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Density functional theory calculations are used to explore water adsorption on BaO�001�. The stable con-
figuration is found to be a novel hydroxide pair. A detailed analysis demonstrates that the electrostatic repulsion
between the OH− species is screened by Ba2+ cations and that the net interaction is provided by hydrogen
bonding. Ab initio molecular dynamics at low coverage reveals that the pair is stable at elevated temperatures.
The large structural flexibility of the hydoxylated surface may, however, lead to pair dissociation at high
coverage. Simulations of a mixed �H2O+OH� overlayer uncover proton transfer between H2O and OH groups.
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I. INTRODUCTION

The interaction of water with metal oxide surfaces is fun-
damental in several areas where heterogeneous catalysis is
but one example. Water in molecular or dissociated form
may affect catalytic processes both as a promoter1 and a
poison. One example of the latter is its influence on NOx

storage and reduction catalysts where BaO is used as storage
material for NOx.

2 High concentrations of water have been
measured to reduce the efficiency of the NOx uptake.3 This
process is poorly understood and it becomes desirable to
unravel the mechanism whereby H2O interacts with oxide
surfaces in general and BaO in particular.

H2O adsorption on BaO is also interesting from a funda-
mental point of view as theoretical studies of water adsorp-
tion on alkaline earth metal oxides have concerned mainly
MgO. Ab initio molecular dynamics �AIMD� was earlier ap-
plied to compare low coverage H2O adsorption on
MgO�001� and stepped surfaces.4 Whereas H2O was found
to physisorb on MgO�001�, fast dissociation was predicted
on stepped surfaces.4 Subsequent studies at higher H2O cov-
erage on MgO�001� have discovered a collective dissociation
process.5,6 Here we present a density functional theory
�DFT� study of H2O adsorption on BaO�001�. In contrast to
MgO�001�, water is found to dissociate and form a novel
hydroxide �OH−� pair. The internal electrostatic repulsion of
the pair is screened by Ba2+ cations and the net attraction is
owing to hydrogen bonding. At high coverage, marked struc-
tural rearrangements of the oxide surface layer are shown to
induce decoupling of the OH− pairs. Simulations of a mixed
�H2O+OH� overlayer uncover proton transfer between H2O
and OH groups.

Very recently, Carresco and co-workers reported a first-
principles study where H2O dissociation on �001� surfaces of
MgO, CaO, and BaO �Ref. 7� was compared. Whereas H2O
remained in molecular state on MgO�001�, dissociation into
�OH+H� was observed on surfaces with higher basicity.
AIMD simulations at 300 K for CaO and BaO indicated that
the hydroxide group was trapped to the anion site �O2

−� where
H2O dissociated. The phenomenon was described as a tight
ion pair Hads-OHads, with an attractive interaction between
the subsystems Hads and OHads. This is an oversimplified
description, as will be shown in the present work.

II. COMPUTATIONAL METHOD

The simulations are performed within the pseudo-
potential plane-wave �PP-PW� implementation of the DFT.
In particular, the CPMD code is used.8–10 The Perdew, Burke
and Ernzerhof �PBE� �Ref. 11� formula is used as approxi-
mation of the exchange-correlation functional. In a previous
report, the performance of different exchange-correlation
functionals was investigated on structural and energetic
properties of alkaline-earth metal oxide surfaces and PBE
was found to provide a good choice.12 Norm-conserving an-
gular dependent pseudo-potentials are used to describe the
interaction between the valence electrons and the atomic
cores.13,14 The one-electron orbitals are expanded in plane
waves up to a kinetic energy of 62 Ry. The BaO�001� surface
is cleaved from the theoretical bulk lattice �5.59 Å� and
modeled with a p�3�3� slab that consists of three layers.
Repeated slabs are separated by 12 Å vacuum. To describe
the situation of a BaO surface terminated from a bulk crystal,
the bottommost layer is constrained at bulk distance. As the
employed super-cell is large, the k-point sampling was re-
stricted to the �-point. Three layers are sufficient to capture
the dynamic properties of H2O on BaO�001� as verified by a
4 ps simulation at high coverage with a five layer slab. The
adsorbate and top-layer surface dynamics is similar in the
three and five layer cases. Molecular dynamics is performed
with the Car–Parrinello method8 and a velocity Verlet inte-
grator is used to evolve the equations of motion. Simulations
at constant temperature are done by the use of a Nosé–
Hoover thermostat. A short time step of 4 au �0.097 fs� is
used and the fictitious electron mass is set to 500 au. To
enhance the separation between electronic and ionic degrees
of freedom, H is replaced with D during the molecular dy-
namics simulations. Vibrational properties are calculated
from the ionic trajectories through the velocity-velocity au-
tocorrelation function or from optimized geometries by use
of numerical derivatives.

III. ADSORPTION AT LOW COVERAGE

A. Adsorption dynamics

AIMD is performed for one H2O molecule in the surface
cell, which corresponds to a 1/9 coverage. Initially, the mol-
ecule is placed over a cation �Ba2+� site. This represents a
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�meta-� stable molecular adsorption site. The system is
heated to 100 K during 70 fs and thereafter evolved for
�15 ps in a constant energy trajectory. The potential
�Kohn–Sham� energy and temperature for the constant en-
ergy part of the simulation is shown together with three snap-
shots in Fig. 1. The potential energy is reported with respect
to the start of the constant-energy part of the simulation. The
system overcomes a small energy barrier and reaches an
equilibrium energy value of −0.6 eV, which corresponds to
a temperature increase of �100 K. The change in energy
and temperature is the result of the rapid dissociation of the
H2O molecule. The snapshots in Fig. 1 show the initial con-
figuration together with two cases of the dissociated product.
The water splitting proceeds via a configuration where one H
atom in the molecule approaches an oxygen anion in the
surface �Os� and dissociation occurs when the Os-H-OH
angle is close to 180°. Analysis of the charge density during
the hydrolysis uncovers the transfer of a proton and the sub-
sequent formation of two hydroxide groups, OHads

− and
OsHads

− .
A structural analysis of the dissociation process and a part

of the subsequent dynamics of the two hydroxide groups is
presented in Fig. 2. In Fig. 2�a� the Os-Hads, �O-H�ads and

Hads-OHads distances are shown. During dissociation, the
Os-Hads distance is quickly reaching the value of an O-H
bond ��1 Å�. Simultaneously, the Hads-OHads distance in-
creases and is fluctuating around 1.7 Å after dissociation.
The �O-H�ads distance is close to 1 Å during the entire tra-
jectory.

Throughout the simulation, OHads remains close to the site
for dissociation. In particular, it visits two different Ba-Ba
bridge sites. This is shown in the xy-projection of the coor-
dinates for the oxygen atoms in OHads and OsHads �Fig. 2�b��.
See also the snapshots in Fig. 1. Constant temperature simu-
lations at 293 K �6 ps� and 373 K �7 ps� confirm that OHads
is trapped at the OsHads site also at higher temperatures.

B. Analysis of the OH− pair

From the molecular dynamics we conclude that H2O
readily dissociates on BaO�001� into a hydroxide pair. Due
to the internal electrostatic repulsion, the pairing phenom-
enon is novel and a detailed analysis of the geometry opti-
mized configuration of the dissociated H2O molecule has
been performed. The analysis comprises structure, vibration
frequency, charge, electron density, and electrostatic poten-
tial.

1. Analysis of structure and vibration frequency

The optimized geometry is shown in Fig. 3�a�. The two
O-H distances are calculated to be 0.97 and 1.00 Å for
OHads and OsHads, respectively. The OsHads-OHads distance is
1.67 Å. The corresponding OH stretch vibrations are calcu-
lated to be 3738 cm−1 �OHads� and 3020 cm−1 �OsHads�. The
O-H distance in OsHads is slightly longer than an ordinary
OH bond and the stretch vibration is red-shifted by
�700 cm−1. These differences are well documented signa-
tures of hydrogen bonded, acid hydroxide groups.15 A meta-
stable configuration where OHads is displaced away from
OsHads is 0.48 eV above the global minimum. In this con-
figuration, the two OH− groups become equivalent with com-
mon O-H distances of 0.97 Å. The stretch vibration is in this
case calculated to be 3654 �3707� cm−1 for OsHads �OHads�.

2. Analysis of charge and electron density

A slice through the electron density of the optimized pair
is shown in Fig. 3�e�. The density is dominated by O, and the

1 2 3 4 5 6
Coordinate (Å)

1

2

3

4

5

C
oo

rd
in

at
e

(Å
)

0 0.5 1 1.5
Time (ps)

1

2

3

4

D
is

ta
nc

e
(Å

) s

ads ads

(O - H)

O - H

H - OH

ads

(a) (b)

FIG. 2. �Color online� Left: Evolution of interatomic distances
during H2O dissociation on BaO�001�. Right: xy-projections of the
oxygen coordinates in OsHads and OHads. The green/gray filled
circles mark the equilibrium positions of neighboring Ba cations.
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FIG. 3. �Color online� Optimized structures for H2O �a� and OH
�b� adsorbed on BaO�001� and F-BaO�001�, respectively. �c� and �d�
show the corresponding electrostatic potentials �−5:5� eV ��red/
gray:blue/dark gray�� displayed at the position of the O atom in the
adsorbed OH group. �e� shows a slice �0.12:1.2� e /au3 through the
charge density of the OH− pair in �a�. The atomic color code as in
Fig. 1 with fluorine �blue/dark gray�.0 1 2 3 4
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FIG. 1. �Color online� Evolution of Kohn–Sham potential en-
ergy �top� and temperature �bottom� during a constant energy mo-
lecular dynamics trajectory. The first 4 ps are shown from a 15 ps
simulation. The snapshots at 0, 0.7, and 2.5 ps are reported to the
right. Atomic color code: Ba �green/gray�, oxygen �red/dark�, and H
�white�.
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presence of H is observed as density protrusions. The simi-
larity between the two hydroxide groups is striking, which is
in contrast to the description in Ref. 7 of a tight ion
Hads-OHads pair. Due to the dominance of the O density in
OH, it is difficult to separate the charge into O and H con-
tributions. Nevertheless, a Mulliken analysis reveals that H is
charged by 0.2 and 0.3 for OHads and OsHads, respectively. As
the charge on the two species is the same, OsHads is only
slightly more polarized than OHads.

3. Analysis of electrostatic potential

In the absence of screening medium, there is a strong
electrostatic repulsion between the hydroxide groups. For the
di-hydroxide configuration adsorbed on the surface, the gas-
phase repulsion is calculated to be 1.7 eV. On the surface,
this repulsion is screened by the proximity to Ba2+ cations.
To exemplify this, the electrostatic potential �ESP� experi-
enced by OHads

− is shown in Fig. 3�d�. The ESP demonstrates
the screened repulsion between hydroxides at the OsHads

− site.
This effect is not owing to polarization of OsHads, because
isomorphic substitution of OsHads by fluorine �F-BaO�001��
produces a very similar ESP; compare 3�c� and 3�d�. The
optimized structure for OH adsorption at the F-BaO�001� site
is shown in Fig. 3�b�.

Displacement of OHads away from the F anion site on
F-BaO�001� yields a configuration that is 0.04 eV above the
global minimum. This should be compared to 0.48 eV calcu-
lated for OHads attached to OsHads. Thus, the trapping of
OHads close to the site for dissociation should be understood
as a hydrogen bond. The hydrogen bond in a water dimer is
within the present scheme calculated to be 0.22 eV. The po-
larization of OsHads suggests that this bond is stronger in the
hydroxide pair.

IV. ADSORPTION AT HIGH COVERAGE

H2O adsorption on MgO�001� at high coverage is known
to be different in nature as compared to low coverage adsorp-
tion. Whereas single H2O on MgO�001� physisorb, collective
processes can facilitate dissociation at high coverage.5,6

Here, the full coverage case is investigated, i.e., one H2O per
BaO surface unit, which for the �3�3� surface cell corre-
sponds to nine molecules.

Initially, the H2O molecules are placed over Ba2+ cations
and the trajectory is evolved for 4.6 ps during a constant
temperature �293 K� simulation. The initial dynamics of the
molecules is similar to the low coverage cases, and four of
the nine H2O molecules dissociate during the first 0.4 ps and
form OH− pairs. At the end of the simulation, six of the nine
molecules are dissociated.

As not all molecules find a path to dissociate during the
simulation, a mixed �H2O+OH� overlayer is formed. This
overlayer shows interesting proton transfer dynamics. One
example is shown in Fig. 4, where snapshots and two repre-
sentative OH distances are reported. The dissociation of one
H2O molecule has formed an OH− pair to which a second
H2O molecule is attached �snapshot at 0.43 ps�. One of the
hydrogen atoms in the H2O molecule is colored blue/dark.
The H2O-OHads entity at the OsHads site is symmetric with

respect to which O atom that should be hydroxide. This situ-
ation is manifested by rapid proton transfer from H2O to
OHads. At 1.11 ps, the blue/dark colored proton in H2O has
been transferred and the d1 distance has been increased from
�1 Å to �1.5 Å. Simultaneously, the d2 distance changes
from 1.5 to 1 Å. This kind of proton transfer occurs two
more times before an H2O molecule detaches from the OH−

pair and leaves the site. Note that it is OHadsH that diffuses
away from the site and not the H2O molecule that originally
was attached to the OH− pair.

Another constant temperature �293 K� simulation at unity
coverage was evolved with all H2O molecules initially dis-
sociated and structurally optimized. The full coverage trajec-
tory with dissociated molecules reveals interesting structural
dynamics of the oxide. The relaxation and rumpling are
shown in the upper left panel of Fig. 5. Relaxation ��� refers
to the interplane distortion, whereas rumpling ��� measures
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FIG. 4. �Color online� Distances between the blue �dark� hydro-
gen atom and two oxygen atoms that originate from adsorbed H2O.
The snapshots at 0.43, 1.11, 1.43, and 2.61 ps are shown. The
atomic color code as in Fig. 1.
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FIG. 5. �Color online� Left upper panel: Relaxation �solid lines�
and rumpling �dashed lines� for the first �black� and second �red/
gray� surface layer, respectively. Left lower panel: Vibrational den-
sity of states. The black and red/gray lines show results for ODads

and OsDads groups, respectively. The two snapshots are shown to
the right. The upper two models correspond to two views of the
structure at 0.3 ps, whereas the lower model represents the structure
at 6.9 ps. The atomic color code as in Fig. 1.
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the difference in anion and cation displacement:

� =
da + dc − 2db

2db
, �1�

� =
da − dc

db
. �2�

Here, da and dc are the interlayer distances for the anion and
the cation, respectively. db is the Ba-O nearest-neighbor dis-
tance in the bulk. The OH− overlayer has a pronounced effect
on the surface distortions. For the first surface layer, the re-
laxation is during the initial 5 ps close to 10% and the rum-
pling �−20%. This should be compared with results for the
bare surface for which � and � are calculated to be −3.6%
and −3.0%, respectively. The results for the second surface
layer are close to those of the bare surface. After 5 ps, some
Ba2+ cations are moving out of the surface which further
increase the surface distortions. A snapshot from this part of
the simulation �6.9 ps� is shown to the right in Fig. 5. As the
system turns “disordered,” charge screening becomes incom-
plete which may induce OH− pair dissociation. Two such
cases are shown in Fig. 5. The OsHads groups turn around and
coordinate via hydrogen bonds toward oxygen anions in the
second surface layer.

In the presence of H2O, there is a thermodynamic prefer-
ence for BaO to form Ba�OH�2 at the investigated tempera-
ture. The formation of Ba�OH�2 requires large structural re-
arrangements and the configurations in Fig. 5 can be
regarded as transient structures in this process. The potential
energy of two structures is within the thermal fluctuations
��1 eV� of the system. The adsorption energy per H2O mol-
ecule is 1.31 eV at unity coverage. In fact, the adsorption
energy depends weakly on coverage. At 1/9 coverage the
adsorption energy for the stable configuration �OH− pair� is
1.47 eV. These values could be compared with the experi-
mental enthalpy of formation for bulk Ba�OH�2 from BaO
and H2O which is 1.1 eV.16

To investigate possible vibrational signatures of OH−

pairs at elevated temperatures and high coverage, a velocity-

velocity autocorrelation analysis of the hydrogen �deuterium�
trajectories was performed. The result for the high-energy
modes is shown in the lower left panel in Fig. 5. The stretch
vibration of the ODads group shows a sharp peak at
2580 cm−1. The corresponding feature for OsDads is broad
and centered around 2230 cm−1. The large energy spread of
this peak is owing to the dynamic coordination of the
OsHads-OHads bond in the pairs. If 2580 and 2230 cm−1 are
scaled by �2, we obtain 3650 and 3150 cm−1, respectively.
The separation of 500 cm−1 is smaller than the shift
�700 cm−1� obtained from the static, low coverage case.
However, it is pronounced and should be possible to verify
experimentally.

V. CONCLUSIONS

To summarize, density functional theory calculations have
been used to study H2O adsorption on BaO�001�. AIMD
simulations uncover rapid dissociation followed by the for-
mation of a hydroxide pair. Detailed analysis of the pair
shows that the electrostatic repulsion is screened by Ba2+

cations and that the net OsHads-OHads attraction is provided
by hydrogen bonding. Intramolecular hydrogen bonding be-
tween hydroxides is well known within, for example, the
chemistry of silica surfaces17 where the pair is stabilized by
covalent Si-OH bonds. At low coverage, our simulations
show that the hydroxide pair is stable at room temperature
for several ps. At high coverage, however, the large structural
flexibility of the oxide is found to promote pair dissociation.
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