a vacuum/slab/electrolyte configuration (see

Figure . In the direction perpendicular to the metal slab, the DFT unit cell is bounded
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by effective screening media (vacuum in this case) at both ends. The metal slab adjoins
vacuum at its left side; at its right side, the electrolyte region extends, starting from the
position set by the laue starting right parameter. The electrode/electrolyte interface is
located at the metal slab’s right side in this asymmetric setup. Beyond the DFT cell, the
electrolyte region extends further, as determined by the laue_expand right parameter.

Converged interfacial properties were obtained with a DFT cell length of 60 A. The left
vacuum region was 10 A thick. The right solvent region was extended beyond the DFT cell by
~32A, i.e. up to ~75 A from the Pt surface slab. Vacuum layers as well as dipole correction
schemes are not needed in the ESM scheme, because the simulation cell is not periodically
repeated in the direction perpendicular to the slab. If not explicitly mentioned in the text,
the parameter limiting the extend of the solvent region slab-sided (laue_starting right)
was set between the two outermost atomic layers of the Pt slab, as suggested by Haruyama
et al. [45]. Optimized Pt bulk lattice constants of 3.981 and 3.996 A were used in calculations
with the PBE and revPBE-D3 functionals, respectively.

The Pt(111) surface was modeled by slabs of four layers thickness. The two bottom layers
were fixed to bulk positions. The computed surface unit cell was a 2v/3 x 2v/3 cell with 12
surface Pt atoms. A Monkhorst—Pack [72] k-point mesh of 4x4x1 was applied. Different
oxygen coverages from 0 to 3/4 ML were modeled by adding varying numbers of adsorbed
oxygen atoms in the fcc hollow sites of Pt(111). The oxygen atoms were evenly distributed
on the surface sites. The electrolyte region was filled by either pure water (described by
the TIP5P model) or by aqueous HCI with a concentration of 0.1 or 1mol/L. The closure
relation, solvent temperature, solvent correlation functions cutoff and RISM convergence
thresholds were the same as in the case of the solvated water molecule. Different LJ param-
eters were used for solute Pt and O atoms (see Table[[I)), as will be described in Section [[TI B]
LJ parameters for the electrolyte ions C1~ and HsOF were £¢; = 0.1001 keal /mol, o = 4.4 A
[73], o = 0.1554 keal /mol, 0o =3.166 A [74], ey = 0.0460 keal /mol and oy = 0.4 A [74].

In calculations with one water layer computed explicitly by DFT, we used an ice-like
hexagonal bilayer water structure with H-up and H-down structural arrangements. In both
cases, 8 water molecules were added per surface unit cell, resulting in a water coverage of
2/3 (see Figure[d)). LJ parameters for the explicit O and H atoms of these water molecules
were the same as in the pure water simulations.

Simulations with applied potential were performed in a grand canonical ensemble [26].
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FIG. 1. Schematic representation of the computational setup for ESM-RISM calculations of an
electrochemical interface. The simulated system consists of a vacuum region, a metal slab and
an electrolyte region. The schematic also indicates the regions for the effective screening medium
(ESM) at both sides of the DFT unit cell as well as the metal slab position in the DFT unit cell.

The scale shows the dimensions of the respective regions as used in this work.

The system was coupled to an electron reservoir in a potentiostat scheme. The grand
potential, {2, was minimized, which contains the potentiostat contribution pAN, where pu is
the chemical potential of electrons (Fermi energy) and AN is the excess number of electrons

at a particular potential ;1 compared to a neutral metal slab,
Q=FE— uAN. (2)

We computed the surface at a given potential by fixing the Fermi energy. A shift in the Fermi
energy, Ay, is related to a shift in the electrode potential, Ay, by Ay = —eAyp. The code
reaches the target Fermi energy by adapting the slab charge in a fictitious charge particle
(FCP) dynamics scheme. The convergence threshold for the forces in the FCP relaxation
was set to 0.01eV. In ESM-RISM, the resulting total slab charge is fully compensated by
the electrolyte charge of equal size and opposite sign, so that the system is electroneutral

overall. The electrostatic potential in bulk electrolyte serves as a potential reference.



III. RESULTS AND DISCUSSION
A. Water model

The accurate description of electrolyte—electrolyte interactions is a prerequisite for the
correct description of electrode/electrolyte interfaces. Therefore, we first computed proper-
ties of pure water solvent. This basic inspection does not involve an interface, but serves to
test the water model used in RISM for consistency. Describing the structure of water is a
challenge in itself for molecular simulations [75H77]. To test the performance of RISM, in the
first step we computed a single, solvated (hydrated) water molecule. We calculated water—
water pair distribution functions (with 1D-RISM) and hydration free energies of the water
molecule (with 3D-RISM). The resulting pair distribution functions are shown in Figure [2]
They show the typical qualitative features of the hydrogen bonded network in water [78],
yet deviate visibly from experimental results in terms of peak positions and peak shapes.
Our results are consistent with other RISM studies of water [64] [79]. We note the significant
offset between computed and measured maxima of O-O pair distribution functions. This
occurs because water in the first hydration shell exhibits structural ordering which cannot
be preserved with the statistical averaging involved in a RISM calculation. Comparison to
classical molecular dynamics (¢cMD) simulations with the same water models (see Figure S1)
shows that the deficiency in describing the water structure is indeed related to RISM, and
not to the water model itself. To adequately represent the structural organization and elec-
trostatic properties of water, water molecules of the first hydration shell have to be treated
explicitly at the level of quantum mechanical calculations.

Hydration free energies play an important role in electrochemical systems and should be
reproduced with sufficient accuracy by a chosen water model [45]. As shown in Table [I
hydration free energies computed with RISM using the TIP5P water model agree better
with experiment than those computed with the simpler SPC model. Therefore, we used the

TIP5P model in the subsequently reported studies.

B. ESM-RISM electrode—electrolyte model

Several parameters have to be set in the ESM-RISM approach so that it will provide
consistent and insightful results for the Pt(111)/electrolyte interface. These include the
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FIG. 2. Water—water pair distribution functions computed with 1D-RISM applying TIP5P and

SPC water models. Neutron scattering experimental data [78] are shown for comparison.

TABLE I. Hydration free energies of a water molecule in implicit water solvent computed with

3D-RISM with different water models.

Method Hydration free energy [kcal/mol]
3D-RISM SPC -4.1
3D-RISM TIP5P -5.2
3D-RISM SPC [44] 4.2
experiment [80] -6.3

simulation cell size, the width and starting position of the solvent region (see Figure (1)) and
the LJ parameters for interactions between electrode and electrolyte.

Too small simulation cell and/or solvent region sizes can affect interfacial properties such
as electrostatic potential profiles (see Figures S1 and S2 in the Supplementary Information).
This is because in small model systems direct correlation functions are truncated at too
short distances [44]. We therefore used large DFT unit cells of 60 A length with the solvent
region expanding ~32 A further, beyond the DFT cell.

Another important ESM-RISM input parameter, which is discussed in the literature
[45], [55], is the starting position of the solvent region at the right side of the slab in the
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vacuum/slab/electrolyte setup (laue_starting right, see Figure [I)). An infinitely high
wall potential prevents the solvent from extending to the left of this point. The actual
electrode—electrolyte separation distance (or gap width) is determined by the LJ interaction
between electrode atoms and electrolyte species. The statistical distribution of solvent and
electrolyte is an outcome of the self-consistent solution of the Ornstein—Zernike equation,
as implemented in RISM. The laue _starting right parameter should be located close to
the interface, on the electrode side, preferably between the first and second layers of atoms
in the metal slab [45]. In contrast, when the laue_starting right parameter is set too far
from the Pt surface, an artificial vacuum between slab and solvent is created (see Figure S4),
which has a significant impact on interfacial solvent distribution functions (see Figure S4),
interfacial potential (see Figure S5) and other computed interface properties. The relative
position of electrode and electrolyte is of utmost importance for electrochemical interfaces
[15], 81, 82] and therefore should be carefully computed.

An energy minimization procedure has been used in the literature to determine the
laue starting right parameter [55]. The ESM-RISM solvation energy as a function of
laue_starting right shows a clearly discernible minimum (see Figure S5). The increase in
solvation energy with increasing laue_starting right is induced by too large (and thus un-
favorable) electrode—electrolyte separation. On the other hand, the solvation energy increase
with decreasing laue_starting right is probably related to a very small (and unphysical)
amount of solvent that extends into the metal slab, despite the infinitely high repulsive wall,
experiencing highly repulsive interactions. This puts energy minimization procedures to find
the correct laue_starting right [55] into question. As can be seen from Figures S3, S4
and S5, the value of laue_starting right that would result from an energy minimization
procedure is too large and introduces the aforementioned artificial vacuum layer between
slab and solvent. We stress that in this work, the laue_starting right parameter is not
obtained from an energy minimization procedure, but set between the two outermost atomic
layers of the Pt slab. The electrode—electrolyte gap is then computed self-consistently within
RISM and affected only by the choice of LJ interaction parameters (see below). The size
of the electrode—electrolyte gap and the interfacial concentrations of electrolyte species also
depend on the oxygen coverage at the Pt(111) slab. This effect is also taken into account
self-consistently by the LJ interaction. With the outlined setup, we were able to reliably

simulate the properties of the Pt(111)/electrolyte interface and to assess the performance of
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ESM-RISM for this system.

In ESM-RISM, both the electrolyte—electrolyte and electrode—electrolyte interactions are
described by classical interaction potentials (eq. ) For the electrolyte species, both LJ
parameters and charges for the Coulomb interaction are those of the modified TIP5P water
model or taken from the literature for the electrolyte ions (see Section [[). The Coulomb
interactions between the charges on the electrolyte species and on the electrode atoms depend
on the charge density within the electrode computed by DFT [44]. In contrast, the LJ
parameters of electrode atoms (Pt, O) have to be chosen manually. These parameters
determine the electrode—electrolyte gap and the distribution of electrolyte at the interface
via the correlation functions and closure relation. The choice of LJ interaction parameters
for electrode atoms is not straightforward, since these are generally not transferable from
one system to another. There is also only limited information on these parameters [83 [84].
We therefore tested different LJ parameterizations for the Pt atoms (see Table and
compared electrolyte distribution functions at the Pt(111)/water interface to AIMD data
[29, R5]. Fitting of LJ parameters to AIMD distribution functions is one way to improve
the accuracy of ESM-RISM. Such an approach has been used recently to derive the LJ
parameters for a Cu(100) electrode [48].

Figure |3 shows the interfacial water distribution functions computed with the different
LJ parameter sets (see Table and with AIMD simulations [29, 85]. These are plane-
averaged density profiles, where the absolute values refer to the area of our surface unit
cell, which is 82.34 A. ESM-RISM cannot reproduce the double peak structure (between
2 and 4 A) obtained by AIMD [29, 85-88]. This is because the double peak reflects the
structured surface water layer that cannot be reproduced by a microscopically averaging
integral equation approach as implemented in RISM. Nevertheless, the overall shape of the
distribution function is reproduced reasonably well, with the best match obtained with the
LJ parameterization of Haruyama et al. [45], which had been used in the work of Fernandez-
Alvarez and Eikerling [55], and was also used in all subsequently discussed calculations of
this study. The width of the Pt(111)-water gap is very similar to the AIMD result (ca.
2 A). The surface water layer in ESM-RISM exhibits one broad peak. Although it cannot
quantitatively reproduce the bilayer AIMD feature (see discussion in the next section), its
height and width are well consistent with the AIMD distribution, showing that the averaged

near-surface water density and total width of the near-surface water layer are comparable.
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TABLE II. Different applied Lennard-Jones parameters for the electrode Pt atoms.

ept [keal/mol] opy [A]
Interface Force Field (IFF) [83], 84] 7.80 2.53
Universal Force Field (UFF) [89] 0.08 2.45
Pt—Xe interaction [45] 1.66 2.65
16 T
AIMD _—
14 | ESM-RISM (IFF) |
ESM-RISM (UFF) -~
i | ESM-RISM (Pt-Xe) —-— | |

10

PoH,0) [1/A]
[0 0]

0o 1 2 3 4 5 6 7 8 9 10 11 12
Distance from Pt surface [A]

FIG. 3. Water density distribution functions at the Pt(111)/water interface computed with ESM-
RISM using different LJ parameter sets for Pt (see Table . The water density distribution is a
function of the distance from the outermost layer of Pt atoms. The position of water molecules
is represented by the position of water oxygen atoms. AIMD data were taken from refs. [29] [85].

ESM-RISM calculations were performed at 300 K solvent temperature.

Overall, as in the pure water case (see Figure , the accuracy of the results is limited by the
statistical character of RISM: deviations from reference data are caused by local structuring
of water that cannot be captured in this scheme. We also note that the simple LJ interaction
potential is not optimal to describe the interatomic interactions quantitatively, and more
sophisticated interatomic force-field schemes could further improve the performance of ESM-

RISM.
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C. Quantum mechanically and classically treated parts of the system

1. Interface water structure

As seen before in Figure , ESM-RISM (just like classical MD simulations, see Figure S7)
cannot resolve the double peak in the water density distribution at the Pt(111)/water in-
terface that was obtained with AIMD simulations [85-88]. This limits the applicability
of ESM-RISM to surface reactions, where the arrangement of water molecules around ad-
sorbed electroactive reactants plays a vital role. One solution for more accurate modeling
of electrochemical reactions in these cases is to explicitly simulate the reactants with their
hydration shell. The problems of implicit water models with the adequate description of
solvent effects at interfaces have already been realized in previous studies [39, O0-03]. We
thus tried to account for the local solvent effects within ESM-RISM by including the first
interfacial water layer into the explicitly treated DFT region.

The explicit water layer was modeled by a static ice-like hexagonal water bilayer, a model
which is commonly employed in DFT calculations of the wetted Pt(111) surface [46], 94] [05].
Such a structure with 2/3 ML water coverage has been observed experimentally at low
temperature and in the case of a single surface water layer formed in ultrahigh vacuum [96].
These studies determined the water layer to be almost flat, representing more of a monolayer
than a bilayer. Static DFT studies reproduce this small water layer thickness [97, 08]. In
contrast, AIMD simulations, that were performed at room temperature [85-88], show the
clear double peak (as depicted in Figure . We also notice that the areas of the two peaks
composing the double peak are not identical, which is inconsistent with the perfect ice-like
hexagonal water bilayer, where one half of the water molecules lie flatly on the surface and
another half adsorb with H pointing towards the surface (H-down) or away from it (H-up).
AIMD simulations show dynamic exchange between these two groups of water molecules
[85] and between H-up and H-down configurations [88]. Sakong and Groff [29, [85] also
observe rapid exchange of water molecules between the structured dynamic bilayer and the
continuous, fluid-type water distribution (at distances larger than 4A).

Static DF'T calculations cannot capture the dynamic nature of surface water layers. We
thus considered the H-up and H-down configurations (see Figure {f) as limiting cases. Our fo-

cus was on the general effect of the explicit treatment of surface water molecules on interfacial
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properties computed by ESM-RISM. Figure S8a shows that with static DFT/ESM-RISM
calculations a structured first interfacial water layer is reproduced reasonably well, with the
double peak feature, which, however, does not exactly match the AIMD result. Neverthe-
less, the implicit water distribution couples smoothly to the explicit part and the second
solvent peak (around 6 A from the Pt surface) matches the AIMD results well (better than
in simulations without the explicit water layer). The Pt-O(H,0O) distances in H-up and
H-down configurations are slightly different, which is reflected by different positions of the
double peaks using the two models. The true water orientation probably lies between these
two limiting cases. These DFT/ESM-RISM calculations do not capture the exact separa-
tion between the two parts of the AIMD double peak. We notice, however, that reduced
peak distances have been observed in other low temperature studies (far below 300 K), both
experimental and computational [96-98], and may therefore be attributed to missing effects
of thermal motion. DFT/ESM-RISM calculations thus yield an electrode—solvent gap that
is slightly too large, which could affect computed interfacial properties. For comparison, we
performed calculations with the z-coordinates of the oxygen atoms of the surface water bi-
layer fixed to the AIMD Pt-O(H0) distances. Figure S8b shows that the so-obtained water
distribution beyond the explicit layer (the part modeled by RISM) differs only slightly from

that obtained using aforementioned setups.

2. Electrostatic potential at the interface

Figure S9 illustrates the impact of the explicit water layer on the interfacial potential
profile. Explicit treatment of near-surface water molecules leads to more pronounced peaks
in electric potential. The potential at the outer Helmholtz plane (OHP) is also severely
affected (see also Section . Fixing the positions of explicit water molecules to the
AIMD positions results in a different potential profile (see Figure S9b), which reflects the
distinct double peak in the surface water distribution (see Figure S8b). On the other hand,
the potential profile beyond the explicit layer is hardly affected; it depends mainly on the
position of the outer layer of the explicit double peak, which is very similar for both setups.
The orientation of the hydrogen atoms (H-up vs. H-down) has a much larger effect on the
potential profile beyond ~3.5 A from the Pt surface.

An explicit water layer is also important to reproduce the measured decrease of the work
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FIG. 4. Explicit surface water layer configurations, side and top views, for (a,c) H-up and (b,d)

H-down configurations.

function of the wetted Pt(111) surface [99-101]. As shown in Table the implicit RISM
solvent alone underestimates the change in the work function. This is due to the missing
effects of surface water dipole orientation and polarization, i.e. interfacial charge transfer
between surface water and Pt, which is captured only when the surface water molecules
are computed explicitly [94, [I0T), 102]. Indeed, the best result is obtained with an explicit
water layer in H-up configuration. The difference in the predicted work function shift with
H-up and H-down explicit water layers arises from different dipole orientations in the two
model cases, as found in other DFT studies [94, [I0T]. Tt dominates over the polarization
effects for H-up and H-down configurations [I01]. Nevertheless, AIMD simulations indicate
that, when performing time averaging over different water configurations realized in the
simulations, and thus averaging the dipole orientation, the polarization contribution is also
an important factor [102].

The above discussion indicates that explicit treatment of the surface water layer is re-
quired to obtain a correct interfacial water structure with ESM-RISM. Describing the inter-
action between Pt and near-surface water molecules at the level of DFT is crucial in order to
reproduce the realistic surface structure and interfacial electrostatic potential. The impact
of the explicit water layer on other properties of the interface region will be discussed in the

next section.
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TABLE III. Work function change vs. vacuum for the Pt(111) surface in water solvent. [

Setting AP [eV]
Implicit water —0.23
Implicit + 1 explicit layer (H-up) —1.25
Implicit + 1 explicit layer (H-down) —0.26
Experiment —1.02 [99], —1.2 [100]

& The work function is computed here as the difference between the Fermi level of the surface slab and the
electrostatic potential in bulk solvent. This procedure deviates from the original definition of the work
function, which defines it as the energy required to take an electron from the bulk of the metal to

(electric-field free) vacuum.

D. Potential at the outer Helmholtz plane

Experiments show that with an increase in applied electrode potential, an oxide layer
forms at the Pt(111) surface [52]. It is thus important to take into account the oxygen
coverage to correctly model electrochemical reactions at the Pt(111) surface. It impacts the
electrolyte interfacial structure, solvent molecule orientation and local electrostatic potential.
When computing the potential at the outer Helmholtz plane we therefore considered partially
oxidized Pt(111) surfaces with oxygen coverages between 0 and 2/3 ML. The electrolyte
consists of aqueous HCI with a concentration of 0.1 mol/L.

The theoretical description of electrocatalytic reactions requires knowledge of the elec-
trostatic potential profile across the interface. The inner Helmholtz plane (IHP) is the first
layer of adsorbed water and specifically adsorbed electrolyte ions, which is represented by
the first peak in the solvent distribution functions in ESM-RISM (see e.g. Figure [3). The
outer Helmholtz plane (OHP) is constituted by the first layer of non-specifically adsorbed
(solvated) ions and the second water layer at the interface, and therefore is represented by
the second peak in solvent distribution functions. The Helmholtz planes are important reac-
tion planes for electrochemical reactions and the electrochemical conditions at their positions
have to be known precisely. The potential at the OHP depends on near-surface solvent and
electrolyte distribution and orientation, as well as on the oxygen coverage of Pt(111) and

the metal surface charge. It is thus a suitable property to probe local reaction conditions at
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the interface. Therefore, we evaluated the interfacial potential profile computed by ESM-
RISM. We note that results of similar evaluations have been published before [54, 55] and
here we compare our results with the outcome of those studies. Figure [5| shows the way
the potential at the OHP is determined from the local interfacial potential profile. Our aim
here is to assess the impact of ESM-RISM input variables and explicit treatment of surface
water molecules on the value of the potential at the OHP.

Figure [0] shows the electrostatic potential at the outer Helmholtz plane as a function of
oxygen coverage. We note that different adsorption geometries of adsorbed oxygen atoms
result in slightly different values of potential at the OHP as computed with ESM-RISM
(£0.05V). However, the trends as a function of potential are not affected. The potential
at the OHP vs. oxygen coverage shows a non-monotonic behavior, as observed in previous
DFT studies [55] and a mean-field approach by Huang et al. [53]. The differences from the
previously published ESM-RISM results in ref. [55] stem from differences in the computa-
tional setup, namely from differences in the starting position of solvent, as we discussed in
Section [T Bl

Figure [0] also illustrates the influence of an explicitly treated surface water layer on
the outer Helmholtz potential. For the H-up configuration, the absolute potential at the
OHP is much larger than in case of the H-down configuration and in the calculations with
implicit electrolyte only. The explicit computation of the interfacial water structure seems
to have a major impact on the electrolyte ion distribution near the interface and thus
on the corresponding interfacial potential profile. As discussed before, the H-up and H-
down structures can be considered as limiting cases of the real structure; the realistic outer
Helmholtz potential is thus expected to lie between the H-up and H-down results. The overall
agreement with the mean field model is not improved by the inclusion of the explicit water
layer. This can be related to the fact that the explicit layer in our simulation setup does
not contain charged species, which would significantly contribute to shaping the structure
of the double layer. More sophisticated modeling is required to understand the differences
between the results from the different approaches.

As shown in Figure [6], the different setups including calculations with the explicit water
layer result in different values of the potential at the OHP. However, all predictions show a
non-monotonic behavior, which is also seen in the measured metal charging relation [103].

This shows that the potential-dependent oxygen coverage at Pt(111) causes the peculiar
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non-monotonic effects on the interfacial potential. Note that the potential at the OHP as
considered here is averaged over the plane perpendicular to the Pt surface. Variations in
this plane are of course possible, but not resolved here. This is one aspect that hinders a
more detailed comparison between the results from different simulation setups and models.
To include the effects of an applied potential — beyond the resulting oxygen coverage — we
applied the ESM-RISM potentiostat to perform grand canonical calculations, as described

in the next section.
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FIG. 5. (a) Schematic representation of inner (IHP) and outer (OHP) Helmholtz planes at the

Pt(111)/electrolyte interface. (b) Plane-averaged local potential at the bare Pt(111)/electrolyte
interface, computed with ESM-RISM.
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FIG. 6. Potential at the outer Helmholtz plane for the oxidized Pt(111)/electrolyte interface
(c(HCl) = 0.1 mol/L). Mean field (MF) model by Huang et al. [54]. ESM-RISM results (implicit
electrolyte only) with smaller DFT cell length and laue_starting right parameter obtained from
energy minimization by Fernandez-Alvarez and Eikerling [55]. Curves obtained with one explicitly

treated water layer in H-up and H-down configurations are shown as well.

E. Grand canonical ESM-RISM simulations and metal charging relation

The ESM-RISM implementation includes a potentiostat scheme that allows to apply
a potential in the grand canonical ensemble and thus compute realistic electrochemical
interfaces at a given electrode potential [26]. In this framework, the resulting charge of the
metal slab is compensated by the electrolyte charge of equal size and opposite sign.

For the case of the partially oxidized Pt(111)/electrolyte interface, the oxygen coverage
can be pinned to the metal potential by using the experimental surface coverage-vs-potential
data [54, [55]. Following the mean field model [54], we assume that the uncharged bare
Pt(111) surface corresponds to the potential of zero charge (pzc), which is 0.3V vs. SHE. The
functional relationship between oxygen coverage and potential is summarized in Table [[V]
Only when taking into account both the applied potential and the corresponding oxygen
coverage, the realistic conditions at the Pt(111)/electrolyte interface can be reproduced.

The calculations with applied potential were performed here assuming implicit aqueous HCI
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electrolytes with concentrations of 0.1 and 1 mol/L.

Charge analysis of the oxidized Pt(111) surface slabs showed that charges are entirely
located at surface Pt atoms and adsorbed O atoms. This corresponds to the expected and
realistic charge distribution.

Figure [7| shows the computed surface ion density profiles for the different applied poten-
tials for C1= and H3O™" ions in the electrolyte. The different peaks represent the alternating
charged layers of electrolyte ions at the interface. The obtained trends clearly reflect the
electrostatic effects of the positive slab charge (representing the positively charged Pt elec-
trode). For example, a depletion of H3O™ ions in the interface region with increasing positive
electrode charge is clearly visible.

The electrode charges per area of the oxidized Pt(111) surface at different potentials
are shown in Figure [§f The metal charge as a function of the electrode potential exhibits
a non-monotonic trend, which was also observed in seminal experiments by Frumkin and
Petrii [I03]. As expected, the higher electrolyte concentration leads to slightly higher metal
charges. Vital features of the metal charging relation, i.e. o plotted as a function of ), are
in agreement with the prediction by the mean-field (MF) model of Huang et al. [53] (black
dashed line in Figure |8) and experimental data [I03]. As the electrode potential increases
from the potential of zero charge (pzc), the surface charge density increases monotonically,
reaching a maximum at 0.8V vs. SHE (at 0.55V vs. SHE in the MF model). Upon further
increase of ¢y, o decreases to a minimum at 1.0V vs. SHE (0.8V vs. SHE in the MF
model). We notice that the second pzc, as measured [103] and reproduced by the MF model
[53], is not seen with ESM-RISM.

For comparison, Figure S12 depicts the metal charging relation for the non-oxidized
Pt(111)/electrolyte interface. For the bare electrode surface, a linear metal charging relation
is obtained, which reflects charge accumulated in the double layer and is well consistent with
the double layer charge contribution to the total charge, as modeled by Huang et al. [53].
We note, however, that bare Pt(111) surfaces do not exist in the respective potential range.

Huang et al. [53] attributed the non-monotonic charging behaviour, with a second pzc at
about 0.75V vs. SHE, to the impact of surface oxide dipoles. Our results from ESM-RISM
support this interpretation, since without the surface oxide layer the peculiar non-monotonic
shape of the metal charging relation is not reproduced (see Figure S12). Further, in the MF
model, the increase in charge for potentials higher than 0.8V vs. SHE is explained by
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saturation of oxide species at the Pt surface [53]. The quantitative disagreement in metal
charging relations between ESM-RISM and the MF model indicates that potential effects
are screened differently in the two approaches. Differences in potential screening by the
oxide layer, but also by the layer of interfacial water dipoles or the diffuse ionic layer are
possible and should be evaluated in more detail in follow-up studies. In this regard, the grey
dashed line in Figure |8|illustrates the sensitivity of the interfacial potential distribution and
surface charging to parameterization of the MF model [104]. With a smaller fractional charge
number of the oxide dipole, as used in the modified parameterization [104], the quantitative
agreement with the ESM-RISM results is improved.

Both, ESM-RISM and MF model rely on assumptions and approximations about struc-
tural organization and polarization effects in the interface region. These assumptions will
have to be scrutinized and fine-tuned in future work. However, the qualitative agreement
between the approaches that has been achieved to date is encouraging. The crucial role of
surface oxide formation in determining interface properties and local reaction conditions is
clearly evident.

At small electrode potential (below ca. 0.6V vs. SHE, where the oxygen coverage is
zero), the double layer capacitance for the Pt(111)/electrolyte interface can be estimated
from the slope of the metal charge per area vs. applied potential. This simple estimate
yields interfacial capacitances of 24 and 33 uF/cm? for electrolyte concentrations of 0.1
and 1mol/L, respectively. These values are in agreement with the experimental value of
20 uF /cm? [105] and results of other computational studies [I06]. ESM-RISM reproduces

the linear capacitive response of metals that are not covered with adsorbates.
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TABLE IV. Oxygen coverage as a function of the applied potential as computed by the mean field
model by Huang et al. [54]. The pzc is 0.3V vs. SHE. 1 monolayer (ML) of oxygen coverage

corresponds to 12 adsorbed atoms per unit cell.

# ads. O atoms coverage [% of ML] ©m vs. SHE [V]
0 0 0.30
0 0 0.45
0 0 0.55
1 8.3 0.65
2 16.7 0.73
3 25.0 0.85
4 33.3 0.90
6 50.0 0.96
8 66.7 1.00
9 75.0 1.10
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FIG. 7. Density profiles for (a) C1~ and (b) H30™ electrolyte ions (¢(HCI) = 0.1 mol/L) computed
with ESM-RISM at different electrode potentials. Surface charges per area are given in brackets.
The Pt(111) surface is partially oxidized according to the applied potential; for coverages see

Table Data for all computed potentials are available in Figures S9 and S10.
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FIG. 8. Surface charge vs. electrode potential for the oxidized Pt(111)/electrolyte interface with
different electrolyte concentrations. The oxygen coverages for the different potentials are those
from Table [[V] Slight deviations arise from the charge optimization procedure. For potentials
higher than 1.0 vs. SHE, we performed calculations with oxygen coverages of both 66.7 % and
75.0 %, because oxygen coverages larger than 66.7 % tend to favor Pt dissolution [107, [10§]. The
impact on the results was insignificant. Data for the mean-field model (MF) by Huang et al. [53]
at pH 1.2 (black dashed line) and with a smaller fractional charge number of the oxide dipole, at
pH 1 [104] (light grey dashed line).

IV. SUMMARY AND CONCLUSIONS

We presented an in-depth evaluation of the abilities of ESM-RISM to reproduce properties
of electrochemical interfaces. As a demonstration case we studied the interface between a
partially oxidized Pt(111) surface and an aqueous HCI electrolyte solution. In contrast
to standard cavity-based continuum solvation models, ESM-RISM provides more realistic
electrolyte distribution functions at the interface. Grand canonical simulations with the
potentiostat enabled us to model the interface under applied potential.

We have shown that interface properties are highly sensitive to the choice of ESM-RISM
parameters. First of all, the results depend on the parameterization of the electrode—

electrolyte interactions, described with Lennard-Jones potentials in ESM-RISM, which self-
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consistently determine the electrode—electrolyte gap. The LJ interaction parameters were
selected to reproduce the AIMD interfacial solvent density profiles. We also demonstrated
that the structured interfacial water layer has to be explicitly computed at the level of DF'T
in order to capture the interfacial electrolyte structure and resulting electrostatic potential
profiles. The implicit electrolyte, as modeled by RISM, smoothly couples to the explicit
water layer and such a hybrid approach consistently describes the electrolyte structure.
Regarding the electrochemical parameters, the ESM-RISM framework reproduces the
effect of a surface oxide layer on the outer Helmholtz potential. Only by accounting for
the oxide layer, we were able to reproduce the non-monotonic metal charging relation that
is known from experiments for the partially oxidized Pt(111)/electrolyte interface. The
thorough testing of ESM-RISM for the Pt(111)/electrolyte interface indicates that when
correctly set up, this method can result in a quantitative level prediction of properties
of electrochemical interfaces, including the structure of the double layer, the interfacial

potential variation and the metal charging relation.
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