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Surface structure of cubic aluminum oxide
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Molecular-dynamics simulations using a Pauling type pairwise potential have been carried out in or-
der to study the structure of the surface of y-A1203. Starting from an ideal (100) face, a reconstruction
process occurs in which the unbalanced coordination of surface ions tends to fulfill their coordination
capabilities. Oxygen ions come to the surface and pore formation with a concomitant increase of ap-
parent volume takes place. The structure of the surface of the resulting material corresponds to a porous
amorphouslike phase in which only short-range order is present. Analysis of the radial distribution
function agrees with experimental x-ray-diffraction data.

I. INTRODUCTION

Since the pioneering work by Peri' the surface of y-
A1203 has been the object of considerable interest because
of its importance as catalyst and as a catalyst support.
Most of the surface models are idealized views of the cat-
alyst surface. In Peri's model the (100) surface of NaC1
type structure is considered when it is well known that
y-A1203 has a defective spinel structure. Later models
considered the actual structure of the solid but with an
excess of aluminum cations to solve the problem of the
random occupation of tetrahedral and octahedral sites. '

In all these surface models the coordination of cations
at the surface is considered to be tetrahedral and octahe-
dral. However, this assumption disagrees with data re-
ported recently by Chen, Davis, and Fripiat, who from
magic angle spinning NMR Al spectroscopy found the
existence of five-coordinated aluminum atoms. Recently,
we reported molecular-dynamics simulations on y-A1203
in which the actual stoichiometry was taken into ac-
count. Also, from cleavage fracture planes of the bulk,
idealized faces according to the most usually accepted ex-
posed surfaces were reported. In our work, we showed
that five-coordinated aluminum ions occur both in the
bulk and at the surface. Nevertheless, none of these
efforts to understand the structure of the y-A1203 con-
sidered the reconstruction of the outer layers of the solid.

Surface reconstruction of metals is a well-described
phenomenon; however, in the case of nonconducting
solids such as metal oxides, very little has been achieved
due to the experimental limitations regarding the obtain-
ment of LEED patterns, and only reconstruction of few
surfaces such as ZnO, Ti02, and a-A1203 have been de-
scribed. The experimental study of the reconstruction of
y-Alz03 has the additional limitation of the crystal size,

II. COMPUTATIONAL PROCEDURE

The interaction potential used in our simulations is the
same as the one used in previous works on alumina. This
potential was shown to give excellent results concerning
both the structure of the bulk, through the calculation of
radial distribution functions, and the energetics of the
system, predicting heat of formation and vibrational
spectra in agreement with experimental data. The po-
tential is of Pauling type and has a Coulombic term plus
a steric repulsion given by
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where r,. - is the interionic distance, q; are the effective
charges, and cr,- are the ionic radii. The exponent n was
taken to be 9 according to Adams and McDonald. The
effective charges of aluminum and oxygen were calculat-
ed from ab initio self-consistent-field —molecular orbital
calculations carried out on a series of small clusters of
Al(OH)„using HQNDo-8. 4 program. ' In these clusters,
x ranges from 2 to 6, and thus effective charges are the
weighted average of the most common coordination po-

although experimental data based on adsorption of probe
molecules suggest that a surface reconstruction indeed
takes place.

The theoretical and experimental limitations men-
tioned above make the study of the structure of the sur-
face of metal oxides in general and particular of y-Alz03
suitable for numerical simulation. In this work we report
molecular-dynamics simulations of the surface layers of
y-A1203 in order to study their structure and surface
reconstruction.
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lyhedra of cubic alumina. The oxygen radius was that
proposed by Shannon and Prewitt, " whereas aluminum
radius was chosen in such way as to minimize the
difFerences between tetrahedral and octahedral coordina-
tions. '

The system consisted of 1440 particles in an originally
cubic configuration of 27 unit cells at a density of 3.66
g cm . Periodic boundary conditions were taken in the
x and y directions. The long-range Coulombic interac-
tion was handled with the Ewald summation method and
a time step of 10 ps was used. The initial configuration
was taken from a previous work, where the system was
equilibrated at 300 K for 5.5 ps in the bulk. After remov-
ing the boundary conditions in the z direction only the
upper 720 particles were allowed to move, leaving the
system free to evolve for 10 ps rescaling velocities when
temperature increased above 300 K. After this equilibra-
tion process a 5 ps production run was performed in
which temperature variations were of less than 5' and en-

ergy fluctuations were of less than 0.1%. Calculations
were performed using SIMULA code running on the
Cray YMPl464 supercomputer of the Universidad Na-
cional Autonoma de Mexico computing center.

III. RESULTS AND DISCUSSION

The removal of the boundary conditions in the z direc-
tion generates coordination defects of surface ions"
which, in turn, give way to uncompensated interaction
potential energy. The system tends to eliminate defects
and to compensate the interaction potential energy by al-
tering both position and coordination of atoms at the
outermost layers. Along with this compensation there is
a pore formation process which results in an increase of
the apparent volume. After the equilibration stage the lo-
cal structural characteristics such as bond distances and
coordination numbers of the particles are preserved,
keeping only short-range order. Figure 1 shows a

snapshot of the moving particles of the system after the
15 ps simulation run where some pores can be observed.

A. Porosity

In order to give an insight into the existence and distri-
bution of pores in the surface, we have calculated the ap-
parent density profile along the z direction shown in Fig.
2. The plotted values were obtained calculating the den-
sity of a set of horizontal slabs 3 A thick. At depths
larger than half the original box size (11.8 A) the density
values lie around the density of the original system in the
bulk of 3.66 g cm, and the values at lower depths vary
around 2.3 gem . The variations of density in this re-
gion are due to the presence of large pores in the struc-
ture, and the lower oscillations around the mean value
with respect to a crystalline structure are due to the near-
ly homogeneous distribution of pores. The calculated
pore volume yields 0.07 cm g ', which is within the lim-
its of the expected range of micropore volume reported
for y-Alz03 between 0.04 and 1.3 cm g '. ' This value
was obtained on the basis of fitting spheres of radii larger
than 2.0 A to avoid accounting for interstitial volume.
Assuming slit-shaped pores, as experimentally observed,
the minimum distance between the alumina lamellae
would be 4.0 A. The average width being 5.1 A with a
maximum of up to 8.2 A. Figure 3 shows a view of the
surface layers up to a depth of 5 A where cavities of
difFerent sizes can be observed. The largest one near the
upper left corner is 10.5 A long, 4.0 A wide and its depth
was estimated to be around 8 A. From our simulations it
can be stated that the micropore volume is not only due
to empty octahedral sites as has been suggested, but also
and more important, to the existence of genuine pores in
an amorphous superficial phase.

In Fig. 3, where a large elliptical pore is shown, it can
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FIG. 1. Snapshot of the moving particles of the system after
15 ps simUlation time. FIG. 2. Apparent density profile along the z direction.
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tems. Taking into account the experimental conditions
under which the synthesis of cubic aluminas is per-
formed, namely high temperature, they would never ex-
pose a surface of the (100) type, and in fact, a reconstruc-
tion such as that reported in this work would never
occur.

B. Radial distribution functions

0
FIG. 3. View of the surface layers up to a depth of 5 A. Cav-

ities of different size can be observed.

be seen that its main axis is parallel to the (110) crystallo-
graphic direction and smaller pores are located along
(110}and (110}directions. Figure 4 shows a slab of the
whole system 3 A thick, and parallel to the z-y plane. In
the region where particles are allowed to move, there are
pores of different size and shape, however, their location
and orientation is along planes parallel or perpendicular
to the (110) direction. This same feature can be observed
at the surface where the uppermost layer has a jigsaw
shape also oriented along these planes. In summary, in
our simulations, starting from a surface exposing the
(100) surface plane there is a reconstruction process at
the end of which the surfaces exposed both at the gas
solid interface and within pore systems are parallel or
perpendicular to the (110) plane. This result agrees with
experimental work in which the (110) plane has been
found to be the more likely exposed. ' One additional
question concerns the conditions under which a recon-
struction of the type described here can occur in real sys-

The radial distribution functions, g(r}, of the moving
particles have been calculated in order to compare them
with the ones calculated from experimental x-ray-
diffraction data (XRD). Figure 5 shows the partial g (r)
for the pairs Al-Al, Al-O, and O-O, along with the posi-
tions of maxima obtained from the experimental data up
to 6 A. The shift of positions of maxima of the calculated
g (r) with respect to the XRD results is at most 0.1 A;
therefore, using the partial radial distribution functions it
is possible to identify their contributions to the total g (r)
shown in Fig. 6. The structure of radial distribution
functions indicates the existence of short-range order in
an amorphouslike phase, long-range order being hardly
observable. This is due to the porous structure of the sys-
tem in which although there is certain order, and a ten-
dency to expose a plane similar to the (110) plane of the
ideal crystal, the long-range order is not present. The x-
ray-diffraction pattern of y-A1203 presents broad and
poorly resolved peaks indicating an amorphous or a very
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FIG. 4. Slab of the whole system 3 A thick, parallel to the z-y
plane.

FIG. 5. Partial g (r) for the pairs Al-Al, Al-O, and O-O along
with the positions of maxima obtained from experimental data.
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FIG. 6. Contributions of partial radial distribution functions
to the total g (r).

poorly crystallized material. Figure 7 shows experimen-
tal XRD patterns of three samples of y-A1203 of different
origin' and, for the sake of comparison, the XRD pat-
tern of a sample of a-A1203 obtained by calcining at 1473
K y-A1203 samples in air. As it is well known the inten-

sity ratio and resolution of peaks in the XRD spectra is a
function of the preparation method. The poorly resolved
diffractograms correspond to samples with higher specific
surface areas [(a) 70 m g '; (b) 167 m2g ', (c) 127
m g '; (d) 5 m g '], and consequently with larger pore
volume. On the basis of the above discussion the struc-
ture of catalytically active y-A1203 may be understood as
an amorphous material having short-range order in some
way resembling the disordered spinel structure previously
reported. This idea is illustrated in Fig. 8 where the to-
tal g (r) of the ideal spinel structure, curve A, and that of
the resulting solid after eliminating the boundary condi-
tion in the z direction, curve 8, are shown.

Table I shows the percentages of the observed coordi-
nation polyhedra for aluminum and oxygen in the ideal
spinel and the simulated surface. The relative proportion
of tetrahedral polyhedra of aluminum at the surface in-

creases with respect to the ideal spinel structure at the ex-

pense of the octahedrally coordinated ones. First of all,
the truncation of the bulk produces a decrease of coordi-

TABLE I. Observed percentages of coordination polyhedra
for aluminum and oxygen in the ideal spinel and the simulated

surface.
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Coordination
number

3
4
5
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Ideal
spinel

0.0
28.1

0.2
71.7

Surface
structure

1.0
56.4
32.4
10.1
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FIG. 7. Experimental XRD patterns of y and a-A1,0, ob-
tained under different experimental conditions.
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nation numbers in general; therefore, three- and five-

coordinated aluminum atoms should be expected. How-
ever, three-coordinated aluminum ions are hardly found
confirming their absence in experimental observations,
and the number of five-coordinated cations is lower than
expected if they were only due to the truncation of the
bulk. This is due to the above-mentioned reconstruction
process in which oxygens tend to emerge to the surface in
order to saturate undercoordinated aluminum ions. This
reconstruction process is also responsible for the forma-
tion of large cavities within the y-A1203 structure. The
relative proportion of octahedral plus five-coordinated to
tetrahedral coordinated aluminum ions is close to that
found in the ideal (110) surface plane because the system
tends to expose similar planes both at the surface and
within pore systems.

IV. CONCLUSIONS

Molecular-dynamics simulations of the surface of y-
Alz03 allows us to draw an alternative interpretation of
its structure and to explain the roughness and porosity

experimentally found for this material. Reconfiguration
of surface ions gives way to pore formation with loss of
long-range order. Both at the outer surface and at the
pore surfaces, the exposed structures resemble the ideal
(110) plane, as has been suggested from experimental
work. Considering the surface as an amorphouslike
phase, micropore volume and x-ray-difFraction data can
be well reproduced. Further work is being carried out in
order to describe the reconstruction and cavity formation
processes in a quantitative way.
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