
From single molecules to water networks: dynamics of water adsorption on Pt(111)

Maryam Naderian1, ∗ and Axel Groÿ1, †
1Institute of Theoretical Chemistry, University of Ulm,

Albert-Einstein-Allee 11, D-89069 Ulm, Germany
(Dated: May 23, 2016)

The adsorption dynamics of water on Pt(111) was studied using ab initio molecular dynamics
(AIMD) simulations based on density functional theory calculations including dispersion correc-
tions. Sticking probabilities were derived as a function of initial kinetic energy and water coverage.
In addition, the energy distribution upon adsorption was monitored in order to analyze the en-
ergy dissipation process. We �nd that on the water pre-covered surface the sticking probability is
enhanced because of the attractive water-water interaction and the additional e�ective energy dis-
sipation channels to the adsorbed water molecules. The water structures forming directly after the
adsorption on the pre-covered surfaces do not necessarily correspond to energy minimum structures.

I. INTRODUCTION

Properties of water/metal interfaces are of tremendous
technological importance as they in�uence processes in,
e.g., electrocatalysis, electrochemical energy conversion
and storage, and corrosion [1�3]. At the same time, they
are very interesting from a fundamental point of view
since they are governed by a delicate interplay between
metal-water and water-water interaction [4] which are of
comparable strength [5, 6]. Because of this importance,
the adsorption of water monomers, clusters, and lay-
ers on metal surfaces has been studied extensively both
from a experimental [1�3, 7�11] and a theoretical point
of view [5, 10�24].
These studies have typically focused on structural as-

pects of water/metal interfaces. Water is the smallest
molecule that can form extended hydrogen-bonded net-
works. However, the study of dynamical aspects in the
water-metal interaction is also very interesting as it pro-
vides additional insights into the factors underlying the
structure formation of water on metal surfaces. It is im-
portant to note that water adsorbs intact on many metal
surfaces such as Pt, Cu or Ag [5]. This means that the
adsorption probability on these surfaces is determined by
energy transfer and dissipation processes [25] which de-
pend on the mass ratio between the impinging molecule
and the atoms and molecules on the surface. Conse-
quently, on a water-precovered metal surface, the metal
atoms and the pre-adsorbed water molecules might play
a rather di�erent dynamical role in the adsorption pro-
cess due to their mass di�erence in spite of the fact that
the water-metal and the water-water interaction are of
comparable strength.
Recently, Campbell and coworkers [26] measured the

sticking probability of water on Pt(111) and the heat
of adsorption as a function of the water coverage us-
ing calorimetric measurements. They observed that the
sticking probability increases with increasing water cov-
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erage; for coverages higher than roughly 3/4 of a mono-
layer it stays constant at a value close to one [26]. It
was also shown that increasing the temperature leads to
a decrease in the sticking probability at low water cover-
ages. These �ndings with respect to the sticking proba-
bility are in good agreement with similar data obtained
by Haq et al. [27]. The heat of water adsorption stays
roughly constant at about 0.56 eV for coverages up to
about 0.6 monolayers (ML) with an slight increase which
has been interpreted as being due to the water-water at-
traction through hydrogen bonding [26].

As far as theoretical studies of the adsorption dynam-
ics of water on Pt surfaces are concerned, to the best of
our knowledge we are only aware of a molecular dynam-
ics study of water adsorption on Pt{110}− (1× 2) based
on a parameterized potential with the water-metal in-
teraction derived from density functional theory (DFT)
calculations [28, 29]. However, the substrate was kept
�xed so that the energy transfer to the substrate nec-
essary for sticking had to be modeled by using di�erent
thermostat schemes. Only by assuming that the energy
dissipation increases exponentially with the total energy
of the impinging molecules, the initial increase of the
sticking probability for H2O/Pt{110} − (1× 2) observed
in the experiment [30] could be reproduced.

There is no simple analytical interpolation scheme
that describes the water-water, the water-metal, and the
metal-metal interaction at the same time [31]. Hence
a quantum chemical approach is needed for a reliable
description of the whole system. Therefore, in or-
der to elucidate the adsorption dynamics of water on
Pt(111), we have performed ab initio molecular dynamics
(AIMD) simulations based on density functional theory
(DFT) calculations within the generalized gradient ap-
proximation (GGA) [32] for the description of exchange-
correlation e�ects. Dispersion corrections were included
in the DFT calculations as they are necessary to reli-
ably describe the water-water and water-metal interac-
tion [18, 20, 21, 23, 24, 33, 34] when using GGA func-
tionals.

First we will address the adsorption dynamics of
H2O on clean Pt(111) and particularly focus on the
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energy redistribution upon the impinging of the water
molecule. Then we will discuss water adsorption on
water-precovered surfaces and relate or �ndings to the
measured sticking probabilities as a function of coverage,
but we will also analyze the initial steps in the water
network formation process on a metal surface.

II. COMPUTATIONAL METHODS

AIMD simulations were performed based on periodic
DFT calculations using the Vienna ab initio simulation
package (VASP) [35]. The exchange-correlation e�ects
were described by using the generalized gradient approx-
imation (GGA) with the revised PBE-functional of Ham-
mer et al. (RPBE) [32]. The optimized lattice con-
stant calculated for Pt using the RPBE functional is
3.99Å which compares satisfactorily with the experimen-
tal value of 3.92Å. As the consideration of dispersion
is necessary in order to reproduce the water-water and
water-metal interaction properly [18, 20, 21], they were
taken into account through the D3 correction scheme of
Grimme et al. [36]. The RPBE-D3 scheme has been
shown to give a very reliable description both of the wet-
ting behavior of water on metal surfaces [20] as well as
of the properties of liquid water, water clusters and bulk
ice [24, 33]. The screening of the dispersion interaction
within the metal was approximated by considering the
dispersion correction only for the uppermost layer of the
slab, as suggested in Refs. [37, 38].
Electron-core interactions are accounted for by the pro-

jector augmented wave method [39, 40]. An energy cuto�
of 400 eV was chosen in the electronic one-particle wave
function expansion in order to achieve a su�cient size of
the plane-wave basis set. The metal surface was mod-
eled by a �ve atomic layers slab that were separated by a
vacuum region of about 16Å. The adsorption dynamics
on Pt(111) were determined using a 3 × 3 surface unit
cell. A k-points sampling of 3 × 3 turned out to be suf-
�cient as an approximation to the integration over the
�rst Brillouin zone.
The molecular dynamic simulations were performed

using the Verlet algorithm with a time step of 1 fs in the
microcanonical ensemble, i.e., the total energy of system
was conserved along the trajectories. The trajectories
were started above the surface at a distance of 5Å from
the uppermost Pt layer where the potential energy sur-
face is uniform in the lateral degrees of freedom. For the
case of water-precovered Pt(111) the trajectories were
started at a distance of 9.5Å from the uppermost Pt
layer to avoid any water-water interaction in the initial
conditions.
A relaxed con�guration of the water molecule was used

as an initial con�guration, the initial orientation was ran-
domly chosen using the quaternion method, and the lat-
eral center of mass position was varied randomly. The
vibrational zero-point energy was not taken into account
in the initial conditions based on the assumption that

  

FIG. 1. Sticking probability on clean Pt(111), as a function of
the initial kinetic energy of the impinging water molecule, is
statistically averaged over all adsorption events (red points).

the sum of all zero-point energies stays approximately
constant along the adsorption path [41]. The sticking
probabilities were derived by averaging over N = 100
trajectories leading to a statistical error of the sticking
probability of σ =

√
s(1− s)/N ≤ 0.05 where s is the

adsorption probability [42]. The sequence of random ini-
tial conditions were kept the same for all initial kinetic
energies so that trajectories at di�erent kinetic energies
with the same initial conditions can be compared.
The formation energy of a water network per molecule

with n molecules per surface unit cell is given by

EnH2O/Pt = (Etotal − Eslab − nEH2O)/n , (1)

where Etotal is the energy of the total system, Eslab the
energy of the clean Pt(111) slab and EH2O the energy
of one water molecule in the gas phase. Note that the
negative value indicates an energy gain upon adsorption
and positive values correspond to repulsion.
In order to discuss the formation of the water network,

we de�ne the di�erential adsorption energy by

Ediffads = E(n+1)H2O/Pt − EnH2O/Pt − EH2O. (2)

which corresponds to the adsorption energy of a water
molecule that is added to a water-precovered surface with
n water molecules per surface unit cell.

III. RESULTS AND DISCUSSION

A. Sticking probability and dynamics of single

molecule adsorption

First we determined the sticking probability of a wa-
ter molecule impinging on a clean Pt(111) surface as a
function of the kinetic energy. As Fig. 1 demonstrates,
for water molecules with a kinetic energy ≤ 0.075 eV, the
sticking probability is unity, and then it drops with in-
creasing kinetic energy. At Ekin = 0.1 eV, still 93% of the
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FIG. 2. Energy redistribution upon water adsorption on clean
Pt(111) averaged over 100 trajectories for an initial kinetic en-
ergy Ekin = 0.2 eV: total kinetic energy of the water molecule
(red chain), lateral translational (blue dashed), rotational
(green dashed thin) and vertical (orange dots) kinetic energy.
Additionally, the kinetic energy of the Pt(111) atoms (black
dashed thick) and the center-of-mass distance of the water
molecule from the surface (gray solid) is plotted.

incident water molecules adsorb, but at Ekin = 0.35 eV,
only 5% stick. Such an energy dependence of the stick-
ing probability is expected for molecular adsorption with
the molecule staying intact [43]: Sticking requires energy
transfer from the impinging molecule to the substrate
which becomes less e�cient for higher kinetic energy.
In order to understand the water adsorption process in

more detail, we have monitored the energy transfer into
the molecular and substrate degrees of freedom along the
trajectories. The di�erent contributions for an initial ki-
netic energy Ekin = 0.2 eV are plotted in Fig. 2. The
vibrational motion of the water molecule correspond to
the fastest degrees of freedom, therefore they follow the
adsorption process almost adiabatically [41] so that the
energy transfer into vibrations is negligible and not plot-
ted in Fig. 2.
The water molecule starts moving toward the surface

from a distance of 5 Å above the Pt slab. After 450 fs,
it enters the attractive potential well at the surface illus-
trated by the gain in kinetic energy of about 0.2 eV. Note
that this energy gain does not correspond to the binding
energy of a water molecule on Pt(111) of 0.45 eV as this
energy gain corresponds to an average and in general the
water molecules do not hit the surface in the energeti-
cally most favorable adsorption geometry. At 750 fs the
water molecule hits the repulsive wall of the water-Pt in-
teraction. The following scenario is rather similar to the
one that has been described for the molecular adsorption
of O2 on Pt(111) [25]. Upon the �rst encounter, some
energy is transfered to the Pt atoms, but not enough to
keep the molecule at the surface. However, there is a
signi�cant energy transfer to the lateral and rotational
degrees of freedom of the water molecule. These energy
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FIG. 3. (Side and top views of the lowest energy structures
for water coverages 2/9, 1/3, 4/9 and 5/9 on Pt(111) within
a 3× 3 geometry that has been used as the initial conditions
for the determination of the water sticking probabilities at
water-precovered Pt(111).

is then not available to scatter back into the gas phase
so that the water molecule cannot leave the adsorption
well. The molecule bounces back and forth in this well
and thus continues to transfer energy to the substrate.
However, this process is rather slow due to two factors:
the large mass mismatch between the water molecule and
the Pt atom, and the relative weak water-metal interac-
tion. Even after more than t = 5 ps the molecule is not
fully equilibrated but still loses energy to the Pt sub-
strate.
An analysis of the trajectories yields that at t = 6ps

almost 50% of the water molecules are positioned at the
most favorable adsorption site, the top site with an ad-
sorption energy of Ea = −0.45 eV. The average distance
of the water molecule center of mass at the top sites from
the Pt surface is dcomH2O-Pt= 2.7 Å whereas the en-
ergy minimum distance is 2.48Å indicative of the vibra-
tional center-of-mass and rotational motion of the water
molecule in the adsorption well.

B. Step by step from dimerization to water bilayer

Next we address the adsorption of water on precov-
ered surfaces. For water coverages of 1/9, 2/9, 1/3, 4/9
and 5/9 we determined the energy minimum adsorption
structures which are shown in Fig. 3. For these cover-
ages, we derived sticking probabilities for initial kinetic
energies of 0.05 and 0.2 and for coverages 1/9, 2/9 and
5/9 the sticking probability at Ekin =0.4 eV is calcu-
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FIG. 4. Sticking probability as a function of water cover-
age for three di�erent initial kinetic energies of the impinging
water molecules, Ekin = 0.05 (red), Ekin = 0.2 (green) and
Ekin = 0.4 (blue).

lated, Fig. 4. For all considered water pre-covered sur-
faces the sticking probability at Ekin =0.05 eV is unity.
At Ekin =0.2 eV, the sticking probability increases from
52% for clean Pt(111) to 98% for the surface with one
pre-adsorbed water molecule per 3 × 3 surface unit cell
and then stays roughly constant close to unity. Further
increasing the kinetic energy to Ekin =0.4 eV reduces the
sticking probability to zero at the clean surface which
rises to 96% for the surface with a water coverage 5/9.
This means that at kinetic energies of 0.2 eV and 0.4 eV

the presence of pre-adsorbed water molecules leads to an
increase in the sticking probability. This is in qualita-
tive agreement with the experiment [26]. Still, there is
a reduction in the sticking probability at all coverages
with increasing kinetic energy. It has to be noted that
our results cannot be quantitatively compared with the
experiment as we only consider one particular water ad-
sorbate structure per coverage, namely the energy mini-
mum structure within a 3× 3 surface unit cell at a given
coverage, whereas in the experiment a statistical distri-
bution of water structures exists. Sticking probabilities
on precovered surfaces can sensitively depend on the par-
ticular structure of the adsorbed species [44]. Still, the
qualitative trends obtained in our simulations should still
be relevant in the comparison with the experiment.
To get a better understanding of the origin for the

enhancement of the sticking probability at higher cov-
erages, we have �rst analyzed the energetics of water
adsorption. Fig. 5 shows the total and di�erential ad-
sorption energy per water molecule according to Eqs. 1
and 2, respectively, as a function of coverage. For all
pre-covered surfaces, the di�erential adsorption energy is
larger than the total adsorption energy, for example by
0.25 eV upon the formation of a water dimer on Pt(111).
This of course re�ects the attractive water-water interac-
tion due to hydrogen bond formation. Often, small adsor-
bates exhibit a repulsive interaction due to dipole-dipole
interaction [45, 46]. This is di�erent in water adsorption

  

FIG. 5. The total and the di�erential water adsorption energy
per water molecule according to Eqs. 1 and 2, respectively, as
a function of coverage.
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FIG. 6. Water adsorption on Pt(111) with a water coverage of
1/9 and an initial kinetic energy of Ekin = 0.2 eV. Left panel:
Energy redistribution upon water adsorption, averaged over
100 trajectories, into the degrees of freedom of the impinging
and the adsorbed water molecule and the Pt substrate. Right
panels: Illustration of the adsorption process using a typical
trajectory.

on metal surfaces. The favorite adsorption con�guration
of the water dimer, e.g., is determined by a competition
between the most favorable water-Pt interaction at the
top site and the formation of the hydrogen bond with the
other water molecule. Such an additional attractive in-
teraction between adsorbates necessarily leads to a higher
sticking probability [47].
However, the pre-adsorbed water molecule also plays

an important role as an e�cient additional energy dis-
sipation channel which is also crucial for the molecular
adsorption [44]. This is illustrated in Fig. 6a where the
energy distribution upon water adsorption on Pt(111)
with a water coverage of 1/9 and an initial kinetic energy
of Ekin = 0.2 eV averaged over 100 trajectories is shown.
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FIG. 7. Average total kinetic energy as a function of run time
of a H2O adsorbing on Pt(111) with water coverages from 0
to 5/9 for an initial kinetic energy of Ekin = 0.2 eV.

In addition, one typical trajectory is shown in panels b
and c, which illustrates our observation from the AIMD
runs that at a water coverage of 1/9 all impinging wa-
ter molecules are steered toward the pre-adsorbed water
molecule.
As Fig. 6a demonstrates, upon impinging on the sur-

face, the initial energy transfer to the pre-adsorbed water
molecule is much larger than to the Pt substrate atoms.
This can be easily understood considering the mass dif-
ference between the water molecule and the Pt atoms
which makes the energy transfer to the pre-adsorbed wa-
ter molecule much more e�cient. Still, also the energy
redistribution from the translational to the rotational de-
gree of freedom is signi�cant and important for the stick-
ing. After about 2 ps, the total kinetic energies of the
impinging and the pre-adsorbed molecules are the same
indicating that the two water molecules have equilibrated
their surplus energy upon the adsorption of the second
water molecule among each other.
The water trajectory shown in Fig. 6b and c indicates

that the impinging water molecule follows a semi-circle
around the pre-adsorbed water molecule which stays at
the ontop position. This is a consequence of the speci�c
impact conditions. For other initial conditions a joint
lateral movement of both water molecules has also been
observed.
Raising the surface water coverages increases the prob-

ability that a pre-adsorbed water molecule is directly hit
by an impinging molecule. Furthermore, it makes the
energy transfer more e�cient as the excess energy upon
adsorption can be spread among more water molecules.
This is illustrated in Fig. 7 were the average total kinetic
energy of the adsorbing water molecule is compared for
water coverages from zero to 5/9. The higher the cover-
age, the faster the adsorbing molecule dissipates its en-
ergy. For lower coverages, the initial bounces of the water

FIG. 8. Most frequent intermediate structural con�gurations
forming for water impinging on water pre-covered Pt(111)
with an initial coverage of θ = 3/9 (panels a and b) and
θ = 4/9 (panel c).

molecule on the surface are clearly visible in its kinetic
energy, but they are hardly discernible for the highest
coverage of 5/9. This illustrates the very e�cient energy
transfer from the impinging water molecule to the water
layer.
We will now discuss the adsorption dynamics of the

water molecules on the surface at higher water cover-
ages in more detail. Here we do not discuss the energy
minimum structures that should eventually be formed,
but the typical structural motifs that develop dynami-
cally during the adsorption process on water-precovered
Pt(111) at the structures illustrated in Fig. 3. A water
molecule impinging on Pt(111) with one water dimer per
3×3 surface unit cell quickly forms a water trimer, faster
than the dimer formation occurs on a surface covered
by water monomers. The most stable trimer structure
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consists of a bent arrangement, similar to the structure
shown in Fig. 3b. The central atom is located with its
oxygen atom above a Pt ontop site. The other two water
molecules are slightly tilted so that the height of their
oxygen atoms is a little bit larger than the one of the
central water molecule. We �nd an asymmetric con�g-
uration of the non-central water molecules which might
be caused by the interaction with the periodic images.
When the Pt(111) is covered by water trimers in a 3×3

surface unit cell at a coverage of 3/9, in principle two dif-
ferent patterns are possible. Either the water molecules
form some kind of extended network structures or an ar-
rangement of isolated tetramers. In fact, 71% of the ob-
served structures correspond to a network-like structure
as the one illustrated in Fig. 8a, where, however, the ad-
ditional water molecules connecting the trimers are still
separated to a certain extent from the trimers. Interest-
ingly, only 7% directly form the energy minimum struc-
ture shown Fig. 3c which is stabilized by the formation
of two additional hydrogen bonds, re�ected by the high
di�erential adsorption energy for this particular water
coverage structure demonstrated in Fig. 5. Obviously,
the incorporation of the impinging water molecules into
this chain-like structure is sterically hindered. The rest
of the resulting water structures correspond to isolated
tetramers, either in a square arrangement as illustrated
in Fig. 8b, or in a rhomboidal shape .
For the surface with an initial water coverage of 4/9,

the square-like water clusters connected by the �fth wa-
ter molecule, illustrated in Fig. 3d, is the most frequently
observed pattern within the Pt(111) 3×3 unit cell, about
35% of the resulting water structures correspond to this
energy minimum structure. In the formation of this
structure, the additional water molecule just needs to
attach to the chain structure (Fig. 3c). In the remain-
ing cases, more open two-dimensional water structures
are formed as the one illustrated in Fig. 8c, which means
that the initial water zigzag chain becomes broken.
This situation is di�erent for water molecules hitting

Pt(111) with an initial water coverage of 5/9 in the struc-
ture shown in Fig. 3d. Naively one would expect that
the stable ice-like hexagonal water structure should form.
However, indeed we have observed such an event only in
2% of the trajectories within the �rst 4 ps of the AIMD
runs. The direct formation of a hexagonal ice-like struc-
ture is hindered by the fact that it requires the destruc-
tion of the tetramer motifs which is accompanied by the
breaking of several hydrogen bonds.
Instead, pentagons connected by the sixth wa-

ter molecule is the most frequently observed pattern
(Fig. 9a) in 25% of the cases. In 10% of the events,
three-dimensional structures form as the one illustrated
in Fig. 9b, i.e., the impinging water molecule does not
directly manage to become incorporated into a two-
dimensional network as the initial structure is already
rather dense. In the remaining cases, a variety of di�er-
ent two-dimensional structures forms. Often they con-
sist of hexagons connected via pentagons or squares, but

FIG. 9. Intermediate structural con�gurations formed for wa-
ter molecules impinging on water pre-covered Pt(111) with an
initial coverage of θ = 5/9 resulting either in a connected pen-
tagon pattern (panels a) or a three-dimensional arrangement
(panel b).

also octagons occur or a combination of pentagons and
hexagons, as also observed as stable motifs on other metal
surfaces [48, 49].

IV. CONCLUSIONS

The adsorption dynamics of water molecules on
Pt(111) has been studied by ab initio molecular dynam-
ics simulations as a function of the initial kinetic energy
and the water coverage on Pt(111). On clean Pt(111),
the water sticking probability exhibits the typical behav-
ior of molecular adsorption, it decreases with increasing
initial kinetic energy. At low kinetic energies, the stick-
ing probability is unity, at energies of about 0.2 eV, it has
dropped to one half, at 0.4 eV it vanishes.
Initial water coverages from 1/9 to 5/9 within as a

3 × 3 surface unit cell lead to a signi�cant increase in
the sticking probability of impinging water molecules,
in agreement with experimental observations. This is
caused by a combination of the attractive water-water
interaction with the additional e�ective energy dissipa-
tion channels provided by the adsorbed water molecules.
The water structures forming directly after the adsorp-
tion do not necessarily correspond to energy minimum
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structures. Either this is caused by steric hindrance or it
occurs when the formation of the energy minimum struc-
tures requires a substantial rearrangement of the existing
hydrogen-bonded network.
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