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First-principles study of H2 O diffusion on a metal surface:

H2 O on Alˆ100‰
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Density functional theory has been used to investigate the adsorption and diffusion of H2 O on Al兵100其. The
favored adsorption site for H2 O is the atop site with a binding energy of ⬃350 meV. H2 O binds only very
weakly at bridge sites and does not adsorb at fourfold hollow sites. The activation energies for H2 O diffusion
depend on the specific orientation of the H2 O molecule on the surface and range from 307–327 meV. We show
that the barriers for H2 O diffusion are consistently larger than the difference in adsorption energies between
H2 O at the most stable 共atop兲 and next most stable 共bridge兲 adsorption sites.
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The nature of the H2 O-metal interaction is of obvious
importance to any number of scientific disciplines. As a result many investigators have devoted considerable time and
effort towards understanding these systems.1,2 One need only
look at the impressive list of references in Henderson’s review article for evidence.2 Of the many publications in this
area several recent scanning tunneling microscopy 共STM兲
experiments on single crystal metal surfaces stand out.3– 6
These studies have shed light on important aspects of the
clustering and diffusion of H2 O molecules on Ag兵111其,
Cu兵111其, and Pd兵111其. On Pd兵111其, for example, the diffusion
parameters of isolated H2 O monomers and H2 O clusters
were measured.5 Unfortunately, however, the internal structure of the adsorbed H2 O molecules was not resolved in any
of these studies and thus an atomic level description of the
H2 O diffusion mechanisms has not yet been arrived at. It is
not known, for example, what the orientation共s兲 of the H2 O
molecules are as they navigate their way across a metal surface.
Many studies have now demonstrated that density functional theory 共DFT兲 can accurately predict the adsorption and
diffusion properties of atoms and molecules on metal
surfaces.7–10 Further it has been shown that excellent agreement between DFT and experimentally determined diffusion
barriers can be obtained.11–13 Despite numerous theoretical
investigations of H2 O on model metal surfaces, however,
none has explicitly examined the diffusional potential energy
surface 共PES兲 of H2 O on a metal surface.14 –28 Thus activation energies for H2 O diffusion on metal surfaces have not
been calculated. Rather it is often assumed that the barrier to
diffusion can be obtained by comparing adsorption energies
at different high symmetry sites. Here we perform the first
DFT investigation of the diffusional potential energy surface
of H2 O on a metal surface. We find that on Al兵100其 H2 O
monomers diffuse between favored atop adsorption sites
over twofold bridge sites. We show that the barriers determined are consistently larger than the difference in H2 O adsorption energies at atop and bridge sites.
All calculations presented here were performed within the
DFT framework as implemented in the CASTEP code.29
Electron-ion interactions were included through the use of
0163-1829/2004/69共7兲/075409共4兲/$22.50

ultrasoft pseudopotentials,30 which were expanded within a
plane wave basis with a cutoff energy of 340 eV. Electron
exchange and correlation effects were described by the Perdew Wang 共PW91兲 generalized gradient approximation.31
The Al兵100其 surface was modeled by a periodic array of six
layer-slabs separated by a vacuum region equivalent to a
further six layers. A p(2⫻2) surface unit cell was employed
and a single H2 O molecule was placed on one side of the
slab, corresponding to a coverage of 0.25 monolayers. A
Monkhorst-Pack32 mesh with 6⫻6⫻1 k-point sampling
within the surface Brillouin zone was used. Structure optimizations for H2 O adsorption were performed with the Al atoms fixed at their bulk-truncated positions and also with the
top layer of Al atoms allowed to relax. For the calculations
on H2 O diffusion, however, only results with all the Al atoms
held fixed are presented. Initial calculations revealed that it
was necessary to fix the surface in order to prevent the top Al
layer from slipping en masse to follow H2 O during diffusion.
H2 O adsorption at all three high symmetry adsorption
sites on Al兵100其 共atop; twofold bridge and fourfold hollow
sites兲 was considered. During these structure optimizations O
was 共laterally兲 constrained to remain precisely above each
adsorption site. We find that H2 O binds most strongly to the
atop site with a calculated adsorption energy of 348 meV
共242 meV when the surface is relaxed兲. The O-Al distance is
2.00 Å and the molecule deforms only moderately from its
gas phase equilibrium structure: the O-H bonds are elongated
to 0.98 Å from a calculated gas phase value of 0.97 Å; and
the HOH internal angle is expanded by 4° from a calculated
gas phase value of 104°. At this site H2 O lies fairly flat on
the surface with the molecular plane tilted by ⬃70° from the
surface normal. Adsorption at the bridge site is considerably
less stable, with a binding energy of only 60 meV at this site.
When the surface is allowed to relax the adsorption energy is
58 meV. Despite considering five different initial orientations
for H2 O at the fourfold hollow site our calculations indicate
that H2 O does not bind to the surface at this site. The atop
binding site identified here on Al兵100其 agrees with two previous cluster studies for H2 O adsorption on Al surfaces.20,25
Moreover, in broader terms, it is consistent with a general
model for monomeric H2 O adsorption on transition and
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FIG. 2. Top views of the two H2 O orientations used to investigate H2 O diffusion on Al兵100其. The labels assigned to various high
symmetry sites are also shown.

FIG. 1. Total variation in H2 O adsorption energy with azimuthal
orientation 共⌽兲 for H2 O adsorbed at the atop and bridge sites. The
angle ⌽, described by the inset, is defined as the angle between the
H2 O dipole plane and the 具011典 surface plane. The structure of the
most stable orientations at each site are also shown. Note the different scales for the upper and lower parts of the graph.

noble metal surfaces recently proposed by Michaelides
et al.33
Next the azimuthal orientation of adsorbed H2 O, i.e., rotation about the O-Al bond, was investigated. The total energy variation in the H2 O adsorption energy with respect to
the azimuthal orientation for H2 O at the atop and bridge sites
is shown in Fig. 1. We define the azimuthal angle, ⌽, as the
angle between the H2 O dipole plane and the 具011典 surface
plane, as shown by the inset in Fig. 1. The structures of the
preferred orientation at each site are also shown in Fig. 1. It
can be seen that the favored orientations for H2 O at the atop
site are those that have an OH bond directed towards a
neighboring atop site. At the bridge site, H2 O prefers to have
the molecular dipole plane aligned along the 具011典 surface
plane. It is apparent, however, from Fig. 1 that at both sites
azimuthal rotation is facile and that a strong preference for a
particular orientation does not exist. The various orientations
considered do not differ by more than 60 and 20 meV at the
atop and bridge sites, respectively.
Given a H2 O monomer at an atop site we then sought to
investigate how it would negotiate its way across the Al兵100其
surface. Since we find that H2 O does not adsorb at fourfold
hollow sites, only diffusion mechanisms between bridge and
atop sites were examined. For H2 O at a given atop site, arbitrarily labeled T0 in Fig. 2, we obviously have four nearest
atop sites 共labeled T1 – 4 ) to which it can diffuse. For any
given H2 O orientation, however, a complete atop to atop
diffusion step between T0 and T1 is equivalent to diffusion
between T0 and T3 . Likewise diffusion between T0 and T2
is equivalent to diffusion between T0 and T4 . Thus the number of distinct candidates for diffusion mechanisms is reduced to two: for example, T0 ↔T1 and T0 ↔T2 . Given that
the azimuthal rotation 共⌽兲 of H2 O at both the atop and bridge
sites is facile, routes to T1 and T2 have been considered with
H2 O in two distinct orientations. In one we use the favored

orientation of H2 O at the atop site, i.e., with an OH bond
pointing toward an adjacent atop site, as shown in Fig. 2共a兲.
Diffusion processes with this orientation are labeled T0 ↔T1
and T0 ↔T2 . The second orientation is the preferred orientation for H2 O at the bridge site, i.e., with the molecular
dipole plane aligned to the 具011典 plane 关Fig. 2共b兲兴. Diffusion
processes with this orientation are labeled T⬘0 ↔T⬘1 and
T0⬘ ↔T2⬘ . Thus four microscopic diffusion processes were
mapped out in detail. Each route was investigated by moving
H2 O from its initial to its final atop site subject to a single
共Cartesian兲 constraint on the oxygen.
Table I lists the activation energies (E a ) determined for
the four diffusion mechanisms investigated. The E a for a
given route is the energy difference between the highest and
lowest energy points along that route. The activation energies
determined for the four routes range from 307–327 meV. It
is clear, therefore, that all diffusion mechanisms have reasonably similar activation energies. This implies that given a
H2 O at an atop site on Al兵100其 it does not have a strong
preference for a particular direction in which to diffuse. An
examination of Fig. 3, however, which displays the energy
profiles for each route, reveals that each route exhibits some
interesting characteristics. The most striking features of the
calculated energy profiles are the minima at 0.05–0.10 Å
from the precise atop sites. This is most apparent for routes
T0⬘ ↔T1⬘ and T⬘0 ↔T2⬘ where ⬃60 meV minima are located
on either side of the precise atop site. These minima demonstrate that H2 O prefers to be displaced slightly from the precise atop sites. Indeed structure optimizations with H2 O allowed to fully relax, i.e., with no constraints on the O
position, confirm this. In practice, therefore, when H2 O adTABLE I. Activation energies (E a ) for H2 O diffusion along the
four pathways investigated, as shown in Fig. 3. E a is the energy
difference between the highest and lowest energy points along each
route. The energy differences between H2 O at the atop and bridge
sites (⌬ top-bridge) along each route are also shown.

a

Route

E a 共meV兲

⌬ top-bridge 共meV兲

T0 – T1
T0 – T2
T ⬘0 – T ⬘1
T ⬘0 – T ⬘2

307
309
327
309 共294兲a

292
299
225
247 共244兲a

The values in parentheses have been calculated with a 12⫻12⫻1
k-point mesh and a plane wave cut-off energy of 440 eV.
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FIG. 3. Variations in H2 O adsorption energy as a function of the
lateral displacement of O from its original atop site for the four H2 O
diffusion routes investigated on Al兵100其. The structure of the initial,
transition and final states of each pathway are also shown. The solid
lines connecting the data points are guides to the eye. Note that
route T⬘0 ↔T⬘2 共d兲 is entirely symmetric about the transition state at
the bridge site.

sorbs on Al兵100其 it will be displaced slightly from the precise
atop site. In fact our calculations indicate that the precise
atop is not an energy minimum on the multidimensional
PES. An implication for diffusion is that there tends to be a
small energy barrier, the magnitude of which depends on the
orientation of H2 O, for H2 O to move from one side of the
precise atop site to another. The second thing we note from
Fig. 3 is that the energy profiles are reasonably symmetric
about the highest energy points, which tend to be located at
bridge sites. For route T0⬘ ↔T2⬘ this is trivial since the bridge
site is a mirror plane along this route. T0 ↔T1 and T0 ↔T2
exhibit a small asymmetry in energy on either side of the
bridge site, on the order of 50 meV. Route T0⬘ ↔T1⬘ , however, stands out as it clearly exhibits the greatest asymmetry.
Indeed in this case the barrier for diffusion is not even located over a bridge, rather it is displaced towards the atop
site T1⬘ . Thus for H2 O diffusion in this orientation there is a
small barrier 共25 meV兲 between the bridge site B1⬘ and the
atop site T1⬘ 共Fig. 2兲. It is obvious from the energy profiles
displayed in Figs. 3共a兲–3共d兲 that the bridge site is not an
energy minimum. Rather it tends to be an energy maximum.
Given that the fourfold hollow sites and the precise atop sites
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are also not minima, then none of the high symmetry sites
are minima on the PES. However, as can be inferred from
Fig. 3 and as stated above, minima are located very close to
the atop sites.
It is almost universally assumed that the diffusion barrier
for an adsorbate can be simply predicted from the difference
in adsorption energies at the most stable and the next most
stable high symmetry adsorption sites. An important consequence of the complexities in the diffusional potential energy
surfaces shown in Fig. 3, however, is that this is clearly not
the case for H2 O diffusion on Al兵100其. The barriers obtained
for each route are always larger than the binding energy difference for H2 O at the atop and bridge sites. These comparisons are made in Table I where it can be seen that the differences in binding energies between bridge and atop sites
range from 225–299 meV 共depending on the orientation of
H2 O) whereas the diffusion barriers are between 307 and
327 meV. Also sown, in parenthesis, for route T0⬘ ↔T2⬘ , are
the results obtained with a more accurate computational
setup (12⫻12⫻1 k-point mesh and a plane wave cutoff energy of 440 eV兲. These results differ from the standard calculations by ⭐15 meV, which gives an indication of the numerical accuracy of our calculations.
The results presented here clearly reveal that in order to
accurately determine the activation energy for the diffusion
of H2 O monomers on Al兵100其 it is necessary to explicitly
calculate points on the PES between the atop and bridge
sites. Ge and King recently came to a similar conclusion for
CO diffusion on metal surfaces,8,9 where it was shown that
for CO diffusion along 具 11̄0 典 plane of Pt兵110其 and Cu兵110其
there exists energy barriers of ⬃150 meV between atop and
bridge sites. Finally, we note that the results presented here
relate to the diffusion of H2 O monomers at low coverage
across the Al surface. The diffusion of H bonded H2 O clusters 共dimers, trimers, etc.兲 across metal surfaces can be more
complex, as recently discussed elsewhere.5,34
To conclude, the adsorption and diffusion of H2 O on
Al兵100其 has been examined within the plane-wave pseudopotential formalism of DFT. We have found that H2 O adsorbs preferentially at atop sites and the activation energies
for H2 O diffusion over bridge sites are ⬎300 meV. There is
a small orientational dependence on the magnitude of these
diffusion barriers and in every case the barriers are larger
than those that would be predicted based on a comparison of
H2 O binding energies at atop and bridge sites.
A.M. gratefully acknowledges Gonville and Caius College for support. V.A.R. acknowledges support from
CONICET 共Argentine兲. The Cambridge High Performance
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