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The structures and stabilities of (AlOs), (n = 1-10 and 30) clusters were studied by means of first principles
calculations. The calculated results reveal that the global minima of small (Al,Os), (n = 1-5) clusters are cage
structures with high symmetries, in which Al and O atoms are three- and two-coordinated, respectively, and are
linked to neighbors via single bonds. Beyond (Al,Os)s, we calculated both cage and cage-dimer structures for
(Al,03), (n = 6-10), and the results show that, at this size range, cage-dimer structures are more stable than cage
structures. Furthermore, an onion-like motif for (Al,Os)1o Was studied, and it is interesting to find that, at this size,
the onion structure is more favorable than cage and cage-dimer structures. For large clusters, a shell structure of
AlgoOq is suggested. Electronic properties and calculations on hydrogen adsorption of these aluminum oxide structures
are reported, and we discuss their possible use as hydrogen storage materials.

Introduction

Metal aluminum and its compounds play an important role
in various fields such as synthesis, catalysis, alloys, etc., and
especially, aluminum leads to a new area in the synthesis of
materials. In the studies of aluminum combustion, it has been
found via observing alumina aerosol that aluminum droplets
have a global combustion behavior, which was inspired by
both fundamental interest'* and possible applications.® In
particular, the combustion of metal powder can be an
effective way to synthesize semiconductor and ceramic oxide
nanoparticles.” In a high-speed shadow microphotography
image of a burning Al droplet, one can see a smoke tail (or
aerogelation zone), where the long chain-like aggregates of
tens of microns in length are formed.* The alumina nano-
particles form aggregates of about 1 um composed of primary
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particles with a diameter of a few tens of nanometers.
Recently, Peng et al. synthesized Al,O; microtubes by
applying atomic layer deposition on electrospun polymer
fibers, in which case Al,Oj; film is grown layer-by-layer on
the substrate and its smallest thickness can be controlled to
about 14 nm.” Studies on the properties and applications of
these novel nanostructures of aluminum oxides will be
expected.

After the discovery of the C¢ molecule by Kroto et a
in 1985, the search for the possible existence of fullerenes
and nanotubes based on elements other than carbon has
received much attention. The group III nitrides have been
the subject of extensive investigation in this area, especially
after pure BN nanotubes were synthesized.® AIN fullerenes
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have similar structures as predicted and observed for BN
cages. A lot of theoretical®’~'? and correlative experimental'?
studies propose the possible existence of AIN fullerenes,
although they have not yet been found experimentally. Spané
et al. used a simulated annealing method to obtain the global
minima of (ZnS), with n ranging from 10 to 60.'*'> The
clusters have “bubble”-like polyhedral structures, while
(ZnS)gy is an onion-like structure with one small cluster
enclosed inside a bigger one.

Well then, does global combustion produce fullerene
structures? Although oxidation of aluminum has received
more attention from theoretical and experimental studies, the
global combustion of Al, especially the more detailed
investigation about structures and properties of the combus-
tion products, is still lacking. So far, only Onischuk et al.
predicted, in a simple way, the possible existence of the
(Al,03)1_5 and Al,;Os fullerene-like structures.'® A system-
atic study on (Al,O3), is required and will provide useful
information for experiments.

In the present work, we report our studies on the
geometries, electronic structures, and stabilities of (Al,O3),
(n = 1-10 and 30) clusters. The clusters at nanoscale may
possess special chemical or physical properties. The possible
use of (Al,O3), as a hydrogen storage material, due to their
cage structures, is also discussed. As it is well-known,
hydrogen is an important energy carrier for sustainable
energy consumption with a reduced impact on the environ-
ment, and searching for efficient hydrogen storage material
is now a hot point in materials research.

Computational Methods

All of the calculations have been carried out using the GAUSS-
IAN 03 package.'” The geometries were fully optimized at the
B3LYP'#/6-3114+G(3df,2p) level for small-sized clusters (Al,O3),_s.
For medium-sized (Al,03)6-10, the B3LYP/6-31G(d,p) level was
used to optimize their single- and double-cage structures. For the
larger fullerene AlgyOgp, the calculations were performed at the
B3LYP/6-31G(d,p)//B3LYP/6-31G(d). Vibrational frequencies
were also calculated, and structures with only real frequencies are
confirmed as minima. Natural population analyses (NPA) and
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Figure 1. Optimized geometries and their HOMOs and LUMOs (isodensity
value is 0.02) for (Al,03);_s clusters at the B3LYP/6-31G(d,p) level.

natural bond orbital (NBO) analyses were performed using the
NBO'® program as implemented in the GAUSSIAN 98 program.

Results and Discussion

A. (ALLO3), (n = 1-10 and 30) Clusters. For (Al,03)_s,
a mass of possible initial configurations was considered, and
we report only a selection of the most stable configurations.
Beyond this size, the (Al,Os3)s_10 cage and cage-dimer
structures were studied. In this work, a larger fullerene
structure was constructed based on the foregoing smaller one;
for example, inserting a linear Al,O; into one ring in (Al,O3),
can make the ring separate into two rings, leading to an
(ALLO3),+; fullerene. For (Al,O3)6-10 cage-dimer structures,
as many as possible linkages between two cages were
considered.

The (Al;03), (n = 1-10) cluster structures are shown in
Figures 1—4. The corresponding geometrical parameters are
given in Table 1. The lowest-energy structures of (Al,O3),-s
clusters are cage fullerenes with high symmetries. The
fullerenes consist of 6-, 8-, or 10-membered rings with
saturated valence states of Al and O atoms on the surfaces.
The AI—O—AI angles increase along with larger fullerene
size. For all Al,O3 cages, the lengths of the Al—O bond are
at a narrow range of 1.70—1.71 A, which are smaller than
those in general aluminum oxides clusters and bulk Al,Os.
Note that the presented (Al,O3), (n = 2-5) cages correspond
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Figure 2. Optimized geometries for (Al,O3)4_19 dimers at the B3LYP/6-
31G(d,p) level.

Figure 3. Optimized geometries for (A,O3)6-19 cages at the B3LYP/6-
31G(d,p) level.

to global minimum structures, and after n = 5, we predict
that the most stable structures are no longer cages.

It seems that size effect is important for cage-like structure
stability due to strain energy. Owing to steric and size effects,
large cages might be less stable. For (Al,O3)6-10, we designed
both cage and cage-dimer motifs (Figures 2 and 3), and the
latter consists of two small cages from (Al,O3),_s. We have
constructed many linkages between two cages which are
liked by Al—O single bonds or AlO rings, and the presented
structures correspond to the most favorable combinations we
find. In the cage-dimer structures (Figure 2), the Al—O bonds
linking two cages are around 1.9 A, about 0.2 A larger than
those in cage structures. The calculated thermodynamic
results show that for (Al,O3)s-10 the cage-dimer structures
are more stable than the cage structures. Thus, the (Al,O3)s
cage is expected to be the largest cage as the global
minimum. One may also wonder if (Al,O3)¢1o clusters can
have stable onion-like structures. For this reason, we
constructed an (Al,03),@(Al,O3)s isomer (Figure 4), which
is found to be more stable than the (Al,Os),0 cage and
(ALL,O3)s—(Aly03)s cage-dimer. Therefore, at this size, the
onion-like structure is more favorable than cage and cage-
dimers. For (Al,O3),., it is difficult to form onion-like
structures due to their small sizes.
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To analyze the transformation from cage to cage-dimer
to onion-like, we calculated the binding, formation, and strain
energies of cage structures, and the results are shown in
Figure 5 and Table 1. Since the GAUSSIAN 98 package
can not be used to calculate crystal structure with the same
method and same basis set as we did for (Al,O3), clusters,
we estimated the formation energies of (Al,O3);_10 with
respect to the reactants of bulk Al and oxygen molecules
using Er = n(E, — 3.39 x 2), where E, = [(2nE(Al) +
3nE(O2/2) — E(Aly,03,)]/n and 3.39 is the experimental value
for the binding energy per atom of bulk Al. From Figure 5,
one can see that the binding energy increases and the strain
energy decreases from (AlOs), to (Al,O3)10, and the strain
energies are in the range of 6.22—4.00 eV. We also note
that the changes of binding energy and strain energy are very
small in the size range of 5 < n < 10. Therefore, considering
steric and size effects, (Al,O3)s could be expected to have
large stability, and for those clusters over (AlOs)s, their
stabilities might be reduced. One can note from Figure 5a
that, at the point where n = 5, there appears to be a structural
transition from cage to cage-dimer. Therefore, (Al,03)s can
be considered to be the largest cage structure at the ground
state. Furthermore, at n = 10, an onion-like structure is
shown to be more stable than cage and cage-dimer structures
by 5.22 and 2.19 eV, respectively. It may be expected to be
a favorable motif for larger clusters.

Electronic properties of these different forms of aluminum
oxides are now discussed. Analyzing NBO charges in
(Al,03);_s shows that the charge transfer from the Al to the
O atom is 2.2 e7, indicating that the Al1—0O bond is mainly
an ionic bond. We also calculated the Wiberg bond orders
of A1—0 bonds, which is about 0.45—0.48 for all fullerenes,
suggesting that the interaction between Al and O atoms has
weak covalent character in addition to ionic bond. The
Mulliken population analysis shows that the Al atom carries
a charge of about +1.0 e, and the O atom has a charge of
about —0.69 e~. As it is well-known, the charges that result
from overlap populations are evenly divided into Al and O
atoms in Mulliken population analyses. From the results, Al
with +1.0 e~ charge and O with —0.69 e~ charge, we can
see that in Al,O5 fullerenes Al and O atoms do not exist as
AT and O? as in bulk Al,Os, and there are considerable
orbital overlaps between Al and O atoms. This covalent
character is likely to be due to the back-donation of lone
pair electrons of O to the vacant d orbitals of Al atoms.

In Table 1, we also show the adiabatic electronic affinities
(EAs), EA = E(Al,,03,) — E(Aly,03,7), with respect to the
optimized structures of both neutral and anionic clusters. The
calculated small values indicate that the (Al,O3), fullerenes
do not easily accept an electron to transform into the
corresponding anions. The shapes of the HOMOs and
LUMOs of (Al,O3);_s are shown in Figure 1. The analysis
on the Kohn—Sham molecular orbitals can help us to
qualitatively understand the information about chemical
bonding. The HOMOs are fully occupied and dominated by
oxygen 2p atomic orbitals. The LUMOs are mainly contrib-
uted from aluminum p, atomic orbitals. For anionic clusters,
the additional electrons fill in the LUMO and could be cyclic-
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Figure 4. Optimized geometries for the Al4O¢@Al;¢O24 cluster at the B3LYP/6-31G(d,p) level, and AlgyOgp and Cgo@ AlgyOgg at the B3LYP/6-31G(d)

level.

Table 1. Symmetries, Bond Lengths (A), Adiabatic Electron Affinities,
Binding Energies, Strain Energies, and Formation Energies (eV) for
(ALLO3)-19 Cages and (Al03)4-19 Cage-Dimers at the B3LYP/
6-31G(d,p) level®

n  group da-o EA Eycage E; E;
Dy, 1.61,1.69 1.82 1041 8.13 3.63

Ey, cage-dimer

1

2 C3 1.73 220 1555 622 17.55

3 Dy, 172,173 154 17.03 495 30.74

4 Oy, 1.71 199 1761 426 4333 17.24
5 Cs, 171 2.10 17.88 4.00 55.48 17.81
6 G 1.71 1.65 18.03 388 67.49 18.22
7 Cy, 170 207 18.13 381 79.46 18.24
8 Sg 1.70 201 1820 383 91.33 18.45
9 Cs 1.70 18.25 3.81 103.24 18.53
10 Gs 1.70 18.29 3.81 115.12 18.59

“ Binding energies are calculated by Ey, = [(2nE(Al) + 3nE(0,/2) —
E(Al,03,)]/n, and formation energies are calculated by Er = n(Ep — 3.39
% 2), in which 3.39 is the experimental data for binding energy per atom
of bulk Al
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Figure 5. (a) Binding energies of cages (1 < n < 10) and cage-dimers (4
< n = 10) for (Al,O3), at the B3LYP/6-31G(d,p) level. The binding energy
is defined by Ey, = [(2rnE(Al) + 3nE(02/2) — E(AL,03,)]/n. (b) Strain
energies for (Al,O3), (n = 2-10) cages at the B3LYP/6-31G(d,p) level.
All strain energies were calculated from the following homodesmotic
reactions suggested by George et al.;** i.e., 2n AI(OH); + 3n ALO —
(ALO3), + 6n AIOH.

delocalized in forming the Al—Al o-type orbitals, which
would add to strain energy together with back-donation
electrons from O lone pairs. As a result, (Al,O3)9~ and
(ALO3)19~ become distorted and unstable.

TEM images showed that Al,O; aerosol consists of
chainlike aggregates composed of small spherical primary
particles.* (ALLO3),, + (ALO3), — (ALO3),, — (AL,03), can
be considered as a simple aggregation. Therefore, we
construct (AlOs),,—(Al,03), dimers in which each cage
keeps its original geometry, and the two cages can be bound
by two Al—O bonds or multiple AI—O bonds. We found
that the linkage with multiple bonds is more favorable than
that of two Al—O bonds. The calculated binding energies

between two cages are about 7 eV, suggesting that the
(ALyO3), cages tend to combine with each other, in good
agreement with observational morphology of TEM images.*

With increasing cluster size, the favorable structures of
(ALyO3), change from cages (n = 2—5) to cage-dimers (n =
6-9) to onion-like ones (n = 10). For large onion-like
structures, AlgQOy fullerene may act as a stable shell since
it is calculated to be a minimum with only real frequencies.
To confirm that AlgzOyg would be more stable with a core,
we tried to put a Cg at the center of the AlgOqy cage, and
the result reveals that Cg@ AlggOgg 1s 0.50 eV more stable
than the separated Cop and AlgyOg clusters. Therefore, with
an appropriate core, the AlgOgy cage could be more
stabilized.

B. H; Physisorption on (Al,03), (n = 2-5) Fullerenes.
Hydrogen is viewed as a clean energy alternative that might
one day replace fossil fuels. Alanates such as LiAls and
Ti(AlH4)4 contain more than 9 wt % hydrogen but have not
been found to adsorb and release hydrogen reversibly, and
the related NaAlH, material has been shown to have 5 wt
% hydrogen, and hydrogen adsorption and release can take
place reversibly at a temperature of 180 °C.*°

We suggest that (Al,O3), might be good candidates for
hydrogen storage materials according to their cage structures
and electronic characteristics. If in the (Al,O3), cage each
atom adsorbs one H, molecule, then it can reach ~9.8 wt %
for hydrogen storage. In this work, the potential usage of
(Al,03), for hydrogen storage was also studied.

For (Al,03), fullerenes, H, has five physisorption sites,
that is, O top, Al top, Al—O bridge, hollow, and inside the
cage. The most stable structure for H, adsorption we found
is the site that is on the top of the surface Al atom, and the
direction of H, is parallel to the cage surface. The next stable
structure for H, is on the top of the surface O atom and
vertical to the cage surface, and it is about 0.1—0.2 eV less
stable than the H, adsorption on the Al atom. The most
unstable adsorption site for H, is inside the cage; however,
such instability decreases when cluster size gets bigger.

We also calculated the H, physisorptions on the AlO;
(0001) surface with Perdew—Burke—Ermzerhof (PBE) method
and plane wave (PW) basis set, included in CASTEP of
Materials Studio.** We used an eight-layer model to simulate
the Al,O3 (0001) surface in which the top layer is relaxed
and other ones are fixed. For the Al,O5; (0001) surface, the
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Figure 6. (a) Adsorption energies for Hy on (Al,O3), (n = 2-5) cages. (b)
Adsorption energies for H, on Al4Os. The adsorption energy is defined by
Eus = E(Hy) + E(A12no3n) - E(A12n03nH2)-

calculated H, adsorption energies on the O atom and Al atom
are very close, and the H, adsorption on the O atom is
slightly (0.01 eV) more stable than that on the Al atom. The
calculated results suggest that the preferred sites of Hj
adsorption are different for the Al,Os solid surface and the
Al,O3 cage due to different geometrical and electronic
structures.

For the most stable adsorption structure, the calculated
adsorption energy of Hy (Eadsorpion) decreases with increase
of cluster size as shown in Figure 6a. Obviously, the
curvature can affect significantly Eagsorpion. With larger
fullerene sizes, the H,— Al distance increases and tends to
be a constant of 2.2 A. From the adsorption energies ranging
from 0.26 to 0.15 eV/H,, one can see that the H, adsorptions
on (Al,O3), (n = 2-5) cages are physisorption processes,
which are smaller than 0.39 and 0.65 eV/H, with respect to
H, adsorptions on B- and Be-doped Css.>" In the calculations
of hydrogen adsorptions, H, was initially located at bonding
sites corresponding to chemisorptions. After relaxations, H,
moves away from surface, and then it is stabilized at a
physisorption site on these fullerenes and not dissociated.
The final optimized structures with small adsorption energies
correspond to physisorption stable structures.

In addition, we used Al4Og as an example to study adsorption
energies for various numbers of H,. As shown in Figure 6b,
the adsorption energy decreases considerably from the adsorp-
tion site at the Al atom to the O atom, whereas for equivalent
adsorption sites, the adsorption energies are similar. For the H,
adsorption on the Al atom, there is a very small Mulliken and
NBO charge transfer, less than 0.05 e™, from H, to Al for all
fullerenes we studied. However, the electronic densities for
Al4Og and Al;O¢—H, reveal that there is a certain accumulation
of charge between H, and its closest Al atom (see Figure 7);
that is, the presence of H, leads to the local deformation of the
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Figure 7. Electron densities for Al4Og and AlsOs—H,, in which electron
density of the atoms is subtracted from the molecular density using the
keyword BONDS in MOLDEN program.*® The red lines correspond to
negative values, blue lines to positive values. Outmost contour is 0.00125,
and the contour interval is 0.00125.

Figure 8. Relaxed potential-energy curve for the formative process of the
adduct Al4Os—H, at the B3LYP/6-31G(d,p) level. R is the value of the
Al—H distance. E.q values are the relative energies defined by E. =
E(A12n03n - HZ) - E(HZ) - E(Al2no3n)~

electron density for AL4Og and thus induces a weak Coulomb
interaction between H, and Al4Og.

To understand the H, adsorption process, we show the
potential curve in Figure 8, calculated at the B3LYP/6-
31G(d,p) level, for the most stable structure of Al4O¢(Hy).
The calculations were performed by pointwise optimizations;
that is, all geometric parameters were optimized except
for the fixed Al—H bond length. It can be seen from Figure
8 that this H, adsorption process has no energy barrier which
could significantly simplify the kinetics for the storage. Note
that the formation of the Al—H bond causes the H—H bond
to be weakened and the H—H bond length increases to 0.76
10\, which is about 3% longer than 0.74 A for a free H,
molecule. As a result, H, desorption can occur in a
unimolecular fashion by simply overcoming the binding
between H, and Al atoms in the fullerene. Thus, the
reversible storage of H, in these systems appears promising.

Conclusion

Stoichiometric (Al,O3), (n = 1-10 and 30) clusters were
studied by using DFT calculations. The (Al,O3),-5 cages are
lower in energy than other isomers and might exist under
normal conditions. For (Al,03)s-10, the cage-dimer structures
are shown to be more stable than the corresponding cage
structures. Thus, the (Al,03)s cage would be the largest cage
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as a global minimum. For (Al,03),0, an onion-like motif has
been studied, and it is found that, at this size, the onion
structure is more stable than the cage and cage-dimer
structures.

For larger (Al,Os), clusters, onion-like structures are
worthy of study. AlssOgp might act as a stable shell structure,
which could be more stabilized by including a suitable core.
As an example, Cq@ AlgOqp is calculated to be 0.50 eV
lower in energy than the separated Cgp and AlgyOgg cages.
Searching an appropriate (Al,O3), core that can most stabilize
the AlgpOgg cage is time-consuming and challenging. We will
continue our study in this respect.

The investigation of (Al,O3), cages can provide useful
information to the experiments on Al combustion and

oxidation. On the other hand, our calculated results show
their potential uses for H, physisorption, suggesting that
(ALLO3), cages might be expected to be valuable candidates
as Hj storage materials due to their physisorption property
without barriers.
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