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ABSTRACT: The structure and properties of water films in
contact with metal surfaces are crucial to understand the
chemical and electrochemical processes involved in energy-
related technologies. The nature of thin water films on Pd, Pt,
and Ru has been investigated by first-principles molecular
dynamics to assess how the chemistry at the water—metal
surface is responsible for the diversity in the behavior of the
water layers closer to the metal. The characteristics of liquid
water: the radial distribution functions, coordination, and
fragment speciation appear only for unconfined water layers
of a minimum of 1.4 nm thick. In addition, the water layer is
denser in the region closest to the metal for Pd and Pt, where
seven- and five-membered ring motifs appear. These patterns
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are identical to those identified by scanning tunneling microscopy for isolated water bilayers. On Ru densification at the interface
is not observed, water dissociates, and protons and hydroxyl groups are locked at the surface. Therefore, the acid—base properties
in the area close to the metal are not perturbed, in agreement with experiments, and the bulk water resembles an electric double
layer. Confinement affects water making it closer to ice for both structural and dynamic properties, thus being responsible for the
higher viscosity experimentally found at the nanoscale. All these contributions modify the solvation of reactants and products at
the water—metal interface and will affect the catalytic and electrocatalytic properties of the surface.

B INTRODUCTION

Water surface interactions are ubiquitous in chemistry, physics,
materials, and planetary sciences and for the development of
life itself. A better knowledge of the water—metal structure will
enable us to tackle the energy challenges that lie ahead of us,’ as
this interface is key to control the electrochemical® and
chemical® processes that will generate the future energy vectors
by transforming inactive molecules into fuels and back to
energy with the lowest possible losses. The description of the
water—metal interface relies mainly on the classical models
describing electric double layer that goes back to the studies by
Helmholtz. Only recently have molecular studies reached
enough accuracy to present an increasingly detailed analysis of
low-coverage structures formed at the interface between water
and the metal by scanning tunneling microscopy (STM) and
density functional theory (DFT)."" Still, the nature, structure,
and dynamics of water on metal surfaces and the emergence of
liquid-like behavior are far from being understood.

Water is among the most studied and yet most complex
compounds as both solid and liquid states present multiple
phases. Three main features differentiate water phases: the
density, the atom—pair radial distribution function, and the
oxygen coordination shell.” Rearrangements in the water
coordination shell and the topological ring structure have
been taken as suitable descriptors for the liquid to ice
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transition.’ The ice density at 273 K is 0.934 g cm™, the X-
ray diffraction gives peaks in oxygen—oxygen radial distribution
function at 2.8, 3.5, and 4.5 A’ and each oxygen is
characterized by an ideal tetrahedrality. Both I, and XI forms
of ice, the common ones at atmospheric pressure, share these
features. In contrast, the structure of liquid water still faces
important challenges.”*~'" The most popular interpretation of
the macroscopic state of liquid water is that it is constituted by
a complex mixture'' of two microscopic domains in variable
proportions.'”"? At room temperature the minor domain, low
density liquid (LDL), corresponds to an enthalpy-favored
tetrahedral arrangement where water molecules are four-fold
coordinated. The LDL arrangement is fairly similar to
hexagonal I, both regarding the atomic coordination and the
presence of two different distances: the direct chemical O—H
bond at 1.0 A and the hydrogen bond at 1.8 A. This structure is
very rigid resulting in a small entropic contribution. In turn, the
major domain, high density liquid (HDL) is characterized by a
lower number of hydrogen bonds with weakened strength.’
The thermodynamic penalties of lesser H-bonds are counter-
balanced by the higher entropy associated with a larger fraction
of free librational modes. Therefore, in the HDL microstructure
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Figure 1. Models employed for the adsorption of N-water bilayers on closed packed M = Pd, Pt, and Ru metal surfaces. Longitudinal views of
systems for MN systems: Pd and Pt: two (four) free bilayers Pd2, Pt2 in a (Pd4, Pt4 in b), four (eight) confined bilayers Pd4c, Pt4c in ¢ (and PdSc,
Pt8c in d). Equivalent systems are shown for Ru(0001): Ru2 in e, Ru4 in f, and Ru4c in g. Axial views for ice-like adsorbed Pd/Pt in h, and Ru in i.
Metal, oxygen, and hydrogen atoms are represented by white, red, and black spheres; bulk water is shown as sticks, respectively.

water molecules present a fraction of trihedral, instead of
tetrahedral, arrangements. The experimental detection of
density fluctuations in the bulk liquid is limited to around 1
nm."? The macroscopic features of liquid water at around room
temperature are (i) the presence of a peak in O—O radial
distribution function (RDF) around 2.8—2.9 and a plateau at
4.5 A, corresponding to first and second coordination spheres
in LDL; (ii) and only a single peak between 2.8 and 2.9 for
HDL.”'*"> LDL has been claimed to be responsible for ice
nucleation due to slow dynamics® and strong bond
directionality.'® The tetrahedrality (q) of oxygen in water is
between the limiting values of the ideal LDL 1.00 and that of
the isolated water value 0.75.

The water—metal interface, at room temperature, is expected
to show intermediate features between those of the ordered
bilayer or ice structures' and the labile bulk water.”'>'” STM
experiments and complementary DFT-based simulations have
provided accurate descriptions for the first wetting layer," but
extensions to multiple layers exist.'®'? Notice that several of
these studies are devoted to the study of ice and its
nucleation,”® and many of the experiments were performed at
low temperatures. These studies have shown different degrees
of wettability on metals"'® and the ability of some of them, like
Ry, to split water into hydroxides and protons.”’ This feature
adds more structural complexity to the interface. Theoretical
simulations hold the key to understand the nature of the
boundary between water and metals. For extended water—
metal systems early molecular dynamics (MD) simulations
have highlighted the need for dispersion interactions in the
simulations,”*” and when those are included then it is possible
to explain subtle details such as the structural changes for water
adsorbed on gold associated with the decrease in the fraction of
flat and planar molecules at the interface.”* In addition, classical
simulations, have identified the hydrophobic character of water
on Pt,** and the role of extended time and size dynamics in
water exchange close to pt.>~% Unfortunately, such long time
and length scales are not accessible by ab initio simulations, and
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classical MD cannot address the properties on reactive surfaces
like Ru. Thus, only with ab initio MD it is possible to
understand how the chemistry at the surface induces different
interfacial water—metal structures.

In the present work, we have employed first-principles
Born—Oppenheimer molecular dynamics (BOMD) to unravel
the intimate structure of the interface between water and
different metals typically employed as electrodes or catalyst
(Pd, Pt, and Ru) driven by the water reactivity at the interface
in their most common surface and identify the differences
between confined and free-standing water layers of different
thickness, ranging from 4 to 16 water layers (6—24 A width).
The ultimate goal is to (i) define the minimum amount of
water on a metal surface for which liquid-like features appear,
(ii) illustrate the differences between metals, (iii) highlight how
the interfaces will affect the catalytic properties of the metals,
and (iv) identify the differences induced by confinement of the
water structures.

B RESULTS AND DISCUSSION

BOMD simulations for adsorption of water on metals were
carried out for at least 11 ps at 300 K with 1 fs as the time step.

The model systems investigated present a 343 x3J3 = R30°
metal surface where different water slabs following the ice
structure with an H-down configuration are added. The
structures were labeled as MN(c) where M states for the
metal surface, N is the number of water bilayers and (c)
indicates that the water slab is confined. For Ru(0001)
dissociation of 50% of the water molecules adsorbed on the
surface was taken as the initial conﬁguration.20 A schematic
representation of the models can be found in Figure 1. Movies
for the trajectories (Pd4, Ru4, and Pt4) are available as
Supporting Information.

We start by analyzing the most general features, like density
and radial distribution function, and then move to more
atomistically detailed terms as the local coordination of the
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oxygen atoms described by the tetrahedrality (q) and speciation
of fragments for the reactive Ru(0001) surface. Notice that
these parameters taken one by one are not conclusive, but
instead the full toolbox presented here is complementary and
describes the landscape in a detailed manner, as already
discussed in refs 28 and 29. The final aim is to assess when
these properties start to correspond to those of the liquid water,
described in terms of both HDL and LDL contributions. In all
simulations, no evaporation is observed; i.e., no molecule stays
freely in the vacuum region. The water density (see Supporting
Information for the definition) in our models is 0.95—1.06 g
cm™ for unconfined systems and 0.88—1.07 g cm™ for the
confined ones. This demonstrates that there is not a significant
effect from the use of PBE-D or the lack of continuity of water
in the MN models. However, we have observed that some
water molecules might displace from the average z-position in
the vacuum configurations. This agrees with the displacements
observed by Michaelides and van de Vondele for the outermost
water molecules in an ice slab.*

As for the analysis, we start from the most general patterns,
like the radial distribution functions and then evaluate more
microscopic features. The radial distribution function for
oxygen, go_o(r), averaged for the last 2 ps of simulation is
presented together with available experiments of bulk ice, 122
K, and water, 298 K, at 0.1 MPa,””" in Figure 2. All the water
molecules were considered, and although the frontier (with the
surface or the vacuum) might present a different behavior, we
consider that this is meaningful when trying to establish the
perturbations induced by the interfaces. Complementary go_y
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Figure 2. Radial oxygen—oxygen distribution function, go_(r), for the
water molecules in the multilayers adsorbed on Pd (orange), Pt (dark
yellow), and Ru (wine) metal (M) surfaces, for the confined M4c, M8c
and unconfined M2, M4 unconfined water slabs. Experimental data for
liquid (water 298 K and 0.1 MPa solid black)*' and ice (122 K dashed
black)” are shown for comparison (go-n and gy_y can be found in
Figure S.I. 9—10). The comparison between the computed and the
experimental liquid results can be found in the Supporting Information
Figure S.I. 11.

and gy_y are presented and compared to a slab of ice following
that in ref 30 in Figure S.I. 9—10. The results for Pd and Pt
parallel each other provided that the same N-bilayer is
compared. For both the 2-bilayer does not present the
characteristic long-distance peak due to the small size of the
model. In turn, M4 shows a first peak around 2.80 A and a wide
region at about 4.5 A with a higher radial distribution value but
very broad. The lack of clear signals at high distances hints to
only one defined coordination sphere, typical of HDL
structures. On the other side, the confined systems M4c and
M8c show a second broader but clear peak at 4.8 A, as well as
weaker coordination spheres at 5.8 and 6.6 A. The case of
Ru(0001) is peculiar, because it displays a wide peak at 2.8 A,
starting at rather short distances. This shape is an indicator of a
plethora of configurations where oxygen atoms accommodate
around each other in different ways as a consequence of water
dissociation on Ru. Again the Ru4 model is closer to the g5_g
liquid water pattern than the confined ones.

From the differences between the experimentally retrieved
values®' and the results we obtained with the different models it
is possible to identify that a minimum water thickness of four
bilayers, 1.4 nm, is needed to retrieve the complex interplay
between high and low density liquid features characteristic of
liquid water. This agrees with the correlation regime of 1 nm
reported in the experiments.'” Instead confined water slabs
even if much thicker show a low density structure LDL domain
after 11 ps. As a consequence in the following we will mainly
center on the analysis of the M4 models, retrieving the results
from the other models when required only and reporting in the
Supporting Information the rest of the results.

The second step is to characterize the coordination sphere of
each water molecule in the slab along the BOMD trajectories.
To inspect the HDL—LDL water domains we have mapped the
H-related tetrahedrality (q) for each oxygen with respect to its
four nearest neighboring hydro§en atoms, following the
equation by Chau and Hardwick,’

4 2
> ¥ (ren+g)
, ! 3 (1)

where r; is the positions of the oxygen atoms in the j-molecule;
see Supporting Information, Section 1.2 for further details and
tests. With this definition q = 1 corresponds to a fully
tetrahedral oxygen environment (LDL-like), while lower values,
close to 0.84 and lower indicate less ordered structures (see
right column in Figure 3). The time evolution of the
tetrahedrality index for each molecule in M4 models along
the simulation time is shown in Figure 3a—c. The molecules
were assigned to a layer according to their initial (t = 0 ps) z-
positions. Darker colors indicate higher coordination. The
accumulated values for all molecules during the entire
simulation are presented in Figure 3d—f. The layer decom-
position can be found in the Supporting Information, Figure
S.I. 15. In these panels the results from the equivalent four
bilayer confined slab are presented for comparison (black line).
Additional values for all the other systems are reported in
Figure S.I. 12—13.

We start the analysis by the water—vacuum termination
(fourth layer) and then go deep into the water layers down to
the interface (top block in each panel). Because of the presence
of the vacuum roughly 1:3 on the top bilayer has a trihedral
configuration. The central second and third layers present
subtle changes indicative of a fast and more labile environment.
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Figure 3. Left panel: tetrahedrality evolution for each of the water molecules in the slab as a function of time: (a) Pd4, (b) Pt4, and (c) Ru4 models.
Darker colors stand for tetrahedral coordination. Central panel: cumulative tetrahedrality index (all simulation time and all molecules) shown as
normalized histogram for the unconfined (color) referenced to the corresponding confined (black). Right panel, local water configuration
environments: tetrahedral (top), trihedral (middle), and dicoordinated (bottom). Complementary figures can be found in the Supporting

Information Figure S.I. 12—14.

After the dynamics, a large fraction of the water molecules still
preserve the full tetrahedrality, thus pointing toward an LDL-
like behavior. However, the accumulated index in Figure 3d—f
indicates that a significant amount have reduced their
tetrahedrality to ca. 0.84. Indeed, the fraction of trihedral
oxygens remained 14% in the bulk layers. Regarding the Pd- or
Pt-water interfacial bilayer the light-colored areas forming long
stripes of low tetrahedrality along the simulation time
correspond to flat water molecules where the oxygen atoms
were originally coordinated to the surface that reorient to be
more in contact with the bulk water molecules. This agrees with
the recent work that indicates that 49% of the water molecules
on the interface with Au(111) lie flat.>?

In comparison, the accumulated g index for the confined
system, marked by the black line in Figure 3d—f, shows that
confinement induces a much higher amount of tetrahedral
molecules. The scarcity of trihedral oxygens in confined
configurations is confirmed with the 8c models, Figure S.I.
12. The few trihedral molecules that appear in the confined
mode revert to their tetrahedral environments in less than 0.5
ps. Therefore, all these four structures, Pd4c, Pd8c, Pt4c, Pt8c,
keep their high-ordered ice-like structures during the whole
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trajectory. This discards confined systems for the theoretical
modeling of a bulk water—metal (electrode-like) interface since
they show induced rigidity and absence of HDL-like features. In
addition, previous studies have assigned larger water
viscosity’”** to an increase of the average tetrahedrality
index. Our results would indicate that confined systems are
more rigid and viscous in agreement with experimental results
on confined water layers that have reported a more viscous
liquid at the nanoscale® and proposed to exhibit improved
electrocatalytic properties from static theoretical methods®®
(only ligand effects without dynamics were taken into account).

For Ru, the bulk layers are slightly more compact than their
Pd and Pt counterparts in agreement with the observation that
the first bilayer on Ru is hydrophobic.'® From our simulations,
the main reason is that water dissociation at the interface
perturbs the layers on top of it. This is very clearly seen in
Figure 3a—c; the interface layer is mainly formed by alternate
dark/light colors for Pd and Pt, while the structure at the Ru
interface is more homogeneous and the coordination pattern
darker, which are indicative of values closer to 1. For instance,
the second bilayer shows an average coordination shell smaller
than the ideal liquid value. Indeed, around 35% of the water
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Figure 4. Longitudinal views of water layer closest to the metal surface in the BOMD simulations for the Pd4 (a), Pt4 (b), and Ru4 (c). The axial
projection shown in the top indicates the local motifs in which the first layer water molecules coordinate to each other as tessellations (Voronoi-like)
following the color code: 4,5,6,7-member cycles in gray; dark yellow, orange, wine, and larger in purple darker colors. Metal, oxygen, and hydrogen
atoms are represented by white spheres and gray sticks in the longitudinal views. Hydrogen atoms are hidden in the axial projection.
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Figure 5. Most common ionic species resulting from the interaction of water with Ru(0001) surfaces found during the 10 ps of the MD. Free
standing Ru4 (bright colors) and confined Ru4c (pale colors) are shown for comparison. Isolated protons H* are reported in dark yellow, whereas
anions are in shown in wine (OH~) and orange (H;0,™). H;0" species are seldom observed during the simulation. The local configurations for each

of these ions are shown on the right.

molecules present a non-tetrahedral arrangement, q values
closer to HDL. In turn, the third bilayer is slightly more rigid
showing higher g and LDL-like features. This structure of
alternated regions with different characteristics is reminiscent of
the electrical double layer.

To further understand the nature of the interface we have
inspected the interfacial bilayer that is in contact with the
surface by analyzing the topology of the water rings. Once the
initial hexagonal symmetry is thermally relaxed the structures at
the interface might display unusual water motifs. These rings
have been identified through the visual inspection of the last 2
ps of the dynamics on Pd4, Pt4, and Ru4, and are exemplified
by the last configuration analyzed in Figure 4. Pd and Pt
effectively increase the water interfacial coverage to 0.74 and
0.70 ML; this is 20 (two more molecules) and 19 (one more),
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respectively. This densification occurs in the very early stages of
the simulation, during equilibration, and once it occurs the z-
displacement of these molecules is within 2 A; see Supporting
Information Figure S.I. 14. Note that although the lattice

employed in the present work, 3+/3 X 3/3 — R30° and that

reported in experiments, \/3_7 X \/3_ — R29.5°, are not
commensurate, our simulations are able to retrieve both (i)
the higher water coverage at the interface and (i) the multiple
motifs present. For Pd and Pt the interface water layer breaks
the hexagonal lattice yielding a tessellation that includes five-,
six-, and seven-membered rings. Some kind of smaller, severely
distorted, arrangements appear as well. Similar structures, in
particular the 6—5—7 linked patterns, have been experimentally
identified when increasing coverage from ice,” or in water
bilayers®® on Pt, and they are theoretically predicted for Pd.*
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This is in contrast with previous first-principles dynamics
simulations due to the geometry constraints (very small lateral
size) employed.””

The situation is completely different for Ru(0001) where the
hexagonal lattice is less disrupted. In Figure 4c the surface
hydroxyls attract one of the water molecules belonging to the
adlayer bending the hexagonal pattern. The ultimate con-
sequence is that large pseudo-rings with missing units appear.
For instance in Figure 4c an open water hexagon (one
monomer missing) and an open nine-membered cycle are
identified. This patch is surrounded by mostly regular
hexagonal cycles thanks to the higher binding strength of the
half-dissociated water layer.

In summary, the local structure at the water—metal interface,
i.e, within 5 A, is denser and contains unusual coordination
patterns for metals like Pt and Pd. In contrast, for Ru the
structure at the interface keeps the hexagonal arrangement
without showing any density fluctuations in the vicinity of the
metal. These terms will affect the solvation sphere and how the
solvent surrounding reactants and products will need to
rearrange to reach the surface active site. According to Marcus
theories these solvent redistributions are crucial to explain the
rates of electron transfer processes.

Compared to recent results in the literature we have found
some differences. For instance, the coordination patterns for
water molecules at the interfaces do not retrieve five- or seven-
membered rings, and mainly on-top adsorption is observed for
all water molecules on Pt(111) with classical MD.** A similar
effect together with a large fraction of flat water molecules at
the interface was reported by Cao et al. when illustrating proton
diffusion by reactive force fields.”® Both effects can be caused by
a too strong directionality and the strength of the water—metal
bond interaction in the force fields. Extrapolation of the
classical MD behavior of Pt(111) to other surfaces was
suggested,24 but our results for Ru show that for reactive
surfaces the chemistry at the interface dominates. Our results
are also in line with recent first-principles MD simulations,*
performed for Pd(111) that illustrated the need for dispersion
and large unit cells with a large number of water molecules.
Moreover, we reinforce the need for large lateral cells to
retrieve the interfacial water patterns.

A final aspect that requires attention is the study of the
fragments that appear in the simulations for the water interface
on Ru(0001). In static simulations and for STM images at low
coverages it is normally found that at the first bilayer the
number of dissociated water molecules is close to 50%.”
Recent simulations have described the water/Ru(0001) phase
diagram showing a wide range of conﬁgurations that include
hydroxyl/water and hydride domains.*” However, in larger
water thicknesses the question regarding the number of ions
and their mobility once formed at the interface has not been
addressed. Results are reported in Figure S for the systems Ru4
and Ru4c. Ru2 shows similar patterns to Ru4, and thus it is only
presented in Figure S.I. 8 together with more details on the
computational settings.

The species identified during the simulations are isolated
adsorbed protons, hydronia in the liquid, adsorbed hydroxides,
and H;0,”. Others, like the water clusters H,0, and H¢O;,
have been observed, but their lifetime is very short (below 4 fs
behave as transient species) and represent less than 0.01% of
the total simulation time. Therefore, they have not been further
considered. All the isolated H atoms (dark yellow lines in
Figure S) are adsorbed on the metal surface; they do not sink
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into the metal or are released to the surrounding bulk of water,
and the total number was constant during the run. This agrees
with the tritration experiments showing that the solvent pH is
preserved in the close contact of Ru electrodes.”’ Thus, they are
uncorrelated to H;O" species which only have been observed in
the bulk and for very short periods of 3 fs (that actually do not
enable us to fully identify them as nontransient species). In
turn, the hydroxides left on the surface interact with the closest
water molecule, forming H;0,” species via a shared H that
shuttles to and from the two oxygen atoms. Thus, these
structures oscillate from a pure H;O,” with one H exactly in
the middle between the two oxygens, to polarized H,O and
OH™ fragments. This interconversion is reflected in Figure 5 by
the trend of the H;O,™ species (orange) that almost perfectly
mirror the OH™ lines (wine). The H;0,” species is quite
common, counting around 350 times over 1 ps.

The same fragments have also been identified in the confined
Ru4c model. The presence of two surfaces in contact with the
water slab increases the number of ionic species as three more
water molecules were split on the upper surface. Whereas
unconfined systems confirm the stability of the half dissociated
layer configuration (0.50 dissociated water/Ru), in confined
ones this ratio is sensibly decreased (0.33 dissociated water
counting both surfaces/Ru). However, Ru4c is less dynamic
than Ru4: the frequency of water splitting and reforming is
much smaller than for Ru4 (13.3 ps™ for the protons in Ru4
versus 7.9 ps~' for Rudc). This is due to the more ice-like
structure of confined systems that let a minor number of
rearrangements occur. Therefore, confined systems present
differences regarding the number and dynamics of the ions at
the interface and thus can be explored in an alternative way to
benefit from these results of impeded mobility and transport
again adding an extra contribution to the impeded mobility
responsible for high viscosity.”

In summary, the species formed at the surface stay there and
are not transferred to the bulk liquid. Thus, reactants need to
reach the surface to interact with acid or basic species anchored
there.

B CONCLUSIONS

Simulations hold the key for the understanding of the water
structure at the interface with metals, and the complex behavior
including different time and length scale phenomena requires
different computational approaches. The reactivity of water
molecules on the surface has a large impact on the structure of
the region in close contact with the metal. This phenomenon
can only be observed through ab initio MD simulations. With
this computational tool and analyzing the radial distribution
function, tetrahedrality, interfacial configuration, and relevant
fragments we have shown that the water—metal interface is
different for reactive and more noble metals. At the interface
between water and Pd and Pt structural patterns of five- and
seven-membered rings are identified resulting in the
densification of the water interface layer close to the surface.
The patterns that were identified in surface science studies’ for
the first wetting layer are thus also present under water-thick
conditions. Dissociation only occurs on Ru as a consequence of
the electronic structure of this reactive surface; we have found
the fraction of dissociated molecules and again this is in good
agreement with the values reported from dissociation of the
bilayer.”® Water dissociation on Ru does not imply the
acidification of the surrounding interfacial water layer as
protons and hydroxyls are bound to the surface, in agreement
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with experimental observations.”' These differences will

severely affect the transport of active species from the bulk
solvent to the surface where chemical and electrochemical
reactions take place. Finally, we have observed that in order to
retrieve the main characteristics of liquid water a minimum of
four water bilayers (1.4 nm) interleaved by vacuum are
required. The confinement induced by sandwiched config-
urations reduces the mobility of the layer, and this has
important implications in the viscosity.”> The present results
identify new key contributions that are fundamental to reach an
atomistic understanding and control of chemical, electro-
chemical, and photoelectrochemical processes.

B METHODS

The metal surfaces were modeled with slabs of four (Pd and
Pt(111)) and five metal layers for Ru(0001) and a

343 X 343 — R30° supercell. A multilayered proton-ordered
form of hexagonal ice, ice XI,** was adsorbed on top. The
different models systems were labeled in terms of the metal, M,
number of water bilayers, N, and confinement, c, MN(c) shown
in Figure 1. The single water bilayer corresponding to 18 water
molecules (0.67 ML) is found to be more stable in H-down
configurations. However, when growing multiple layers the H-
down configurations for Pd and Pt turn in 500 ps of simulation
to H-up ones. This agrees with the experimental observation
that water layers reorient to form the water-tetrahedral
structure. Thus, the simplest model considered in the present
work, is the N = 2 double bilayer (coverage 1.33 ML), 36 water
molecules in H-up configurations for Pd and Pt and the H-
down for Ru, with a vacuum larger than 10 A, Figure lae. By
replicating the double bilayer, larger coverages of 2.67 ML (N =
4) can be retrieved (72 water molecules) and were prepared
both free (10 A vacuum) and confined, Figure 1bf and lcg.
For Pt and Pd a thicker water slab with 144 water molecules
(5.33 ML, (8)) in the confined mode was studied, Figure 1d.

DFT calculations were carried out with the Vienna Ab initio
Simulation Package VASP."*** Core electrons were described
using the projector-augmented-wave PAW formalism.” The
plane-wave set contained components with energies up to 450
eV. The Perdew, Burke, and Ernzerhof (PBE) functional was
used.*® Dispersion energies were accounted for by the
semiempirical DFT-D2 potential with modified coefficients
for the surface.””*® With this setup the density of water is
slightly overestimated. For the unconfined systems we have
investigated whether the presence of the vacuum boundary
induces a tetragonal distortion to relax the density, and we have
found that this is not the case; see Supporting Information. The
threshold for electronic convergence was set to 107¢ eV. All
initial configurations were relaxed until the forces acting on
water atoms were lower than 25 meV/A. These relaxed
structures were taken as input for 11 ps BOMD in the NVT
ensemble at 300 K controlled by a Nosé—Hoover thermo-
stat."”*° The computational setting of BOMD was simplified to
a gamma-only k-point sampling and a cutoff energy of 400 eV.
The initial 1 ps of the run was taken as equilibration, leaving 10
ps of productive run with 1 ps as time step. Test with shorter
time steps demonstrate no difference in the parameters
investigated Supporting Information Section 2.2. For systems
comprising four unconfined water bilayers a larger run was
performed. In that case, the equilibration time was 4 ps, and
productive dynamics were extended up to 20 ps. Extensive tests
done for the structural properties: radial distribution function

115

plotted similarly to ref 51 and tetrahedrality show that the
features obtained with the present simulations are maintained if
improving the k-point sampling; see Supporting Information
Section 2.1.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acscentsci.Sb00349.
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The mathematical definitions, convergence test, and
results for all the water—metal models (PDF)
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separate files (Pd4, Ru4, and Pt4)

B AUTHOR INFORMATION

Corresponding Author

*E-mail: nlopez@icig.es.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This research has been supported by the ERC Starting Grant
(ERC-2010-StG-258406) and MINECO (CTQ2012-33826).
We acknowledge BSC-CNS for providing generous computa-
tional resources. We would like to thank Prof. M. Salmeron for
critically reading the manuscript.

B REFERENCES

(1) Carrasco, J.; Hodgson, A.; Michaelides, A. A molecular
perspective of water at metal interfaces. Nat. Mater. 2012, 11, 667—
674.

(2) Norskov, J. K; Bligaard, T.; Rossmeis, J.; Christensen, C. H.
Towards the computational design of solid catalysts. Nat. Chem. 2009,
1, 37—46.

(3) Zope, B. N.; Hibbitts, D. D.; Neurock, M.; Davis, R. J. Reactivity
of the Gold/Water Interface During Selective Oxidation Catalysis.
Science 2010, 330, 74—78.

(4) Tatarkhanov, M.; Ogletree, D. F.; Rose, F.; Mitsui, T.; Fomin, E.;
Maier, S.; Rose, M,; Cerd3, J. I; Salmeron, M. Metal— and hydrogen—
bonding competition during water adsorption on Pd(111) and
Ru(0001). J. Am. Chem. Soc. 2009, 131, 18425—18434.

(S) Soper, A. K;; Ricci, M. A. Structures of high—density and low—
density water. Phys. Rev. Lett. 2000, 84, 2881.

(6) Palmer, J. C.; Martelli, F.; Liu, Y.; Car, R.; Panagiotopoulos, A. Z.;
Debenedetti, P. G. Metastable liquid—liquid transition in a molecular
model of water. Nature 2014, 510, 385—388.

(7) Soper, A. K. The radial distribution functions of water and ice
from 220 to 673 K and at pressures up to 400 MPa. Chem. Phys. 2000,
258, 121—137.

(8) Nilsson, A.; Pettersson, L. G. M. The structural origin of
anomalous properties of liquid water. Nat. Commun. 2015, 6, 8998.

(9) Chandler, D. Illusions of phase coexistance. arXiv:1407.6854.

(10) Johari, G. P.; Teixeira, J. Thermodynamic analysis of the two—
liquid model for anomalies of water, HDL—LDL fluctuations, and
liquid—liquid transition. J. Phys. Chem. B 2015, 119, 14210—14220.

(11) Bernal, J. D.; Fowler, R. H. A Theory of Water and Ionic
Solution, with Particular Reference to Hydrogen and Hydroxyl Ions. J.
Chem. Phys. 1933, 1, 518.

(12) Nilsson, A.; Pettersson, L. G. M. Perspective on the structure of
liquid water. Chem. Phys. 2011, 389, 1-34.

(13) Huang, C.; Wikfeldt, K. T.; Tokushima, T.; Nordlund, D,;
Harada, Y.; Bergmann, U.; Niebuhr, M.; Weiss, T. M.; Horikawa, Y.;
Leetmaa, M.; Ljungberg, M. P.; Takahashi, O.; Lenz, A.; Ojamde, L,

DOI: 10.1021/acscentsci.5b00349
ACS Cent. Sci. 2016, 2, 109-116


http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00349/suppl_file/oc5b00349_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00349/suppl_file/oc5b00349_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00349/suppl_file/oc5b00349_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acscentsci.5b00349
10.19061/iochem-bd-1-1
10.19061/iochem-bd-1-1
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00349/suppl_file/oc5b00349_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00349/suppl_file/oc5b00349_si_015.mpg
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00349/suppl_file/oc5b00349_si_016.mpg
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.5b00349/suppl_file/oc5b00349_si_017.mpg
mailto:nlopez@iciq.es
http://dx.doi.org/10.1021/acscentsci.5b00349

ACS Central Science

Research Article

Lyubartsev, A. P.; Shin, S.; Pettersson, L. G. M.; Nilsson, A. The
inhomogeneous structure of water at ambient conditions. Proc. Natl.
Acad. Sci. U. S. A. 2009, 106, 15214—15218.

(14) Venkatesh, C. G.; Rice, S. A;; Narten, A. H. Amorphous Solid
Water: An X—ray Diffraction Study. Science 1974, 186, 927—928.

(15) Sellberg, J. A; Huang, C.; McQueen, T. A; Loh, N. D;
Laksmono, H.; Schlesinger, D.; Sierra, R. G.; Nordlund, D.; Hampton,
C.Y,; Starodub, D.; DePonte, D. P.; Beye, M.; Chen, C.; Martin, A. V,;
Barty, A.; Wikfeldt, K. T.; Weiss, T. M,; Caronna, C.; Feldkamp, J;
Skinner, L. B.; Seibert, M. M.; Messerschmidt, M.; Williams, G. J;
Boutet, S.; Pettersson, L. G. M.; Bogan, M. J.; Nilsson, A. Ultrafast X—
ray probing of water structure below the homogeneous ice nucleation
temperature. Nature 2014, 510, 381—384.

(16) Smallenburg, F.; Filion, L.; Sciortino, F. Erasing no—man’s land
by thermodynamically stabilizing the liquid—liquid transition in
tetrahedral particles. Nat. Phys. 2014, 10, 653—657.

(17) Wikfeldt, K. T.; Nilsson, A.; Pettersson, L. G. M. Spatially
inhomogeneous bimodal inherent structure of simulated liquid water.
Phys. Chem. Chem. Phys. 2011, 13, 19918—19924.

(18) Hag, S.; Hodgson, A. Multilayer Growth and Wetting of
Ru(0001). J. Phys. Chem. C 2007, 111, 5946—5953.

(19) Schnur, S.; Grof,, A. Properties of metal—water interfaces
studied from first principles. New J. Phys. 2009, 11, 125003.

(20) Feibelman, P. J. Partial Dissociation of Water on Ru(0001).
Science 2002, 295, 99—102.

(21) Mogelhej, A.; Kelkkanen, A. K; Wikfeldt, K. T.; Schietz, J.;
Mortensen, J. J.; Pettersson, L. G. M.; Lundqvist, B. L; Jacobsen, K.
W.; Nilsson, A.; Nerskov, J. K. Ab Initio van der Waals Interactions in
Simulations of Water Alter Structure from Mainly Tetrahedral to
High—Density—Like. J. Phys. Chem. B 2011, 115, 14149—14160.

(22) Pedroza, L. S.; Poissier, A.; Fernandez-Serra, M.—V. Local order
of liquid water at metallic electrode surfaces. J. Chem. Phys. 2018, 142,
034706.

(23) Velasco-Velez, J. J.; Wy, C. H.; Pascal, T. A.; Wan, L. F.; Guo, J.;
Prendergast, D.; Salmeron, M. Interfacial water. The structure of
interfacial water on gold electrodes studied by x—ray absorption
spectroscopy. Science 2014, 346, 831—814.

(24) Limmer, D. T.; Willard, A. P.; Madden, P.; Chandler, D.
Hydration of metal surfaces can be dynamically heterogeneous and
hydrophobic. Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 4200—4205.

(25) Willard, A. P.; Limmer, D. T.; Madden, P. A;; Chandler, D.
Characterizing heterogeneous dynamics at hydrated electrode surfaces.
J. Chem. Phys. 2013, 138, 184702.

(26) Cao, Z. M; Kumar, R; Peng, Y.; Voth, G. A. Hydrated proton
structure and diffusion at platinum surfaces. J. Phys. Chem. C 2015,
119, 14675—14682.

(27) Limmer, D. T.; Willard, A. P.; Madden, P. A,; Chandler, D.
Water exchange at hydrated platinum electrode is rare and collective. J.
Phys. Chem. C 2018, 119, 24016—24024.

(28) Limmer, D. T.; Chandler, D. The putative liquid—liquid
transtion is a liquid—solid transition in atomistic models of water I. J.
Chem. Phys. 2011, 135, 134503.

(29) Limmer, D. T.; Chandler, D. The putative liquid—liquid
transtion is a liquid—solid transition in atomistic models of water II. J.
Chem. Phys. 2013, 138, 214504.

(30) Watkins, M.; Pan, D.; Wang, E. G.; Michaelides, A;
VandeVondele, J.; Slater, B. Large variation of vacancy formation
energies in the surface of crystalline ice. Nat. Mater. 2011, 10, 794—
798.

(31) ISIS Disordered Materials Database. http://www.isis.stfc.ac.uk/
groups/disordered.

(32) Chau, P. L; Hardwick, A. J. A new order parameter for
tetrahedral configurations. Mol. Phys. 1998, 93, 511-518.

(33) Major, R. C; Houston, J. E;; McGrath, M. J.; Siepmann, J. L;
Zhu, X. Y. Viscous Water Meniscus under Nanoconfinement. Phys.
Rev. Lett. 2006, 96, 177803.

(34) Raviv, U,; Laurat, P.; Klein, J. Fluidity of water confined to
subnanometre films. Nature 2001, 413, 51—54.

116

(35) Ortiz-Young, D.; Chiu, H.—C.; Kim, S.; Voitchovsky, K.; Riedo,
E. The interplay between apparent viscosity and wettability in
nanoconfined water. Nat. Commun. 2013, 4, 2482.

(36) Doyle, A. D.; Montoya, J. H.; Vojvodic, A. Improving Oxygen
Electrochemistry through Nanoscopic Confinement. ChemCatChem
2018, 7, 738—742.

(37) Zimbitas, G.; Haq, S.; Hodgson, A. The structure and
crystallization of thin water films on Pt(111). J. Chem. Phys. 2008,
123, 174701.

(38) Nie, S.; Feibelman, P. J.; Bartelt, N. C.; Thiirmer, K. Pentagons
and Heptagons in the First Water Layer on Pt(111). Phys. Rev. Lett.
2010, 105, 026102.

(39) Revilla-Lépez, G.; Lépez, N. A unified study for water
adsorption on metals: meaningful models from structural motifs.
Phys. Chem. Chem. Phys. 2014, 16, 18933—18940.

(40) Lespes, N.; Filhol, J.—S. Using the electrochemical dimension to
build water/Ru(0001) phase diagram. Surf. Sci. 2018, 631, 8—16.

(41) Kim, Y; Moon, E.—S; Shin, S; Kang, H. Acidic Water
Monolayer on Ruthenium(0001). Angew. Chem., Int. Ed. 2012, SI,
12806—128090.

(42) Howe, R;; Whitworth, R. W. A determination of the crystal
structure of ice XI. J. Chem. Phys. 1989, 90, 4450.

(43) Kresse, G.; Furthmiiller, J. Efficiency of ab—initio total energy
calculations for metals and semiconductors using a plane—wave basis
set. Comput. Mater. Sci. 1996, 6, 15—50.

(44) Kresse, G.; Hafner, J. Ab initio molecular dynamics for liquid
metals. Phys. Rev. B: Condens. Matter Mater. Phys. 1993, 47, 558.

(45) Blochl, P. E. Projector augmented—wave method. Phys. Rev. B:
Condens. Matter Mater. Phys. 1994, 50, 17953.

(46) Perdew, J. P.; Burke, K; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 386S.

(47) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and
accurate ab initio parametrization of density functional dispersion
correction (DFT—D) for the 94 elements H—Pu. J. Chem. Phys. 2010,
132, 154104.

(48) Almora-Barrios, N.; Carchini, G.; Blonski, P.; Lépez, N. Costless
Derivation of Dispersion Coefficients for Metal Surfaces. J. Chem.
Theory Comput. 2014, 10, 5002—5009.

(49) Nosé, S. A unified formulation of the constant temperature
molecular—dynamics methods. J. Chem. Phys. 1984, 81, 511-519.

(50) Hoover, W. G. Canonical dynamics: Equilibrium phase—space
distributions. Phys. Rev. A: At, Mol, Opt. Phys. 1985, 31, 1695—1697.

(51) Kaya, S.; Schlesinger, D.; Yamamoto, S.; Newberg, J. T.; Bluhm,
H.; Ogasawara, H.; Kendelewicz, T.; Brown, G. E,, Jr; Pettersson, L. G.
M.; Nilsson, A. Highly compressed two-dimensional form of water at
ambient conditions. Sci. Rep. 2013, 3, 1074.

DOI: 10.1021/acscentsci.5b00349
ACS Cent. Sci. 2016, 2, 109-116


http://www.isis.stfc.ac.uk/groups/disordered
http://www.isis.stfc.ac.uk/groups/disordered
http://dx.doi.org/10.1021/acscentsci.5b00349

