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The potential energy surfaces of molecular water on the Al{111} and on the Rh{111} metal sur-
faces have been investigated using density functional theory. Similar landscapes were found on both
surfaces. In the only minimum found, the water molecule is monocoordinated to the surface via the
oxygen atom (top configuration) with its plane nearly parallel to the surface. The maxima are around
the bridge and hollow configurations and no local minima or maxima were found. Along the inves-
tigated minimum energy pathways, no strong preferential orientation of the water dipole was found,
as long as the molecular plane is nearly parallel to the surface. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4767766]

I. INTRODUCTION

The interaction of water (H2O) with surfaces has been
the subject of study of numerous experimental and theoreti-
cal works due to its importance in topics of physics, chem-
istry, etc.1–3 Water/metal systems have received much atten-
tion and a number of studies aimed at understanding the ad-
sorption and diffusion of water molecules on single crystal
metal surfaces have been performed.4–19 In particular, scan-
ning tunneling microscopy (STM) studies have been carried
out in which the adsorption and diffusion of H2O monomers
and small clusters have been examined on Pd{111}.6 How-
ever, the internal structure of the adsorbed H2O molecules
has not yet been resolved with STM. Although diffusion of
adsorbates on surfaces plays an important role in a wide va-
riety of processes, including cluster formation, surface wet-
ting, crystal growth, corrosion, and heterogeneous catalysis,
the microscopic diffusion mechanisms are not known yet, at
the atomic level, for water on a metal surface. A reliable the-
oretical model can shed light on the details of the internal
structure of the water molecules after adsorption and in the
diffusion process on a metal surface.

It has been demonstrated that density functional the-
ory (DFT) is a high-quality approach for the investigation
of the adsorption and diffusion of atoms and molecules on
metal surfaces.20–23 Excellent agreement can be obtained be-
tween experimentally determined and DFT calculated diffu-
sion barriers.24, 25

It is often assumed that the potential energy surface for
adsorbate diffusion on a homogeneous surface, can be de-
scribed by a cosinelike function, where the stable configura-
tions are at high-symmetry sites.26 Within this frame, the en-
ergy barrier for adsorbate diffusion could be obtained by com-
paring adsorption energies at high-symmetry sites, but this is
not always the case, as shown by Ge and King for CO diffu-
sion on the Pt{110} surface.22 Analysis of quasielastic helium
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atom scattering data of CO diffusion on Cu{100} indicate that
the top configuration is the favored site and the energy barrier
is attributed (without further analysis) to the energy of the
bridge site in the one-dimensional potential energy surface
(PES). Similar one-dimensional PES functions have also been
assumed when other systems, such as CO on Ni{110}, CO
on Ni{100}, Na on Cu{111}, S on Cu{111}, CO on Pt{111}
and Pb on Pb{110}, have been studied with that experimental
technique. These systems have been reviewed by Hofmann
and Toennies.27 Ge and King using DFT calculations have
found that the detailed analysis of the one-dimensional PES
of CO on Pt{110}, without assumptions, leads to a different
conclusion. They found a maximum between top and bridge
configurations, and that these two adsorption sites are minima
in the one-dimensional PES. In the present article, the PES of
H2O on the Al{111} and on the Rh{111} metal surfaces is
investigated within the DFT and the climbing image nudged
elastic band (cNEB) frameworks. Questions like: How is the
molecular dipole and the molecular plane of a water molecule
oriented when diffusion takes place? Is the water diffusion on
these surfaces a likely process? Is the water diffusion a ran-
dom walk process or there are directions or paths more likely
than others? have a reliable answer using DFT and cNEB
methods.

In a previous article, the cluster method was used to sim-
ulate the interaction of a water molecule with the Al(111)
surface.28 The calculations were performed at the restricted
open shell Hartree-Fock level using the GAMESS code. Two
clusters were used to mimic the Al surface, Al10 and Al17.
The first one was made of a single ten-atom layer and the
second one was made of two layers of ten and seven atoms,
respectively. This approximation assumes that the adsorbate-
substrate interaction is dominated by local effects. But some
characteristics of the adsorption may be influenced by the
size and/or shape of the cluster used in the calculations. In
these two small clusters, most of the atoms do not have the
same environment that they have in a surface. In a larger clus-
ter (wider and deeper), most of the surface atoms near the
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adsorbate location are much closer to their ideal environment
on the surface and also the electronic structure. The interac-
tion between a water molecule and a metal surface would be
better described by a larger cluster in which the wavefunc-
tions of the surface atoms of the cluster, near the adsorbate,
are like or similar to the wavefunctions of the surface. In the
present article, periodic boundary conditions are applied and
a deeper slab is used in order to mimic the interaction of a
water molecule with the surface.

The adsorption of water on the Rh{111} surface was
investigated previously using experimental techniques10 and
DFT.13 In both studies the water coverage is higher than the
coverage studied in this work. In those works the interac-
tion of every adsorbed water molecule is with the surface
and also with other adsorbed water molecules, whereas in
the present work the main interaction of the adsorbed water
molecule is with the surface. On a metal surface, at high cov-
erage (2/3 ML13), the water layer is made due to a balance
between the interaction among water molecules and the inter-
action between a water molecule and the surface. These inter-
actions are of different nature: the interaction between a water
molecule and the surface is via the water molecular orbitals
(1b1, mainly, and 3a1, as long as the molecular plane is nearly
parallel to the surface plane) with the wavefunctions of the
surface,16, 19 whereas the interaction among water molecules
is H-bond. Similar DFT calculations13 for 2/3 ML coverage
show that the oxygen of the water molecule is at 2.54 Å from
the Rh surface atom, whereas, in the present work, for 1/4 ML
coverage, the water molecule is above the top surface atom at
a distance of 2.33 Å. The ≈0.2 Å difference is probably due to
the three H-bonds the water molecule has at 2/3 ML coverage
that weakens its interaction with the surface.

In the present article, for these two surfaces (Al{111} and
Rh{111}), a minimum is found for water adsorption on the
top configuration with its plane nearly parallel to the surface.
A flat and wide maximum is found for H2O adsorption around
the bridge and hollow configurations, for these two metal sur-
faces. As a consequence, the barrier for H2O diffusion from
top to top configurations is almost independent of the cho-
sen pathway. The orientation of the molecular plane is inves-
tigated as well as the orientation of the water dipole.

II. METHODOLOGY

Calculations were performed within the density
functional theory framework29, 30 as implemented in the
Vienna ab initio simulation package31, 32 code. The Kohn-
Sham equations were solved using projector augmented wave
method33, 34 and a plane-wave basis set including plane waves
up to 400 eV. Electron exchange and correlation energies
were calculated within the generalized gradient approxima-
tion in the Perdew-Wang 91 form.35 In order to find stable
adsorption configurations, the atomic structure and the total
energy were considered converged when the forces on the
ions were less than 0.03 eV/Å. Periodic boundary conditions
were applied. The Hessian matrix of second derivatives
was determined for ground structures within the harmonic
approximation by two-sided finite differences, using a dis-
placement step of 0.01 Å. Adsorbed atoms were displaced in

the calculations, and diagonalization of the dynamic matrix
gave the harmonic frequencies. The cNEB method was used
to calculate the minimum energy pathway (MEP) between
two converged configurations36, 37 and the maximum of every
MEP. Three images were used in the calculation of the MEPs
between the top and the bridge or hollow configurations.
The atomic structure and the total energy of the images
in the cNEB calculations were considered converged when
the forces on the ions were less than 0.03 eV/Å. The first
Brillouin zone was sampled by a (5 × 5 × 1) 0 centered
Monkhorst-Pack38 mesh, resulting in 13 k-points and only
the 0 point was used in the gas phase case.

The system (aluminium or rhodium surface and the H2O
molecule) was modeled by a p(2 × 2) surface unit super-
cell with a depth equivalent to twelve-layers. The lattice con-
stants of the hexagonal aluminium (rhodium) supercell were
a = 5.73 (5.37) and c = 28.06 (26.35) Å.39 Every surface
was modelled by a periodic array of five-layer slabs separated
by a vacuum region. A single H2O molecule was adsorbed
on one side of the slab within the supercell (coverage of
θ = 0.25 ML). The supercell is large enough to avoid interac-
tions between slabs due to the periodic boundary conditions
in the [111] direction. The adsorption energy, Ea, is defined
relative to the H2O molecule gas phase energy and the energy
of the clean optimized surface. It is calculated as

Ea = E(H2O/srf ) − E(H2O) − E(srf ). (1)

The first term of Eq. (1) is the energy of the optimized
configuration of H2O adsorbed on the clean relaxed surface.
The atoms of the two external layers of the surface and the
atoms of the adsorbate were allowed to relax freely. The sec-
ond term of Eq. (1) is the H2O gas phase energy. To calculate
the energy of the isolated H2O molecule, a 15 Å side cubic
supercell was used and the three atoms were allowed to relax
freely. The third term of Eq. (1) is the energy of the clean op-
timized surface. The atoms of the two external layers of the
surface were allowed to relax freely.

According to Eq. (1), a negative value of Ea will indi-
cate a stable configuration, see Table I. (The vertical axis of
Figures 2–4 is labeled “Relative energy” and begins in 0 eV.
The relative energy is with respect to the H2O adsorption en-
ergy in the top configuration on the corresponding substrate.)

III. RESULTS AND DISCUSSION

H2O adsorption was investigated at all four high-
symmetry adsorption sites on the fcc{111} surface of Al and
Rh: top, bridge, hcp and fcc hollow. Initially the molecular
plane was set parallel to the surface, or perpendicular to the
surface with the hydrogens away from it. The investigated
sites are marked on Figure 1.

Table I shows energies and structural optimized param-
eters of H2O adsorption on the Al{111} and Rh{111} sur-
faces. The adsorption model presented here is consistent with
the common binding mechanism identified in previous works
on transition and noble metal surfaces.16, 19 On both surfaces,
the H2O molecule binds most strongly to the top site with a
calculated adsorption energy of −0.26 and −0.35 eV on Al
and Rh, respectively. As a reference on the Al surface, the
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FIG. 1. (Panel on the left): Top view of the fcc{111} clean surface. The investigated high-symmetry adsorption sites are marked: t, b, f, and h are for top,
bridge, fcc hollow, and hcp hollow sites, respectively. (panels at the center and on the right) Top and side views of the H2O adsorption on top site on the Al and
Rh{111} surfaces. The molecule is monocoordinated to the surface via its oxygen atom and shifted by Dxy from the exact top position in the direction of the
molecular dipole. The top metal atom is pulled out of the surface by z after interaction with the H2O molecule with respect to the other surface metal atoms. The
O-top metal atom distance is denoted as d, also shown in Table I. Big, medium, and small spheres represent metal, oxygen, and hydrogen atoms, respectively.

adsorption energy calculated allowing the relaxation of only
the water molecule, with the Al atoms kept in their bulk po-
sitions is −0.23 eV. There is no change in the adsorption en-
ergy (Ea = −0.26 eV) when the water molecule and only the
most external layer are allowed to relax. The adsorption en-
ergy calculated on Al is below the range of 0.57 to 0.87 eV
(13 kcal/mol to 20 kcal/mol) obtained using cluster calcula-
tions for different cluster sizes (Al10 and Al17, respectively).28

However, the adsorption energies calculated in the present
work are within the range obtained for transition and noble
metal surfaces using similar DFT methods.16 The H2O ad-
sorption energy calculated on Rh is slightly less exothermic
(0.07 eV) than the one presented in Ref. 16 using similar DFT
methods. H2O adsorption on top configuration is in agree-
ment with experimental results on Pd{111}.6 Salmeron and
co-workers6 using STM found that the water monomer spends
most of the time on top configuration at low temperature and
very low coverage on Pd.

On the studied surfaces, the plane of the molecule is
nearly parallel to the surface plane, in agreement with previ-
ous similar DFT works.16 On Al{001}, a similar result has
previously been found,17 whereas cluster approximations28

found that the molecular plane is normal to the surface plane.

In this work, no stable configuration was found with the
molecular plane perpendicular to the surface.

The oxygen is laterally shifted from the exact top posi-
tion by 0.19 and 0.14 Å on Al and Rh, respectively; and the
top metal atom undergoes a vertical displacement of 0.23 and
0.07 Å with respect to the other surface metal atoms. The dif-
ference in the adsorption energy on top configuration was cal-
culated to be less than 0.01 eV for several orientations of the
molecular dipole, as long as the molecular plane is nearly par-
allel to the surface plane. This indicates a very low activation
energy for rotation of the molecule around an axis that is per-
pendicular to the {111} plane and that passes through the top
atom. The molecular dipole exhibits no preferential orienta-
tion, even at low temperatures, as long as the molecular plane
is nearly parallel to the surface plane.

Adsorption at the bridge site, fcc and hcp hollow sites
is less stable, with adsorption energies of −0.10, −0.10,
and −0.09 eV, respectively, on the Al surface. A slightly
stronger interaction was found on the Rh surface, as shown in
Table I. The structure of the molecule is slightly modified
from the gas phase by the presence of the substrate (Al or
Rh) when the adsorption takes place regardless of the adsorp-
tion configuration. At all three sites the plane of the H2O

TABLE I. Energies and structural optimized parameters for the H2O molecular adsorption on the fcc{111} metal surfaces Al and Rh: adsorption energy
(Ea, eV), H2O dipole-normal to the surface tilt angle (α, ◦), lateral displacement of the O atom from the precise site (Dxy, Å), O atom-metal atom(s) vertical
separation (h, Å), O atom-metal atom(s) distance(s) (d, Å) and vertical spacing between the metal atom(s) that interact directly with the H2O molecule and the
rest of the layer (z, Å), for every adsorption site. In the column on the right the calculated vibrational frequencies are shown for every adsorption configuration:
antisymmetric stretching, symmetric stretching and bending modes. The calculated vibrational frequencies for H2O gas phase are: 3826, 3693, and 1589 cm−1.

Metal Site Ea α Dxy h dO-metal z Vib. freq.

Al top −0.26 82 0.19 2.16 2.17 0.23 3570 3467 1530
bridge −0.10 102 0.05 3.10 3.36 3.46 0.07 −0.02 3763 3648 1581

fcc −0.10 94 0 3.37 3.74 3.76(2) 0 3795 3688 1588
hcp −0.09 93 0.07 3.35 3.70 3.74 3.77 0 3790 3682 1582

Rh top −0.35 92 0.14 2.32 2.33 0.07 3620 3501 1536
bridge −0.15 97 0.07 2.93 3.18 3.21 0.03 0 3676 3553 1552

fcc −0.13 90 0.03 3.20 3.53 3.56(2) 0 3725 3612 1565
hcp −0.13 91 0.09 3.18 3.50 3.55 3.58 0 3715 3591 1590

Downloaded 29 Nov 2012 to 190.192.230.179. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



204702-4 Víctor A. Ranea J. Chem. Phys. 137, 204702 (2012)

molecule also lies parallel to the surface plane, as shown in
Table I. Cluster calculations28 found adsorption energies for
the bridge site of 0.34 eV and 0.18 eV (7.9 kcal/mol and
4.2 kcal/mol) for different cluster sizes (Al10 and Al17, respec-
tively). Such calculations did not find any structure with H2O
molecularly adsorbed at either three-fold sites on Al{111}. A
repulsive water-surface interaction was found when studying
the adsorption with the minimum clusters for these two sites
(Al4 and Al7 for hcp and fcc hollow sites, respectively).

No other stable adsorption configuration was found at
any of the four studied sites: top, bridge, hcp, and fcc hollow.
The molecular plane is nearly parallel to the surface plane in
every one of the studied sites in any of the studied surfaces
(Al{111} and Rh{111}).

The column on the right of Table I shows that all the H2O
calculated vibrational frequencies undergo a downshift after
adsorption from the gas phase values. On the Al surface the
stretching modes are slightly more modified than on the Rh
surface for the top configuration (241 cm−1 on Al, on aver-
age, against 199 cm−1 on Rh); whereas the bending mode is
modified almost in the same quantity (≈55 cm−1) on both
surfaces. For the bridge and hollow configurations, the vibra-
tional frequencies are less modified on Al than on Rh. On the
Al surface, the stretching vibrational modes are perturbated in
the range 10–60 cm−1 from the gas phase; whereas the range
is 80–150 cm−1 on Rh. The bending mode is slightly modified
on both surfaces.

Calculations are performed for H2O diffusion on the
Al{111} and on the Rh{111} surfaces from the most sta-
ble top site along three different pathways: to the bridge, fcc
hollow, and hcp hollow sites. Three different orientations of
the molecular dipole are tested with respect to the investi-
gated path: parallel, antiparallel, and perpendicular, with the
molecular plane nearly parallel to the surface plane. Calcu-
lated MEPs show an absolute minimum for H2O in the top
configuration, regardless the orientation of the water dipole,
as long as the molecular plane is nearly parallel to the sur-
face plane. The vertical axis of Figures 2–4 is the energy rela-
tive to the adsorption energy of the water molecule on the top
configuration of the corresponding substrate. The MEPs re-
veal maxima around the fcc hollow, hcp hollow, and bridge
configurations. The right part of the MEPs of Figures 2–4
shows that the maxima are about 2 to 3.5 Å in the Reac-
tion coordinate axis. As stated in Sec. II, the climbing image
nudged elastic band method is used in this article. The en-
ergy data points are the energies of the images and are marked
with dots along the MEPs. The image with the highest en-
ergy is pushed to the maximum of the MEP. Consequently,
the third image (fourth energy point from the left) is pushed
up to the maximum, the distance between the third image and
the end point (bridge or hollow configuration) is shorter than
the other distances in the reaction coordinate axis. The energy
difference between the energy of the third image and the en-
ergy of the bridge or hollow configuration is smaller than

FIG. 2. (Bottom part): Calculated minimum energy pathways (MEPs) for three different orientations of the H2O dipole relative to the top-bridge line on the
Al{111} surface (left), and to the top-fcc hollow line on the Rh{111} surface (right). The plane of the water molecule is nearly parallel to the plane of the
surface. The dots along the MEPs represent energy data points. The lines connecting the energy data points act as guide to the eye. Solid, dashed, and dotted
lines stand for the parallel, perpendicular, and antiparallel orientations of the molecular dipole, respectively. (Upper part): Big, medium, and small spheres
represent metal, oxygen, and hydrogen atoms, respectively. The representations are shown for some of the data points energy.
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FIG. 3. (Bottom part): Calculated minimum energy pathways (MEPs) for H2O on the Al{111} surface. The panels on the left and on the right show the MEPs
between the top-fcc hollow configurations and the top-hcp hollow configurations, respectively. The plane of the water molecule is nearly parallel to the plane of
the surface. The dots along the MEPs stand for energy data points. The lines connecting the energy data points serve as guide to the eye. Solid lines stand for
the parallel orientation of the molecular dipole relative to the imaginary line between the top and the other high-symmetry configurations. (Upper part): Big,
medium and small spheres represent metal, oxygen, and hydrogen atoms, respectively. The representations are shown for some of the data points energy.

0.02 eV for every MEP shown in Figures 2–4. This indicates
a wide maximum is found in every MEP shown in the men-
tioned figures around the bridge and hollow sites.

Figures 2–4 also show that there are no local minima or
local maxima between the global minimum and the global
maximum in the depicted MEPs. The upper part of every MEP
shows pictures of spheres or balls that represent the positions
of the atoms for some configurations of the energy data points
(not all the energy data points are represented).

The shape of all the MEPs resembles a sinelike or cosine-
like function. This is in agreement with the universal assump-
tion that the potential energy surface for the diffusion of an
adsorbate species across a homogeneous surface is described
as a cosinelike function with high-symmetry sites as the only
stable configurations,26 though it is known that this is not al-

ways the case. A different potential energy pathway shows the
CO diffusion on the Pt{110} surface.22

The profiles shown in Figures 2–4 indicate that the acti-
vation energy for the H2O diffusion from the top site to the
next top site through any of the other three high-symmetry
sites (following the corresponding MEP) is around the en-
ergy difference between the high-symmetry site and the top
site configurations. According to the results shown in Table I,
the activation energies are around 0.16 (−0.10−(−0.26)) and
0.2 (−0.15−(−0.35)) eV on Al and Rh, respectively, follow-
ing the top → bridge MEP (see Figures 2–4). The low acti-
vation energy for diffusion shows the diffusion of water is a
likely process on these metal surfaces. The theoretical results
described in Figures 2–4 show that there is no clear preferred
diffusion pathway for H2O on the aforementioned metal

FIG. 4. (Bottom part): Calculated minimum energy pathways (MEPs) for H2O on the Rh{111} surface. The panels on the left and on the right show the MEPs
between the top-bridge configurations and the top-hcp hollow configurations, respectively. The plane of the water molecule is nearly parallel to the plane of
the surface. The dots along the MEPs stand for energy data points. The lines connecting the energy data points serve as guide to the eye. Solid lines stand for
the parallel orientation of the molecular dipole relative to the imaginary line between the top and the other high-symmetry configurations. (Upper part): Big,
medium, and small spheres represent metal, oxygen, and hydrogen atoms, respectively. The representations are shown for some of the data points energy.
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surfaces between top sites. This means that the diffusion of
a H2O molecule will be well described by a random walk
process on these metal surfaces. On the same {111} surface
but on different metal, this prediction is in line with exper-
imental results on palladium.6 In this experiment, a set of
STM images show that the H2O monomer spends most of
the time on the top sites and the diffusion process is de-
scribed by a random walk process at low temperature and low
coverage.

Along each MEP, between ends, the orientation of the
water dipole has little or no importance, as Figure 2 shows,
as long as the molecular plane is nearly parallel to the sur-
face plane. Rotation of the H2O molecule around its dipole in-
creases the energy up to instability. It has been shown that the
interaction of the H2O molecule with a {111} metal surface
takes place via the 1b1 and 3a1 molecular orbitals (MOs).16, 19

The main attractive interaction is between the 1b1 MO, which
is perpendicular to the molecular plane, and the surface wave
functions. Rotation of the molecule around the molecular
dipole will decrease this attractive interaction and so the
stability.

IV. CONCLUSIONS

The potential energy surfaces of molecular water on the
Al{111} and on the Rh{111} metal surfaces have been in-
vestigated using density functional theory and the climbing
image nudged elastic band method. Similar landscapes of the
potential energy surface were found for the interaction en-
ergy of H2O with the Al{111} and Rh{111} metal surfaces at
0.25 ML coverage. Only one minimum was found where the
water molecule is monocoordinated to the surface via the oxy-
gen atom with its plane nearly parallel to the surface. The
energy of the minimum, i.e., the water adsorption energy, is
−0.26 eV in the case of Al and −0.35 eV in the case of Rh.
The maxima are very close to the bridge and hollow configu-
rations in the potential energy surface with energies of about
−0.10 and −0.15 eV for Al and Rh, respectively; the molecu-
lar plane is nearly parallel to the surface plane. No local min-
ima or local maxima were found along the investigated MEPs.
The activation energy for water diffusion from the top site to
the next top site, is estimated as 0.16 eV on Al and 0.20 eV
on Rh, via the investigated MEPs. These small energy barriers
indicate that the water diffusion on these surfaces is a likely
process (at this coverage), even at low temperatures. This re-
sult is in agreement with experimental results on palladium
at low coverage and low temperature.6 Along the investigated
minimum energy pathways, no strong preferential orientation
of the water dipole was found on condition that the molecu-
lar plane is nearly parallel to the surface plane. Rotation of
the H2O molecule around the molecular dipole decreases the

1b1 MO interaction with the wavefunctions of the surface and
causes instabilities.
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