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Abstract

Understanding the structure of the water/metal interfaces plays an important

role in many areas ranging from surface chemistry to environmental processes. The

size, required phase-space sampling and the slow diffusion of molecules at the wa-

ter/metal interfaces motivate the development of accurate force-fields. We develop

and parametrize GAL19, a novel force-field to describe the interaction of water with

two facets (111 and 100) of five metals (Pt, Pd, Au, Ag, Cu). To increase transferability

compared to its predecessor GAL17, the water-metal interaction is described as a sum

of pair-wise terms. The interaction energy has three contributions: (i) physisorption is

described via a Tang and Toennies potential, (ii) chemisorption and surface corrugation

relies on an attractive Gaussian term and (iii) the angular dependence is explicitly

included as a truncated Fourier series. 13 parameters are used for each metal surface

and were fitted on 250 water adsorption energies computed at the PBE+dDsC level.
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The performance of GAL19 was evaluated on a set of more than 600 DFT adsorption

energies for each surface, leading to an average root mean square deviation (RMSD)

of only 1 kcal/mol, correctly reproducing the adsorption trends: strong on Pt and

Pd but weaker on Ag, Au and Cu. This force-field was then used to simulate the

water/metal interface for all ten surfaces for 1 ns. Structural analyses reveal similar

tendencies for all surfaces: a first, dense water layer that is mostly adsorbed on the

metal top sites, and a second layer up to around 6 Å, which is less structured. On Pt

and Pd, the first layer is strongly organized with water lying flat on the surface. The

pairwise additive functional form allows to simulate the water adsorption on alloys,

which is demonstrated at the example of Ag/Cu and Au/Pt alloys. The water/Ag-Cu

interface is predicted to be disordered with water mostly adsorbed on Cu which should

exacerbate the Ag reactivity. On the contrary, incorporating Pt into Au materials leads

to a structuring of the water interface. Our promising results make GAL19 an ideal

candidate to get representative sampling of complex metal/water interfaces as a first

step towards accurate estimation of free energies of reactions in solution at the metal

interface.

1 Introduction

The metal/water interface is key in many technologically relevant systems, ranging from

heterogeneous (electro-)catalysis1,2 to tribology3 and corrosion.4 Beyond the prototypical

monometallic surfaces, alloys are of key importance in the domain of catalysis5,6 and

active research in corrosion.7 The atomistic understanding of metal/liquid interfaces

remains poor, despite experimental8–10 and computational11–24 efforts throughout the last

30 years, exclusively devoted to monometallic single-crystal surfaces. The origin of the

difficulties to characterize the metal/water interface at an atomistic level comes from its

non-crystallinity. In absence of a long-range order, only indirect spectroscopic evidence

is available regarding the organization of water at metallic interfaces. Similarly, from a
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computational perspective, the amorphous nature of the interface requires large simulation

cells in combination with thorough phase-space sampling due to the slow equilibration at

the interface that features strong interactions with the water molecules.18,21

Large simulation cells and extensive phase-space sampling is routinely applied for

bio-molecules relying on molecular mechanics (MM), i.e., simple force fields, instead of

evaluating the energies and forces from first-principles. These force fields have been

optimized over the last sixty years based on a combination of experimental reference data

(X-ray structures) and quantum-mechanical computations.25 Experimental benchmark

data is nonexistent for alloy surfaces and very limited for monometallic surfaces, which

explains the slow development of metal/water force fields.

The motivation for developing a metal/water force field not only lies in gaining an

atomistic understanding of the the metal/water interface, but also in being able to account

adequately for the solvent effects, when investigating reactions at these interfaces.26–28

Solvent effects have, for instance, been shown to change the relative catalytic activity

of metallic catalysts compared to the gas-phase29 and are key for a realistic description

of electrocatalysis.30 Today, these investigations mostly rely on microsolvation29,31–35 or

implicit solvents,36–39 where few water molecules or just a dielectric medium is used to

represent the solvent, respectively. To overcome the limitations in sampling, molecular

dynamics appears as a tool of choice. However, the use of DFT to perform MD simulations

of relevant length (∼ 500 ps) on systems with a relevant size (∼ 200 metal atoms and ∼

200 water molecules) is computationally prohibitive for entire reaction pathways,23,40–42

since each ps of such a simulation requires 1’000-10’000 CPUh.21

A hybrid approach, where the solvent is described at the MM and the surface at the

DFT level, is a promising alternative, provided an accurate force field is available.43–46 To

make such a strategy widely applicable, the metal/water force field should be compat-

ible with established MM water models and standard Lennard-Jones and point-charge

description of additional molecules and ions. This precludes the use of specialized force
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fields such as (AI)REBO,47–49 COMB3,22 ReaxFF,50,51 RexPON52 or Neural Networks53

as the corresponding functional form is not compatible with well established force fields

available for most organic molecules.

A weak chemisorption54 interaction of 5-10 kcal/mol drives the adsorption minimum

of water molecules on the top position on closed-packed transition-metal surfaces.14

Chemisorption interactions are typically treated via fixed topologies in force fields. How-

ever, the metal/water interaction is weak and therefore needs to be formed and broken

dynamically. For geometric reasons, an atom centered pair-wise potential yields an ad-

sorption minimum in the hollow position as with the METAL15 or DFT-CES24 force field,

in disagreement with the preferred top adsorption. Hence, non-conventional approaches

are required to stabilize the top adsorption configuration compared to the hollow site. The

use of projectors,11 reactive angular terms,12 virtual sites17 or explicit three body terms22

have been proposed to this effect. Our initial force field, GAL17,21 standing for Gaussian,

Angular and Lennard-Jones, relies on attractive Gaussians which modulate the relative

stability of top and hollow sites. In combination with the angular dependence terms and

hydrogen repulsion, GAL17 retrieves the qualitative behavior of a single molecule adsorp-

tion on Pt(111) as a function of the distance, top/hollow position and angular orientation

compared to DFT reference data.21 Furthermore, when coupled with an appropriate model

for the water–water interaction, ice-like layers are well described as well.

This non-polarizable55 force field can be coupled to standard force fields and is compati-

ble with any water–water interaction. However, GAL17 was developed having monometal-

lic, perfectly flat single-crystal surfaces in mind. This allowed to simplify several terms

(angular dependence, hydrogen repulsion) into expressions that only depend on the sur-

face position. The extension of the force field from Pt(111) to other noble-metal surfaces

also calls for a description of alloy surfaces. An energy expression such as GAL17 that

depends on the global surface is not suitable to describe alloys, where the properties of the

surface depends on the local configuration, i.e., in an Ag/Pd alloy a locally Pd rich surface
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configuration will interact more strongly with water than an Ag rich configuration, in

analogy to other adsorbates.56–58 Hence, we here present a generalized energy expression,

called GAL19, that is based on a pair-wise formulation in order to seamlessly treat alloy

surfaces. GAL19 is made available in the free, open-source code CP2K.

The next section presents the details of the revamped GAL19 force field and the ref-

erence data to fit it for the (111) and (100) surface of Cu, Pd, Ag, Au and Pt. After a

short comparison of theses different surfaces for water adsorption, we discuss the quality

of GAL19 for single molecule adsorption and then move to a comparison of the water

structuration at the surface as a function of the metal and the facet. Finally, we investigate

the interface of the Ag/Cu and Au/Pt alloys.

2 Theory

2.1 Object definitions and functional form

To define the adsorption of a single water molecule, several geometric descriptors can be

distinguished: (i) the distance of the oxygen atom to the surface (ii) the relative position

with respect to the surface atoms, e.g., the top, bridge and hollow position (see Fig. 1) and,

(iii) the relative orientation of the O–H bonds with respect to the surface normal (see Fig.

2b).

In GAL19, all these definitions are required to be based on an atom pair-wise descrip-

tion. For instance, the distinction between top/hollow/bridge is well reproduced by sums

over interatomic distances in combination with suitable functions to tune the relative

interaction energies. The situation becomes more involved for the relative position of the

O–H bonds with respect to the surface normal. First, we have to define a surface normal

(~n) based on interatomic pairs. In GAL19, we define a surface normal for each metallic
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Figure 1: Schematic representation of the top, bridge and hollow site of adsorption on
metallic (111) and (100) surfaces.

atom M via:

~n(M) = ∑
i
~rMi,M (1)

where i runs over all metallic atoms (i.e., including all constituents in the case of an alloy)

within a distance cut-off of M (see the green circle in Fig. 2a). Due to the symmetry of the

surface and the underlying bulk, this vector always points perpendicular to the surface. In

our implementation, the cutoff is set independently of the global force field cutoff. A value

of 3.0 Å has been used to include all first neighbors of the metallic atom. This is thus large

enough to ensure a well behaved surface normal. Note that the very notion of a surface

normal restrains the applicability of GAL19 to objects with locally well defined surfaces,

i.e., neither to single atoms nor very amorphous or completely irregular nanoparticles

with rough cavities etc.

Having defined ~n(M), the orientation of a water molecule is most conveniently ex-

pressed using three angles (see Fig. 2b): θ, which is the angle between the dipole moment

of the water molecule ~µ and the surface normal, describes the cartwheel motion. φ is

related to the propeller motion, defining the rotation of the water plane around the axis

of the dipole moment. Finally, the helicopter angle ω describes the rotation of the water

molecule around the surface normal.

In agreement with the pair-wise interaction potential, the general functional form of
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GAL19 reads:

VGAL19 = ∑
H

∑
M∈Ω(H)

VM,H(~rM,H) + ∑
O

∑
M∈Ω(O)

VM,O(~rM,O, θ) (2)

where Ω represents an ensemble of metallic atoms (indistinct of their nature in the case

of an alloy) within a given distance cut-off (red dotted circle in Fig. 2a). To simplify the

notation below, we will not specify the nature of the metallic atom. In other words, it is

implicit that when simulating alloys, the parameters for the corresponding M, O or M, H

pair is used.

O

H
H

M M2

M4M3

M1

2

1

M5 M6

M7 M8

(a) Vectors for GAL19 definition.
(b) Angles for GAL19 definition

Figure 2: (a) Atoms, vectors and angle used in the definition of the GAL19 force-field for
M-OH2:~r is the Metal/Oxygen vector;~n is the surface normal defined by Eq. 1 for M using
neighbouring metallic atoms within a cutoff distance shown by a green disk; ~µ is the dipole
of the water molecule; Ω is the ensemble of atoms within the cutoff (red dotted circle)
which contribute to the overall interaction energy of the water molecule with the metallic
surface; and θ is the angle between~n and ~µ. (b) Schematic representation of the cartwheel
angle θ, the propeller angle φ, and the helicopter angle ω, defining the orientation of the
water molecule with respect to the surface. ω = 0 is arbitrarily defined as a coincidence of
the dipole moment vector and the x-axis. At φ = 0 the molecular plane of H2O is parallel
to the surface.

As shown when developing GAL17, the helicopter angle ω is of negligible importance.
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In contrast, the propeller motion φ is key and is most conveniently described by the

hydrogen repulsion with the metallic surface. In GAL19, this takes the the form of an

exponential repulsive wall:

VM,H(rM,H) = AHe−rM,H/RH (3)

were r is the norm of~r, AH tunes the strength of the repulsion and RH is the character-

istic distance of the exponential decay.

All the other interaction energy terms are collected in the metal oxygen pair:

VM,O(~rM,O, θ) = VG(εa, b‖, b⊥;~rM,O) + VA(RO, a1−4; rM,O, θ) + VTT(A, B, C6; rM,O) (4)

where VTT is the potential of Tang and Toennies,59 VG is an attractive Gaussian and

VA is the term for the explicit θ angular dependence. Note that for a better readability, the

dependence of these expressions on the surface normal and similar ensemble averages that

include all metal atoms within the cutoff-distance (M ∈ Ω(O)) are omitted here. These

terms are explicitly described below. A, B, C6, εa, b‖, b⊥, RO, a1, a2, a3, and a4 are the

respective parameters which are determined as described in section 2.2.

2.1.1 Physisorption term: VTT

The physisorption potential VTT is taken from the seminal work of Tang and Toennies,59

truncated to the typical (London) dispersion expression C
r6 :

VTT(r) = Ae−B·r −
[

1−
6

∑
k=0

(B · r)k

k!
e−B·r

]
C6

r6 (5)

where A, B, and C6 are parameters.

The Tang and Toennies potential is closely related to the Born-Mayer60 or Buckingham

potential,61 with which it shares the exponential soft-wall potential and the long-range
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London attraction. However, in contrast to these earlier potentials, the one of Tang

and Toennies damps the diverging C6
r6 potential in order to have a continously repulsive

potential in the short range. The particularity of the Tang and Toennies damping function is

that it does not rely on any additional parameters, but just re-uses the steepness parameter

B of the exponentially decaying repulsion. Note that the Tang and Toennies damping

function is successfully exploited in dispersion corrections to DFT62 and in particular in

dDsC,63 which is the one used herein.

2.1.2 Chemisorption terms: VG and VA

DFT computations and surface experiments64 agree that the top site is preferred for the

adsorption of a water molecule. Hence, in order to stabilize the top site with respect to

the hollow site, which would be the low-energy site when only using the physisorption

potential (Eq. 5), we rely on the polarized attractive Gaussian potential introduced in the

GAL17 force field:21

VG(~rM,O) = εae−b‖·r2
‖e−b⊥·r2

⊥ (6)

were r‖ and r⊥ are, respectively, the parallel and perpendicular projection of~rM,O on the

surface normal~n.

The asymmetry introduced by distinguishing the direction perpendicular and parallel

to the plane allows to tune independently the contribution of the Gaussian on the top and

hollow site (see Fig. 3). In a first approximation, the Gaussian of each metallic atom in

an alloy surface is taken from the corresponding monometallic surface. To improve the

approximation and include at least some fraction of the electronic effects present in alloys,

one could introduce atom types that depend on the environment. These atom types would,

themselves be parametrized via a cluster expansion, as we have previously done in the

context of acetylene adsorption on Ag/Pd alloys.58 The introduction of atom types avoids

the use of many-body terms to introduce a dependence on the local environment. The

explicit many-body terms are, in our case, computationally unnecessarily expensive, since
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the corresponding atoms do not move during a given computation.

top

hollow

bridge

Figure 3: Schematic representation of attractive Gaussian potentials centered on the posi-
tion of the nuclei. The Gaussians overlap more strongly on bridge sites than on hollow
sites. Lines represent isopotential surfaces projected on the surface. Darker colors indicate
stronger attractive potential. Metallic atoms are situated at the centre of the circles.

The second chemisorption term of GAL19 is an explicit angular dependence. Indeed,

according to DFT, the angle θ of the chemisorption minimum is ∼ 90◦. To reproduce this

angular preference, we rely on a damped, truncated Fourier series of 4 terms:

VA(Mi ∈ Ω(O); r, θ) =
(e−r/RO)2

∑
Mi∈Ω(O)

e−rMi ,O
/RO

4

∑
n=1

an cos(nθ) (7)

The angular dependence has to vanish for molecules in solution. In GAL17, this was

achieved by a global definition of the position of the surface. In GAL19, however, we

require a fully pair-wise additive formulation of all terms. Here, we choose an exponential

decay with a characteristic distance of RO. Directly imposing a distance decay for each

atom would lead to an unequal description for top, bridge and hollow sites, since they

have one, two and three nearest metal neighbours respectively. Squaring the distance

dependence and renormalizing it with the sum of contributions within the cutoff Ω(O)

provides a more balanced description across the entire surface.
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2.2 Fitting method and data set

In total, 13 adjustable parameters are needed for the GAL19 forcefield for each metal:

the three parameters for physisorption (Eq. 5) A, B and C6 ; the three parameters of the

Gaussian (Eq. 6) εa, b‖ and b⊥; the five parameters for the angular dependence (Eq. 7)

RO, a1, a2, a3, and a4 ; and the hydrogen repulsion parameters AH and RH of Eq. 3.

In order to fit these parameters, a set of 826 configurations is built for each metal. All

configuration consist of a single water molecule adsorbed on a p(3×3) metallic slab. The

configurations probe various orientations, distances and adsorption sites (top, hollow etc.)

of the water molecule. Only a restricted part of the total set (about 250 configurations) is

used to fit the data, while the rest is used to validate the model. More details about the set

can be found in the supporting information.

The C6 parameter is the only one that is not fitted but directly extracted from the DFT

computations via the use of the dDsC dispersion correction.65 A configurationnal average

over the fitting set has been chosen for the final C6 value. In analogy to the typically

adopted united atom approach in water force fields,66 we use a single C6 coefficient for the

water molecule, i.e., the combination of the hydrogen and oxygen metal C6 coefficients.

For the other parameters we distinguish the eight linear (A, B, a1, a2, a3, a4, AH, εa) from

the five non-linear ones (B, b‖ and b⊥, RO, and RH). The non-linear parameters are

optimized via a simplex optimizer, distributed via the SIESTA package.67 In each iteration

of the simplex, the optimal solution of the eight linear parameters is obtained via a least

square procedure. This process drastically accelerates the optimization of the parameters

and is, furthermore, more robust to deal with linear dependencies within the parameter

set.

The optimal parameters for the five metals and the two facets are provided in SI.

11



3 Computational details

3.1 DFT

All DFT single-point evaluations have been carried out with VASP 5.4.1,68,69 using the

PBE generalized gradient approximation functional70,71 with the dDsC dispersion cor-

rection63,72 and an energy cutoff of 400 eV for the expansion of the plane-wave basis.

The electron-ion interactions are described by the PAW formalism.73,74 The interatomic

distance of the bulk metals have been optimized and found to be 2.56, 2.78, 2.92, 2.81 and

2.94 Å for Cu, Pd, Ag, Pt and Au, respectively. For all five metals, we have investigated the

(100) and (111) facets. Series of 826 configurations of a single water molecule adsorbed on a

p(3 x 3) metallic unit cell with 4 metallic layers were built for each of the metal/facet couple.

The slabs are separated by a vacuum of 20 Å in order to minimize interactions between

periodic images. The diverse set (see SI) explores the configurational space characterized

by the four main descriptors: The adsorption site, the distance to the surface, the cartwheel

angle θ and the propeller angle φ as defined in Fig. 2b. The Brillouin zone was sampled by

a Γ-centered 3 x 3 x 1 Monkhorst-Pack K-point grid.75 Idealized geometries (as cut from

the bulks) were adopted for the metallic layers, while the water molecule was taken from

a DFT optimization in gas phase (O-H: 0.98 Å and a H-O-H angle of 105.32◦). The impact

of the water geometry on the interaction energy at the Pt(111) interface is depicted in Fig.

S1 and found to be small (0.55 kcal/mol per water molecule on average), so that it barely

affects relative energies. Furthermore, choosing a geometry that is not taken from a specific

MM water model makes GAL19 less bound to a given water model. Indeed, we combine

GAL19 not only with TIP3P, but also perform tests with OPC376 and a polarizable water

model.77
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3.2 Molecular Mechanics

All molecular mechanics simulations have been carried out with CP2K 5.1,78–81 using

the FIST module under periodic boundary conditions. Long-range Coulombic interac-

tions were evaluated through the smooth particle-mesh Ewald summation.82 Molecular

dynamics were run in the NVT ensemble at 300 K, using the default settings for the Nose-

Hoover thermostat.83,84 Water molecules interactions were simulated according to the

TIP3P model66 and inter-atomic distances were accordingly constraint. All metallic atoms

were kept frozen. The water/metal interactions were described by our implementation of

the GAL19 force-field, which will be released to the public in a future version of the CP2K

software.

The interfacial systems contained 192 metal atoms (c(4×6), 4 layers) and 250 water

molecules, yielding a water layer of about 20 Å. A vacuum layer of 20 Å separates the

water from the “downside” of the metal slab, see Fig. S2. Since we do not apply a barostat,

this avoids the simulation of a confined water layer. Finite size effects were tested by

running simulations with a larger unit cell (432 metal atoms). As shown in Fig. S3, these

simulations gave nearly identical results for Pt(111) as the smaller unit cell, suggesting a

limited dependence on the box size beyond the one adopted herein. For the simulations

of random alloys we used Vegard’s law85 to determine the lattice constants, i.e., linear

interpolations between the monometallics according to their molar fractions. The random

distributions of the 192 atoms were generated such that each metallic layer has the target

ratio between the two metals. Just like the monometallics, the alloy surfaces have been

kept fixed in their idealized bulk geometries during the simulations. In all simulations,

the interfaces were equilibrated for 400 ps and averages were then calculated over 600 ps,

giving total simulation lengths of 1 ns.
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4 Results and discussion

4.1 Low-coverage water adsorption

Energy Minima Water adsorption at 1/9 monolayer (ML) on the (111) and (100) facets

of Cu, Pd, Ag, Pt and Au has been studied by DFT and used for fitting GAL19 on these ten

metallic surfaces.

Water adsorbing flat on top sites (θ ≈ 90◦, φ = 0◦) is the most stable conformation

adsorption according to previous DFT optimization and experimental observations.64

Therefore, Fig. 4 reports the distance dependence of this adsorption modes for the 10

facets at the PBE-dDsC level of theory, used herein to fit GAL19. This level of theory has

been validated against experimental data on Pt(111) in a previous study.72 Furthermore,

the comparison of the minimum adsorption energy on the (111) surface with other vdW-

inclusive functionals86 shows a good agreement, with deviations of about 0.5 kcal/mol

and 0.05 Å for minimum adsorption energies and distances.
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Figure 4: DFT calculated adsorption energy of a water molecule on all the considered
metals for their (111) facet (a), and (100) facet (b), in function of the distance of the water
molecule’s oxygen to a top site of the surface, with the angles θ and φ (as defined in Fig. 2 )
held at 90◦ and 0◦ respectively.

Starting with the (111) surfaces, which is the lowest energy facet of these fcc metals, Fig.

4a shows the (dis)similarities of the studied metals. This analysis agrees well with earlier
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reports,87,88 but sets the stage for the subsequent discussion. Water binds only weakly

(5.8 kcal/mol) to Au(111) and Ag(111) surfaces at equilibrium distances of 2.8 and 2.75

Å respectively. The third coinage metal, Cu(111), binds water slightly more strongly (6.6

kcal/mol) at a shorter distance (2.55 Å), in agreement with its smaller size, reflected in the

smaller lattice constant (2.56 Å interatomic distance vs. 2.94 Å for Au). Finally, Pt(111) and

Pd(111) bind water the most strongly at the shortest distance (2.5 and 2.45 Å respectively),

despite their large lattice constant (≈ 2.8 Å interatomic distance). This can be rationalized

by the significant chemisorption contribution of water on these surfaces.54

Moving to the (100) surfaces (Fig. 4b), which are the second most stable ones for these

metals, the overall ordering with respect to the energy minimum remains the same as on

the (111) facet. However, the coinage metals adsorb water more strongly on the (100) than

on the (111) surface, which is most noticeable for Cu(100) (8.23 vs 6.6 kcal/mol), while

it is the other way round for Pd and Pt. For more strongly adsorbed species such as

methyl (CH3) or CO, a “universal” relationship has been identified,89 according to which

the more compact facets are interacting less strongly with adsorbates than more open

facets due to the higher degree of unsaturation of metallic bonds in the latter. Apparently,

this “universal” observation does not necessarily hold for water on (111) vs. (100) and

could, therefore, impact the relative stability of the two facets in water compared to

computations in vacuum. The preferred shape of large nanoparticles in water compared to

vacuum can be determined using Wulff-reconstructions.90 Nevertheless, determining the

surface free energies of aqueous (100) and (111) surfaces is beyond the scope of this paper:

extensive tests with our previous version of the force field, GAL17, have shown that these

simulations are technically challenging and we will report on the corresponding results

elsewhere. Furthermore, the relative energies of small nanoparticles require also an energy

expression for the metal–metal interactions, which is beyond the capabilities of GAL19. For

the same reason, surface reconstructions in water cannot be properly described. Overall,

we conclude that Pt and Pd surfaces together with Cu(100) bind water strongly, while
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Cu(111), Au and Ag are significantly less oxophilic.

Fit quality of GAL19 A parity plot of GAL19 compared to the DFT reference data is

shown for Au(100) and Pd(111) in Fig. 5. These two surfaces are typical for a weak and a

strong binding of H2O and the corresponding graphs for the other surfaces are available in

the SI. The root mean square deviation of the error of GAL19 (see Table S3 in the SI) ranges

from 0.8 (for Cu(100)) to 1.4 kcal·mol−1 (Pt(100)) with an average of 1.0 kcal·mol−1. This

demonstrates the very satisfying overall performance of GAL19. To test the importance of

the training set, we have performed a second parametrization with a randomized training

set for Au(111) and Pt(100), which have low (0.75 kcal/mol) and high (1.39 kcal/mol)

RMSDs, respectively. The randomized fit set yields, with 0.98 and 1.19 kcal/mol very

similar RMSDs. This similarity is also reflected in the parameters (see Table S2). This

demonstrates that the functional form and optimization method are robust.
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Figure 5: Comparison of the adsorption energy of multiple adsorption conformations of a
single water molecule on Pd (111) and Au (100), calculated by DFT and GAL19. All the
configurations of the total set (see Supplementary information), resulting in an adsorption
energy lower than 0 kcal/mol in DFT are included. The broken lines indicates errors of ±
1 kcal/mol.

To analyze the performance of GAL19 more specifically, we first verify the angular

dependence, which we previously identified to be a critical point of comparison between

different force fields.21 Fig. 6 shows the θ dependence of the adsorption energy on Pt(111)

which is representative of all surfaces. The φ dependence and the corresponding graphs
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for the other surfaces are shown in the SI. Overall, the θ dependence shows the success

of GAL19 to reproduce the DFT reference data faithfully and in particular the minimum

around 90◦ is reproduced in contrast with the previous generation, where the minimum

was shifted to 60◦.
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Figure 6: DFT, GAL17 and GAL19 calculated adsorption energy of a water molecule on Pt
(111) in function of the cartwheel angle θ, with φ held at 0◦ and at 2.5 Å from a top site.

The DFT energy minima discussed above are well reproduced by GAL19 (see Fig. 7 and

Table 1 and the additional data in the SI). Despite GAL19 being designed to reproduce the

chemisorption minimum, Fig. 7 evidences the largest errors, up to 1.3 kcal/mol for Pd(111)

for the more oxophilic surfaces. Nevertheless, overall the trends are well reproduced, both

between metals but also between facets, see Fig. S4 and S5. The biggest deviation for the

difference between (100) and (111) is obtained for Cu, where it amounts to 0.8 kcal/mol in

GAL19, while it should be 1.6 kcal/mol according to DFT.

The positions of the top and hollow minima are also compared between DFT and

GAL19. The position of the minimum adsorption energy on top and hollow site (rmin,top

and rmin,hlw, respectively) and their relative stability
(
∆Etop,hlw

)
are available in the SI

and the deviations (∆DFT,GAL19) reported in Table 1. The low average errors (∼0.1 Å, and

0.5 kcal/mol) demonstrates the capacity of GAL19 to describe the chemisorption that is

different between the hollow and the top site according to DFT. This relative stability of

the top site is governed by the anisotropic Gaussian (Eq. 6), which counterbalances the
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Figure 7: DFT and GAL19 calculated adsorption energy of a single water molecule on differ-
ent metallic facets, corresponding to the minimum energy found by varying the adsorption
distance on top site, with θ and φ (as defined above) held at 90◦ and 0◦respectively.

physisorption term (Eq. 5). The physisorption alone yields an energy minimum for the

hollow site, as observed for the METAL force field15 and the DFT-CES.24 Reproducing

the adsorption energy and position away from the top site (e.g., on hollow) is crucial

when aiming at a realistic description of the metal/water interface. If there is no strong

preference of water molecules for the top site, one might, for instance, expect a much more

disordered interface than when molecules are almost immobilized on the top site.

Table 1: Maximum and average deviation of the location of the minimum between DFT
and GAL19 (δrmin) for top and hollow (hlw) site adsorption and of δ∆Etop/hlw. δrmin
is defined as the differences between optimal adsorption distance from the surface in
DFT and GAL19 for a single water molecule on the given site and with with θ and φ at
90◦ and 0◦respectively. Likewise, δ∆Etop/hlw is defined by δ∆Etop/hlw=∆GAL19Etop/hlw −
∆DFTEtop/hlw = (Emin,hlw,GAL19− Emin,top,GAL19)− (Emin,hlw,DFT − Emin,top,DFT) where Emin
corresponds to the energy minimum.

Maximum Average Max% Average%

δrmin,top (Å) 0.2 0.095 8.0 3.7
δrmin,hlw (Å) -0.25 -0.155 9.3 5.5

δ∆Etop/hlw (kcal·mol−1) 1.5 0.4 87 32
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4.2 Ice layers on the (111) facets

In contrast to liquid water/metal interface, the ice water monolayer/metal interface

is quite extensively studied.91 In particular, the hexagonal water layer put forward by

Doering et al.92 has been the cornerstone for the understanding of ice monolayers on

noble metal surfaces. As a partial validation for more complex adsorption geometries, we

have assessed the interaction energy of three typical ice-like layers over the (111) facets

over the five metal surfaces. The most stable
√

3×
√

3 unit cell, called Hdown, is a typical

honeycomb ice-like layer based on the work by Doering et al.92 Additionally, we also

investigate less regular but more stable
√

37×
√

37 and
√

39×
√

39 unit cells that have

been observed over Pt(111).93

The performance of GAL19 for these ice-like layers depends significantly on the metal

studied (see Fig. 8). The slope of the GAL19 interaction energy vs. the DFT interaction

energy is worst for Cu (almost flat), while for Ag and Pd the results are more acceptable

(slope of 0.16 and 0.20). The Hdown layer, where the water molecules are mostly on top

sites, is the one that has the lowest interaction energy, but is also closest to the DFT

reference values. For the larger and more complex structures (
√

37 and
√

39) where the

water molecules are not situated at high-symmetry positions, the agreement is worse

and, moreover, the relative stability from one metal to the other is completely washed

out. The two origins for this discrepancy can be found in (i) the uneven description of

the top/hollow energetic preference from one metal to the other and (ii) the absence of

many-body water–water–metal interactions at the interface, which are non-negligible,94

but beyond the scope of the current force field. The good news is, however, that (a) there

is a qualitative agreement of which adsorption layer is more stable than the other and

(b) the energy difference between them is smaller than at the DFT level. This means that

sampling at the MM level and re-evaluating the energy of snapshots at the QM level in a

resampling spirit is likely to be successful as the MM energy landscape is flat enough to

allow a significant ensemble overlap between QM and MM at room temperature.
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Figure 8: Interaction energies of GAL19 vs DFT for ice-like layers on the (111) facets.

4.3 The mono-metallic/water interface

Molecular dynamics simulations of 1 ns were carried out with GAL19 to evaluate the

structure of the metal/water interface for Pt, Pd, Au, Ag, Cu. Due to the slow diffusion of

water at the interface, such an extensive phase-space sampling is necessary for obtaining

equilibrated results.18,21 Fig. S6 reports the results of a 5 ns trajectory for Pt(111), which

shows that 1 ns simulations are well converged. Experimentally, the evidence on the

neutral metal/water interface is very scarce: Toney et al. have shown that the density in

the first layer over Ag(111) is at least 30% higher compared to the bulk and that two to

three layers can be distinguished.8 The IR data on the Au(111) and Pt(111) is debated95

but tends to suggest either flat96 or locally ice-like arrangements97 for the first layer. Most

recent studies heavily rely on theoretical models9,10 to interpret the experimental data,

but tend not to test many possibilities. As a result, the early ultra-high vacuum data

for a water layer on ruthenium92 is still frequently used as a reference point to advocate

“bilayers” with a
√

3×
√

3 unit cell, even though more recent works have shown that

the most stable monolayer requires a significantly larger
√

39×
√

39 unit cell at least on

Pt(111).93 Overall, as a result of the difficulties of the experiments, the (dis-)similarities

between noble metal/water interfaces remain largely unaddressed by experiments.

The structuring of the interface can be characterized through the monitoring of various
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Figure 9: Interface structuring as a function of the distance with respect to the metal surface
(z) revealed by (a) the molecular density ρ(z) divided by the reference density of water
ρwat and (b) the atomic excess AE(z) for the Pt(111)/H2O interface. AE is held at 0 when
neither oxygen or hydrogen are found in the layer. Layers of a thickness of 0.033 Å are
used.

averaged quantities. The planar average density, d(z) = ρ(z)
ρ(wat) = nO(z−dz/2,z+dz/2)

∆X·∆Y·δz∗ρ(wat) , as a

function of the distance from the topmost metal nuclei (see Fig. 9a), is based on the position

of the oxygen atoms and compare the number of oxygen atom (nO) found in each layer of

small height (δz) - cut from the complete simulation cell (of volume ∆X · ∆Y · ∆Z) - to the

standard concentration of aqueous water (ρ(wat) = 0.33 Å
−3

). The “atomic excess” (Fig.

9b), AE(z) = nO(z)−2nH(z)
nO(z)+2nH(z) , compares the average count of hydrogens (nH) and oxygens

(nO) in layers parallel to the surface to identify oxygen rich (AE>0) and oxygen poor

(AE<0) regions. AE(z) and ρ(z) give complementary information on the layering of the

solid/water interface.27 Typical results for this analysis are shown in Fig. 9 for Pt(111). As

shown in SI (see Fig. S7 and S8), all the interfaces feature a very similar structuring, with

two distinct layers below 13 Å. Even when using the parametrization from the randomized

fit sets, the results remain very comparable (see Fig. S9).

In order to assess the influence of the adopted water model on the interfacial structuring,

we have performed additional simulations with the polarizable water force field from

Dang and Chang77 for the Pt(111)/water interface. While qualitatively the interfacial
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structuring is similar to the one obtained with the TIP3P model, the polarizable water

model leads to a somewhat longer-ranged structuring: a weakly structured third layer with

a flat peak at ∼9 Å above the surface in the ρ(z) profile (see Fig. S10) can be distinguished.

Interestingly, the OPC3 water model, which is characterized by stronger water–water

interactions compared to TIP3P, yields very similar results compared to the polarizable

water model (see Fig. S11).

To gain further insight, we have also analyzed the angular distribution within the two

identified layers and the bulk layer. Chosen in the interval 13-15.5 Å above the surface,

this bulk layer shows the expected random distribution, demonstrating that it is well-

positioned and thick enough to be neither affected by the structuring of the metal/water

interface, nor by the water/gas interface. Since also the angular distributions change only

subtly between facets and metals, Fig. 10 shows the data of the Pt(111) surface, while the

corresponding data is available in the SI (Fig. S12 and S13) for the other facets. Remarkably,

the water organization was suggested to be different on Pt(111) and Pt(100) based on the

Siepmann-Sprik water/Pt interaction potential.18 In contrast, GAL19 that uses a facet

specific parameterization does not yield a significant difference for interfacial organization

between the (100) and the (111) surface.

The first water layer (ending at ∼ 4.5 Å) is very dense (about twice as dense as bulk

water), in qualitative agreement with the experimental data of Toney et al.8 This first

water layer has a strong preference for θ ≈ 90◦ as illustrated in Fig. 10a. Furthermore, the

propeller angle φ is close to 0◦, which means that in the first layer the molecular plane

of water is essentially parallel to the metallic surface in agreement with the experimental

data by Ataka et al.96 This is also in line with the very small positive AE peak at ∼ 3 Å,

characteristic for compensated hydrogen and oxygen densities. This oxygen rich region is

sandwiched between hydrogen rich (AE<0) zones. The first one (∼ 2 Å) can be explained

by the lower repulsion of hydrogen compared to oxygen, which allows some hydrogen

atoms to approach closer to the surface than oxygen. The second one (∼ 4.5 Å) is composed
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of few hydrogen atoms pointing towards the second layer (since most water molecules

lay flat according to the θ distribution) and mostly of hydrogen atoms pointing from the

second layer to the first layer to maximize the hydrogen bonding, as we will detail in the

next paragraph. The first layer might, thus, appear hydrophobic, as previously suggested

by Chandler and co-workers based on simulations with the Siepmann-Sprik force field.18

Note, however, that this conclusion does not hold for the simulations with a polarizable

water–water force field, which features a shoulder for H-up configurations (θ ≈ 60◦, see

Fig. S10). This emphasizes the need for a future validation of the interfacial structuring

based on QM/MM resampling techniques.
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Figure 10: Angular distribution of the (a) the cartwheel angle θ and (b) the propeller
angle φ of the water molecules on Pt(111) for chemisorption, physisorption, and bulk
layer, defined as being water molecule situated between 0 and 4.5, 4.5 and 7, and 13 and
15.5 Å away from the surface respectively. The red line represent an idealized random
distribution of the dipoles.

The second water layer, which is still well distinguishable from the bulk, extends to ∼ 7

Å. It is only slightly denser than the bulk and has a much weaker orientational preference.

The positive peak of AE at 6 Å, followed by a constant AE≈0, and the peak at θ ≈ 120◦ both

indicate that water molecules in this second layer are preferentially oriented “H-down”

to interact with the first layer, the corresponding H atoms being in excess relative to the

oxygen in the H rich region at (∼ 4.5 Å). A small population of the second layer is also
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oriented “H-up” (shoulder at θ ≈ 60◦). As shown in Fig. S12 and discussed below in the

context of the Pt/Au alloy, such a shoulder is already visible in the first layer for Au(111).

The weak orientational preference of this second layer results from the balance between

the water/water interaction and the metal/second layer water interaction since the explicit

angular dependence (Eq. 7) drops to about 40% with respect to its value in the first layer.

In summary, the first layer acts as a soft template for the second layer.
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Figure 11: Percentage of the top sites occupied by water molecule and global coverage of
the surface for multiple metallic facets. The coverage is defined as the number of oxygen
atom in the first layer (between 0 and 4.5 Å from the surface), divided by the number of
surface atoms. Errors estimation at 95% confidence interval are depicted by enlarged line
for total coverage and black bars for top site occupation.

Since the interface structuring is very similar for all ten surfaces studied (see Fig. S14

and S15), Fig. 11 compares the first adsorption layer in terms of coverage and adsorption

site preference. The overall coverage (number of water molecules in the first layer divided

by the number of surface atoms) reaches 100% for all surfaces but Cu(111). This is higher

than the coverage for the famous bilayer structures (67%),92 but compatible with the high

density of water the the Ag(111)/water interface measured experimentally.8 The lower

overall coverage on Cu(111) can be traced back to the competition between adsorption (6.6

kcal/mol in the minimum) and hydrogen bonding (∼ 5 kcal/mol) which is particularly

fierce on Cu(111) since the Cu–Cu distance of 2.56 Å is too short to accommodate a

hydrogen bond (O-H· · ·O of ∼2.9 Å). However, when determining the proportion of
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water molecules on top sites (i.e., within 0.4 Å of the formal top site), clear differences

emerge between the metal surfaces. On Pt surfaces nearly all the top sites are occupied by

water molecules. For Pd, the percentage drops to about 75%, which can be explained by its

top/hollow preference being at least 1 kcal/mol lower than for Pt. Because of the weaker

binding on Ag and Au, only 50-60% of top sites are occupied on these surfaces, clearly

demonstrating more disordered interfaces. Such a comparative disordering has already

been observed within the short (∼ 10 ps) DFT based molecular dynamics simulations of

Gross and co-workers.16 Since the lack of equilibration in the DFT-based MDs and the

missing many-body contributions in our GAL19 force field make it difficult to a priori

judge the relevance of the obtained results, the obtained agreement is reassuring for

both approaches. The extent of the preference for top adsorption is expected to manifest

when studying the adsorption of molecules on these surfaces, as disordered interfaces can

accommodate adsorbates more easily than highly organized ones.

4.4 Water structure at the alloy/water interface

GAL19 enables investigations of alloy surfaces at the molecular mechanics level on the

basis of accurate water adsorption and orientational preferences on monometallic surfaces.

Fig. S16 and S17 show that GAL19 is capable of retrieving the major effects of alloying,

even though electronic effects cannot be captured for obvious reasons. In the following,

we study two families of random alloys to probe two distinct effects: First, the effect

of alloying Ag with Cu is assessed. Ag/Cu is a typical example of two surfaces with

similar adsorption properties for a single water molecule, but a significant difference in

lattice constant, leading to an interatomic distance of 2.56 Å for Cu but 2.92 Å for Ag.

Experimentally, Ag/Cu, which forms (metastable) solid solutions,98,99 is scrutinized for

its anti-bacterial activity100 and is CO2 electroreduction properties.101 Second, Au/Pt

alloy surfaces, typical for nanoparticles with enhanced catalytic properties,103–105 are

simulated to investigate the impact of mixing a strongly adsorbing metal (Pt) with a
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Figure 12: Percentage of the top sites of copper and silver occupied by water molecule and
global coverage of the surface for multiple alloy composition of Cu/Ag. The coverage
is defined as the number of oxygen atom in the first layer (between 0 and 4.5 Å from the
surface), divided by the total number of surface atoms. Confidence interval at 95% are
represented as colored band surrounding the data. The corresponding variances were
computed by block averaging.102

weakly interacting one (Au) that have nearly the same lattice constant (2.81 and 2.94 Å

interatomic distance, respectively). As above, we monitor the total coverage and the

percentage of occupied top sites to compare the different alloys. Furthermore, for the

Au/Pt alloy we also report the angular distributions.

The resulting curves for the Cu/Ag (111) alloy are shown in Fig. 12. As expected, the

percentage of occupied top sites is quite similar for both constituents, especially around an

equimolar mixture. As shown in Fig. S18, this characteristic still holds when switching

from the TIP3P water model to OPC3,76 which was found to behave differently at the

interface in our previous study.21 At large Ag molar fractions, the remaining copper

sites show an increased propensity to be occupied, which can be rationalized by the

combined effect of a relatively stronger adsorption of water on copper than on silver (see

Fig. 4a) and the increased lattice constant, which lifts the constraints on the hydrogen bond

between adsorbed molecules. Indeed, the numerical experiment where the Cu(111) GAL19

parameters are used for a surface with the Ag lattice constant gives a high percentage of

occupied top sites (95%). The effect of the continuously increasing lattice constant is also

26



seen in the smooth and almost linear increase in the overall coverage of the first water layer

as the silver content increases. This increase could be experimentally verified adapting

the techniques used for Ag(111) surfaces.8 Furthermore, the varying total coverage is

expected to noticeably impact the solvation energies of adsorbates as a function of the alloy

composition. In conclusion, the Ag/Cu(111) alloy interface is expected to be disordered in

analogy to the pure coinage metal surfaces (see Fig. 13). However, water preferentially

adsorbs on copper sites, so that the silver atoms are more available to interact with other

adsorbates compared to pure silver.

Figure 13: Snapshot extracted from molecular dynamcis of water layer on top of Cu (111)
(a), Cu0.5Ag0.5 (111) (b) and Ag (111) (c). Cu is represented in brown, while Ag is shown
in grey. Hydrogen bonds (as determined by default settings of VMD) are shown as dashed
green lines.

The corresponding curves for the random Au/Pt (111) alloy are provided in Fig. 14

to probe the influence of a contrasted adsorption while keeping a similar inter-metallic

distance. In contrast with Ag/Cu, the Au/Pt alloy shows a clear preference for water ad-

sorption on top of the Pt atoms, which is in line with the observations for the monometallic

surfaces (Fig. 11). Furthermore, the overall coverage is quite constant, again reflecting

the behavior of Pt(111) and Au(111) which have similarly dense first layers. Despite the

overall nearly constant behavior across the composition, there is a slight increase in the

percentage of occupied Au top sites when increasing the Pt molar fraction. This can be

rationalized via the templating effect of the surrounding Pt atoms, where water molecules
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Figure 14: Percentage of the top sites of gold and platinum occupied by water molecule
and global coverage of the surface for multiple alloy composition of Au/Pt. The coverage
is defined as the number of oxygen atom in the first layer (between 0 and 4.5 Å from the
surface), divided by the total number of surface atoms. Confidence interval at 95% are
represented as colored band surrounding the data. The corresponding variances were
computed by block averaging.102

strongly prefer to adsorb on the top position and limit, therefore, the freedom of the water

molecules in the vicinity of Au surface atoms. In terms of interface organization, the

“constant” behavior of the Au/Pt alloy hides the tuning from a disordered Au(111)-like

interface to a highly ordered Pt(111)-like interface. This disordering is, however, visible

when analyzing the angular distribution (Fig. 15) as a function of the Pt molar fraction.

A shoulder at θ ≈ 60◦ appears when less than ∼ 30% of Pt are on the surface (Fig. 15a).

Similarly, φ = 0 is lower for these Au rich surfaces at the benefit of φ > 50◦ adsorption

modes, again attesting the higher disorder for Au rich interfaces. Even though subtle, such

a tuning of the interface ordering could influence the solvation energy of molecules on the

alloy surface.

In summary, our GAL19 simulations of alloy surfaces are among the first predictions of

the interface organization as a function of the alloy composition, revealing subtle effects

based on both geometric (lattice constant and its relation to the H-bonding distance) and

intrinsic effects (H2O binding preference).
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Figure 15: Angular distribution for different molar fraction of Pt (xPt, given as a number in
the legend) within the chemisorption layer (oxygen position < 4.5 Å above the surface) of
the (a) the cartwheel angle θ and (b) the propeller angle φ of the water molecules on PtAu
alloys. The red dashed line represents an ideal random distribution of the dipoles.
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5 Conclusion

The key ingredient of the metal surface/water force field GAL19 is a locally defined surface

normal computed based on atom pairwise sums. As a result of the pairwise nature, the

novel force field is directly applicable to alloy surfaces. The 13 parameters have been fitted

for 5 metals (Pt, Pd, Au, Ag, Cu) and two facets (111 and 100). For each metal and surface

we have used a set of more than 600 configurations of one water molecule interacting with

the surface computed at the DFT level. The parametrization leads to low average errors

(RMSD ≈ 1.0 kcal·mol−1) for the ten surfaces. Furthermore, the force field qualitatively

reproduces the relative adsorption energy between the top and the hollow sites.

Molecular dynamics simulations of 1 ns for each surface show that the structuring

of the metal/water interface does not depend a lot on the specific nature of the metal

surface. The interface is composed of two layers, followed by the bulk structure of the

liquid. The first layer is very dense, with mainly water molecules that are adsorbed flat

on the metal surface. On Pt, most of the top sites are occupied while on Au only half of

the top sites are occupied due to a lower corrugation between top and hollow sites. We

have also studied random alloys, mixing either metals with similar intermetallic distance

but contrasted adsorption energy (Au/Pt) or vice versa (Ag/Cu). Keeping in mind the

limitations of GAL19 for alloys (absence of electronic effects), our results suggest that

while the broad trends in properties of alloy/water interfaces (e.g., water coverages and

top sites occupancy) can be inferred from the monometallic interfaces, the details might

differ. For instance, when Cu is diluted in Ag, it binds water more strongly since it is not

limited anymore by the short Cu-Cu intermetallic distance. Similarly, when Au is diluted

in Pt, water will tend to bind more to Au than when it is not as diluted, benefiting from

the templating effect of the organized water layer on Pt.

GAL19 shows promising result for mono-molecular water adsorption, even though it

does not include interfacial water–water many-body interactions which would be neces-

sary in general. Similarly, the current parametrization is not adapted to ordered surface
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alloys. Nevertheless, in comparison to DFT, GAL19 allows a much more extensive phase

space sampling of the noble metal/water interface. Therefore, our work opens the door to

the evaluation of the solvation energy at the metal/water interface using a force field that

captures the water–metal interaction with high fidelity.
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