
VOLUME 73, NUMSER 3 P H YSICA L R EV I E'A/ LETTERS

Hydrolysis at Stepped Mgo Surfaces
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We study the adsorption of water on MgO surfaces with the Car-Parrinello method. Our simu-
lation shows that an H20 molecule in the proximity of a perfect (001) surface is physisorbed. The
binding energy is rather small and the molecule desorbs at modest temperatures. We also simulated
a stepped surface. On this surface the dissociation of water proceeds very rapidly. Our simulation
is the first of this kind and agrees with experimental evidence.

PACS numbers: 81.60.Dq, 31.20.Sy, 33.10.Gx, 82.65.My

Magnesium oxide is a widely used high-temperature
ceramic material. It crystallizes in well-defined cubes
of rock salt structure. The most stable crystallographic
surface of crystalline MgO is the (100) plane. Planes
with Miller indices higher than (100) facet into steps of
(100) surfaces [1]. Unless maintained in an ultrahigh
vacuum (UHV) environment, MgO readily adsorbs wa-

ter. The understanding of its surface properties is essen-
tial for applications as a support for metal catalysts and
high-temperature superconductors. However, in simula-

tions of processes such as the deposition of metal clusters
on the MgO surface, the coverage by water or hydroxyl
groups is not taken into account [2]. Furthermore, it is

well known that the surface hydroxyl groups may inBu-

ence other properties of this oxide, such as its mechanical
response.

The mechanism of the water adsorption on MgO has
been studied intensively both experimentally and theo-
retically. Infrared absorption studies have observed the
disappearance of the H20 bending mode from which it
has been deduced that H20 chemisorbs. There is a con-

troversy in the literature about the chemical activity of
the (100) crystallographic surface. Microgravimetry indi-

cated that MgO exposed to air is completely covered by
chemisorbed water, including the (100) surfaces [3]. In
contrast, an ultraviolet photoelectron study conducted
under UHV conditions [1] shows that the coverage of
(100) is significantly lower than that of the (111) sur-

face. The authors of [1] argue further that the good cov-

erage of the (111) surface is due to the large number of
steps in the microfaceted surface. In addition the wa-

ter chemisorbed on the (100) surface is attributed to the
presence of cleavage defects [(1—5) x10s steps/cm [4]] on
this surface. MgO exposed to air and then baked showed

irreversible damages owing to an increased number of de-

fects.
Attempts were made to determine by static calcula-

tions whether H20 could be chemisorbed on the perfect
(001) surface [5,6]. The general consensus was that this
is energetically unfavorable. The only attempt to cal-

culate a defective surface structure to our knowledge ~s

that of Catlow et g/. who, at the Hartree-Pock level,

use a very simplified and rather unrealistic geometry (7].

More realistic geometries have been considered only at
the semiempirical level.

Here we study this problem using the approach of Car
and Parrinello. Its main advantage over the more con-
ventional studies described above is that it allows the
system to evolve spontaneously following the trajectories
dictated by accurate ab initio interatomic forces at finite
temperature. This permits the atoms to move along com-
plicated pathways. Recently, Car-Parrinello-like meth-
ods have been applied successfully to the study of bulk
MgO and its defects [8] as well as bulk water [9]. In the
present Letter, we evaluate the properties of MgO sur-
faces and simulate the hydrolysis process both for per-
fect and defective surfaces. We find that the defects, in

particular the steps, play a crucial role in the hydrolysis
process.

The Car-Parrinello method has been reviewed in (10).
In order to describe 0 eSciently we use a variant of the
method employing the supersoft pseudopotentials of Van-

derbilt [11] for 0 and H as developed in a recent simula-

tion of water [9]. The pseudopotential for Mg was of the
usual norm-conserving type [12]. For an accurate descrip-
tion of the H bond it was found essential to supplement
the local density approximation with the generalized gra-
dient correction. We shall use the gradient corrections
for the exchange part of the pseudopotential as given by
Becke [13]. We have verified the accuracy of our approach

by n&aking a series of calculations of the MgO molecule

and of bulk MgO (Table I). The bulk calculations were

done with cells of 8 and 64 atoms, respectively, using the
k = 0 point in the Brillouin zone of the electronic weve

functions. The results showed no significant change, in-

dicating that the use of k = 0 sampling over the Brillouin
zone is justified for this ionic compound.

After assuming an initial structure of nuclear configu-

rations, we optimized the corresponding electronic charge
densities starting from arbitrary wave functions by a
steepest descent method. The optimized atomic struc-

tures were then determined by simulated annealing. Typ-
ically this meant heating the system for 5000 time steps
from 5 to 50 K. After annealing, which initiated signifi-

cant thermal Huctuation of all atomic coordinates, a fur-

ther run of 3—5000 steps was started without temperature
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TABLE I. Theoretical and experimental results for the MgO molecule and bulk MgO.

Theory
Experiment

Equilibrium distance
of the molecule

1.75
1.75 [16]

Vibr. freq. n = 0 ~ 1
of the molecule

cm '
775

756 [16]

Lattice constant
of the bulk

4.27
4.21 [17]

Bulk modulus

Mbar
1.59

1.55 [18]

control. The time step in all runs was 7 a.u. or 0.169 fs;
the p parameter of the Car-Parrinello Lagrangian was
1100 a.u. This choice yielded a very satisfactory energy
conservation and adiabatic decoupling of electronic and
ionic degrees of freedom.

The simplest MgO surface is the (001) plane. We sim-
ulate such a plane with an infinite slab oriented perpen-
dicular to the z direction consisting of three (001) planes
of four Mg and four 0 atoms each. It was placed at the
bottom of a cell with the dimensions v 2 x v 2 x 4 MgO
lattice constants or 5.94 x 5.94 x 16.9 A.s. Periodic bound-
ary conditions were applied in all three directions. The
large period along z allows decoupling between the slabs.
In the x-y plane the cell axes were in the (110) and (110)
directions. On top of the third layer the adsorbed water
molecule, OH group, or H atom could be positioned. This
very thin slab gives the central layer a charge distribu-
tion similar to that of the bulk [5]. We keep the bottom
layer fixed at the equilibrium lattice constant in order to
mimic an extended substrate. The top layer showed a
very small inward contraction of less than 2% of the bulk
Mg-0 distance, but it exhibited no appreciable corruga-
tion. This latter feature is in agreement with the results
of He atom scattering from (001) planes of MgO single
crystals [14,15].

We then performed a series of calculations to determine
whether and how a water molecule can be adsorbed on
the perfect (001) surface. Two initial configurations were
used. In the first one the water 0 atom was positioned as
an adatom vertically on top of a Mg atom of the surface
in a distance equal to the Mg-0 distance in the lattice.
One of the two H atoms was placed in between this 0
adatom and an 0 atom of the surface. The other one
faced away from the surface. The initial distances be-
tween the 0 adatom and the two H atoms as well as the
angle H-0 adatom-H were the same as in the free water
molecule. In this starting configuration the angle 8 be-
tween the Mg-0 adatom axis and the 0 adatom-H bond
is 135', corresponding to a Mg-0-H angle of 45'. This
configuration was chosen so as to optimize the probability
of proton transfer to the surface. Two calculations were
done, one at about 40 K with relaxation of the upper
plane of MgO and the water molecule, and one at about
200 K with relaxation of the two upper planes. At low
temperatures the water molecule was physisorbed in a
stable configuration. One H atom was hydrogen-bonded
to the surface; the other one was free. In this run the
bending mode vHQH of water was observed at 1480 cm

confirming that no chemisorption at all was detected. At
higher temperatures a significant relaxation of the top
two MgO planes is observed. The Mg and the 0 atom,
to which the adsorbed water molecule is linked, are dis-

placed in the z direction by about 0.9 A.. The H atom
assumes a nearly symmetric position between the two 0
atoms. Eventually the water molecule was desorbed in

agreement with experiment [3].
In order to exclude the possibility that a particularly

unfavorable initial condition for chemisorption had been
chosen, the motion of a water molecule on the surface
was simulated starting from a second initial configura-
tion. The 0 atom of this molecule was placed 3.2 A. above
the MgO surface at a position not commensurate to the
MgO lattice in order to avoid symmetry effects. The two
H atoms faced away from the surface. For the first 0.3
ps of a free molecular dynamics run the molecule rotated
such that one H atom faced towards one surface 0 atom.
Owing to attractive forces between the molecule and the
surface, the 0 atom approached a surface Mg atom to
a distance of about 2.1 A, i.e., approximately the MgO
equilibrium distance. One of the water H formed a strong
hydrogen bond with one of the surface 0, without under-
going proton transfer to the surface. The other H atom
was not hydrogen bonded. This configuration was stable
for about 0.5 ps after starting until the end of the sim-
ulation (0.93 ps), and no dissociation by proton transfer
to the surface was observed. For the ideal surface the
emerging picture is one in which the water molecule is
simply physisorbed and can be easily desorbed at mod-
erate temperature, as observed in experiment.

As discussed above, the perfect (001) plane is not a
very realistic geometry for comparison with experiment.
The UHV cleavage of MgO single crystals for preparing
well-defined (001) planes is not a method of direct inter-
est for this application. Usually the material is used with
a water layer or baked to remove the chemisorbed water.
This introduces numerous defects to the surface [4]. The
chemical properties of these defects may differ strongly
from those of the perfect (001) plane. The chemisorption
of water is often assumed to proceed preferably there
[1,4].

In order to simulate this specific chemical activity of
defects, a stepped geometry was defined for the MgO
substrate. It consisted of two (110) layers with 2 x 3
atoms each, on which a triangular step is put (Fig. 1),
and corresponds to faceting of a (110) plane. Annealing
was simulated to check whether this geometry is subject
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FIG. 2. Interatomic distances in A for the dissociation of
water in the step as a function of time in 10 s. Traces a,b:
0-H distances in the adsorbed water molecule. c: Distance
between the dissociating H atom and the 0 surface atom ad-
jacent to it after dissociation. d: Distance between the 0
atom of the water molecule and the surface 0 atom of c.

FIG. 1. Step geometry for the facet simulation. Three
(011) planes are formed by 2 x 3 atoms. A roof of six atoms
is arranged'on top of them. By means of the cyclic boundary
condition, steps of (100) planes are formed with a width of
two lattice constants or 8.4 A, as indicated by the lines. Eight
MgO cells are drawn to demonstrate the efI'ect of the cyclic
boundary conditions. Only the four water molecules in one
step are shown (bold lines). (a) Starting conditions (t = 0)
of a molecular dynamics run: An undissociated molecule of
water is adsorbed inside the step, so the 0 atom continues
the regular Mg0 lattice. The step and the periodic continua-
tion of the cell of 27 atoms are indicated by lines; eight cells
are plotted. The four water molecules in the four cells at the
right side are omitted. (b) Like (a), but t = 0.43 ps. The
water molecule has jumped out of its starting position and
reorients. In this and the following pictures all but one water
molecule are omitted. (c) t = 0.55 ps. The proton transfer
between the 0 atoms in the water and in the surface takes
place. (d) t = 0.96 ps. The water molecule is dissociated into
a H atom on a surface 0 atom and a hydroxyl group placed
on a Mg atom.

to relaxation. The sample was heated up in 0.82 ps from 3
to 150 K and then subjected to a molecular dynamics run
without temperature control for another 0.5 ps. For the
first 0.4 ps of the heating the distances of the top 0 and

Mg atoms to their Mg and 0 next neighbors diminished
from the ideal value of 2.13 A. to 1.98 A.. This geometry
was then stable for the following 0.9 ps of the simulation.

Then an undissociated water molecule was placed in-

side a step [Fig. 1(a)]. Its 0 atom was placed on a lattice
point of the regular 0 sublattice. The two H atoms faced
out of the step, maintaining the geometry of a free water
molecule. The sample had been annealed to 25 K for
0.46 ps, and was then subjected to a molecular dynam-
ics run without temperature control. The dissociation
occurred between 0.5 and 0.7 ps after the start of the

simulation and proceeded via a movement of the water
molecule out of the original position by about 1 A [Fig.
1(b)] to a complicated rotation and consequent reinser-

tion into the plane [Figs. 1(c) and 1(d)]. Thereby water
was decomposed into a hydroxyl group on the Mg atom
and a H atom bound to a surface 0 atom.

In Fig. 2 four characteristic interatomic distances are
plotted as a function of time. This allows a quantifica-
tion of the dissociation process and the determination of
the vibrational dynamics of the system. At the start of
the simulation both 0-H distances (traces a and b) in

the free water molecule are close to 1 A. as expected for
chemical bonding. One of these bonds is not affected by
the adsorption process (a), whereas the other is stretched

to a length of 2 A after 0.5 ps (5) and stabilizes at 1.8 A
after about 0.7 ps simulation time. This increase in bond
length clearly indicates that the original bond is broken
and replaced by a much weaker hydrogen bond. Trace
c shows that the dissociating H atom approaches within
1 A to a surface 0 atom, forming a chemical bond with
it. Owing to energy release in the dissociation process,
the bond is vibrationally excited. The high frequency of
the oscillation in the time interval 0.6—1.4 ps corresponds
to the 0-H stretching mode. The distance of the water
0 atom to the nearest surface 0 is 2.65 A after the dis-
sociation process (d), slightly smaller than in bulk MgO
(3 A.). The low frequency oscillations superimposed on
this distance correspond to lattice phonons of MgO.

In the stable configuration the Mg-O-H angles were
evaluated with respect to the two Mg atoms coordi-
nated to the hydroxyl group of the dissociated water
molecule. One of these angles was only 70', i.e., signifi-

cantly smaller than in the hydroxyl groups on the (001)
plane, whereas the other one was 105'.

The lack of chemisorption on the perfect surface can be
rationalized as follows. In the initial configuration [Fig.
3(a)] the 0 0 distance is large and the orientation of
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Initial Configuration on (001) plane

Mg-0-H angle =

r Mg. .O adatorn = 2.08

Physisorption on (001) plane

UHV conditions.
The Car-Parrinello code has been used in a version

rewritten by Kari Laasonen. His support to get the
present calculation started is gratefully acknowledged.
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with Franco Buda, Ettore Fois, Jorge KohanoE, Ur-

sula Rothlisberger, and E. Knozinger. W.L. thanks the
Deutsche Forschungsgemeinschaft for a Heisenberg Fel-
lowship and the IBM Research Laboratory, Ruschlikon,
for its hospitality during his stay.
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Chemisorption in the step
urface

FIG. 3. Schematic drawing illustrating physisorption and
chemisorption. Solid circles: Mg atoms; shaded circles: H
atoms; and open circles: 0 atoms. (a) Cut along (010) plane
through the initial configuration on the (001) plane. From
[19]. (b) Like (a), but after a dynamic run. The 0 adatom has
strongly relaxed thereby reducing the 0 0 distance across
the H atom to 2.6 A. and the 0-H 0 angle to 160'. (c) Cut
through the step geometry parallel to the (100) surface. The
0 adatom is coordinated to two Mg atoms, the H atom is
influenced by a second 0 atom. The O-H 0 angle is 140',
the resulting H bond is weaker than in (b).

the water O-H bond is favorable for proton transfer. This
can be seen by the potential energy curve calculated for
the proton with all the other atoms fixed. However, as
demonstrated in our runs, this is a very unfavorable con-
figuration because the water moves to the final configu-
ration [Fig. 3(b)]. Here the potential for proton transfer
is no longer bistable because the two 0 are so close and
the O-H . 0 angle is of the order of 160'.

In the step geometry, in contrast, the water 0 inter-
acts with two Mg atoms, and the H atom interacts with
two surface 0 atoms [see Fig. 3(c)]. This prevents the 0-
H . 0 angle from getting larger than about 140'. Thus
the potential remains bistable and proton transfer can oc-
cur. In the final configuration there is an OH bound to
two Mg atoms. The remaining H from the water molecule
binds an 0 of the substrate to form another OH anion.

In conclusion this calculation demonstrates the role of
defects in determining the chemical activity of the MgO
surface. To the best of our knowledge this is the first
time that this has been achieved with a realistic calcu-
lation. We believe this to be an important advancement
towards the study of the properties of real-life surfaces
as opposed to the study of freshly cleaved surfaces under
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