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Properties of hydrogenated, icosahedral aluminum clusters were investigated using density functional
theory in comparison with those of aluminum bulk systems. The most stable site for H adsorption to Aly3
was the hollow HCP site. The H binding energy suggests that the top and the bridge configurations are
transition states. Results for Al;3H were compared with those obtained for two surface models simulating
f.c.c. and icosahedral (11 1) surfaces. Results show that the H atom interacts weakly with surface of
clusters when the cluster size is increased. The migration energy of H atom between neighboring T and
O sites becomes smaller for icosahedral subsurface than for either bulk material or the f.c.c. subsurface.
A similar relation between the two surface models was found for the migration energy between surface
and subsurface sites. These results indicate that the icosahedral surface lowers the migration barriers of
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H atom both within the subsurface and between the surface and the subsurface.
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1. Introduction

Nanomaterials have attracted great interest in recent years
because of their unusual mechanical, electrical, electronic, optical,
magnetic and surface properties. The high surface/volume ratio of
these materials presents important implications with respect to
energy storage. Nanostructured materials are promising for hydro-
gen storage because of their unique features such as adsorption on
the surface, intergrain and intragrain boundaries, and bulk absorp-
tion[1]. Nanostructured and nanoscale materials strongly influence
the thermodynamics and kinetics of hydrogen absorption and dis-
sociation by increasing the diffusion rate and by decreasing the
required diffusion length.

Investigation of suitable materials for hydrogen storage has
driven attention to different lightweight nanostructures. Among
various hydrogen storage materials, hydrogen adsorption by alu-
minum clusters of different sizes, aluminum nanowires, and
aluminum f.c.c. clusters can be considered as promising candi-
dates for fuel cell hydrogen storage devices [2,3]. These findings
are important because light metals such as aluminum are inex-
pensive and can store large amounts of hydrogen, which is crucial
for fuel cell design [4]. Crane and Nuzzo [5] obtained evidence
related to H adsorption on Al(111). Through careful examina-
tion of temperature-programmed desorption data, they suggested
that chemisorbed H on Al(1 1 1) occupies both surface and subsur-
face sites. Using low-energy ion spectroscopy Bastasz and Whaley
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[6] showed that the occupied site of atomic hydrogen exists on
the top layer of the surface. Based on both experimentation and
simulation[7-11], hydrogen is known to adsorb strongly on the sur-
face of aluminum clusters, thereby greatly changing the structure
of the clusters.

It is important to understand the properties of aluminum clus-
ters and their interaction with hydrogen at a fundamental level.
In previous reports [12,13], we demonstrated the electronic prop-
erties of aluminum clusters from small clusters up to several
hundreds of atoms. The stable structures of small-size clusters
are known to have dense packing and high symmetry of icosa-
hedra in geometrical structures. The icosahedral structure can be
viewed as 20 nearly regular tetrahedra, each with an approx-
imate f.c.c. structure, joined at a common corner [14,15]. The
20 tetrahedral parts have pseudo-(111) faces that become the
20 triangular surfaces of the icosahedral cluster. An atom on a
(111) surface is the most highly coordinated of any f.c.c. sur-
face atom, having 9 of its 12 nearest neighbors. Therefore, (111)
surfaces have the lowest energy. Moreover, the icosahedral struc-
ture, being roughly spherical in shape, has a low surface-to-volume
ratio.

In this study, energetic properties of aluminum clusters
absorbed with hydrogen atoms were investigated for the “magic”
clusters with icosahedral (I;) symmetry based on the first-
principles calculation. We investigate the hydrogen-site specific
effects and how the hydrogen storage properties of aluminum clus-
ters change with the cluster size. The hydrogen diffusion barriers
are calculated for interstitial sites of aluminum clusters and com-
pared to those of bulk aluminum system, which can provide us an
interpretation of the stability of the hydrogenated clusters.
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Fig. 1. (a) Side view of the slab model of clean Al(11 1) surface used in simulation.
(b) Top views of the equilibrium geometry of four sites of the adsorption of hydrogen
on the surface. (¢) View of two interstitial sites on the subsurface of Al(111.).

2. Method and computational details

We used four structure models in this study. For the examination
of H impurities in the f.c.c. bulk, we construct 2 x 2 x 2 supercells
containing 32 Al atoms. For the surface calculation, we use two slab
models with six (11 1) layers including 24 Al atoms, as presented
in Fig. 1a. One slab model is constructed as the ideal f.c.c. case.
The other slab model is for representing the surfaces of icosahedral
clusters by deforming the f.c.c. model with 1.0261 times elongation
parallel to the surface and 0.9498 times contraction perpendicular
to the surface under the constant volume condition. For the cluster
system, an isolated cluster is placed inside a very large cubic cell
with size-length as 35A in the periodic boundary conditions, so
the interaction between the clusters in neighboring cells can be
negligible.

The density functional theory (DFT) [16,17] calculations in this
study were performed using the Vienna Ab-initio Simulation Pack-

age (VASP) [18-21] with ultrasoft pseudopotentials [20,22] to
describe the electron-ion interaction. The spin-polarized calcula-
tions were conducted to determine the magnetic ground state of
the bare Al, and hydrogenated Al,H clusters within local density
approximation (LDA). A cutoff energy of 350 eV was used in all cal-
culations with plan-wave basis set to make energy convergence
within 0.001 eV. For comparison with calculated results [23,24] for
hydrogen in aluminum crystal system and to ensure the precision
of energies and geometries, we conducted the bulk and Al(111)
surface calculation with extensive tests of k-point sampling using
Monkhorst-Pack [25] k-point meshes to demonstrate that total
energies for all cells are converged to within 0.001 eV. In this study,
k-point grids of 16 x 16 x 16 and 4 x 4 x 1 were used, respectively,
for the bulk and slab models. Fermi smearing of the electronic
occupancy with a fictitious electronic temperature of 0.025 eV was
used.

The nudged elastic band (NEB) method [26] was used to find the
minimum energy path (MEP) and the corresponding energy barri-
ers for hydrogen diffusion process. In this approach, the reaction
path is discretized between the initial and final configurations. All
discrete configurations and images were optimized simultaneously
along the reaction path until the forces acting on the atoms were
smaller than 0.01eV/A.

3. Results and discussion
3.1. Hydrogenation of small icosahedral clusters

We first discuss the reactivity and bonding of the hydrogen atom
to an Alq3 cluster. The binding energy of hydrogen to the Al sys-
tems, Eg, has been calculated according to the following expression:

Ep = Ep1, + En — EplHs (1)

where Epj,iy and Epj, respectively represent the total energy (eV)
of a hydrogenated Al cluster and a pure Al, system. We use n to
represent the number of Al atoms in the cluster. The unit of Eg is
eV/H atom.

In Fig. 2 we present four different geometries and their binding
energies of Al;3H: (from left to right) tetrahedral (T), on top, bridge,
and HCP hollow positions. In this model, Al;3H has 40 valence
electrons, which gives a structure of closed electronic shells. The
geometrical structure of Al;3H is obtained with a distorted icosa-
hedron. The most stable site for hydrogen atoms is the hollow HCP
site, the only hollow site on Aly3 cluster located above the center
of the triangle face, with the binding energy of 3.383 eV. Inside the
Al cluster, only one kind of interstitial site exists: tetrahedral (T)
sites which are more unstable than three surface sites. The results
of H binding energy suggest that the top and the bridge configura-
tions are the transition states, a small energy difference between
the hollow site and other positions shows a high mobility of the H
atoms over the cluster surface at room temperature.

We have also investigated the minimized energy structures of
Alss cluster. In this case, there are several adsorption positions: on
top of the Al atom at vertex and at the edge, hollow FCC and hol-
low HCP, bridge site. In the Alss subsurface, there are two kinds
of interstitial sites, tetrahedral and octahedral (O) site positions,
similar to those of subsurface Al(11 1) system. In static, unrelaxed
calculations for Alss cluster, the H atom energetically prefers the O
site to the T site in the subsurface. The calculated migration energy
of H between the tetrahedral and octahedral interstitial sites is
0.35eV in subsurfaces of the Alss cluster, which is lower than the
migration barriers from surface to subsurface from 0.55 to 0.59 V.
It is not easy to discuss the optimized structures of large clusters
because the hydrogenated clusters are strongly distorted. For this
reason, we discuss the interaction of the H atoms and surface of
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Fig. 2. Four different geometries of Al;3H: (from left to right) tetrahedral position, on top, bridge and hollow positions of the hydrogen atom. The numbers show calculated
binding energies, in eV/H atom. The most stable structure is the hollow HCP geometry. Inside the Aly3 cluster, there is only one kind of interstitial site, the tetrahedral site

position, which is unstable.

the larger icosahedral clusters hereinafter using the pseudo-(111),
icosahedral slab model.

3.2. Comparison of icosahedral and f.c.c. (11 1) surfaces

To elucidate the H mobility mechanism, it is convenient to look
at the hydrogen chemisorption on a solid aluminum surface and the
site preference of H in Al bulk systems. We consider the adsorption
of hydrogen atoms on the surface (Fig. 1b) and in subsurface (Fig. 1¢c)
of both f.c.c. and icosahedral (11 1) slab models. The different sites
of the hydrogen adsorption on the surface are presented in Fig. 1b.
Results show that H energetically prefers the hollow FCC position
for crystal surface. For the icosahedral surface, however, the pre-
ferred site of H atoms is the hollow FCC site. We find that the atomic
relaxation effect plays an important role on the site preference of H
at the tetrahedral versus octahedral interstitial sites in subsurface
of the f.c.c. surface. Under the relaxed condition, H energetically
prefers the larger O site in icosahedral subsurface, although the T
site is the favored site for the f.c.c. subsurface.

The site preference of the H atom in a bulk system is also com-
pared to those of DFT simulation results presented by Lu et al. [23]
and Wolverton et al. [24]. As depicted in Fig. 3 and Table 1, tetrahe-
dral sites are clearly favored over octahedral sites. Our results show
good agreement with the result of Lu et al. [23] in the bulk f.c.c. case
by LDA approach. Fig. 3 also shows the relative energy for migra-
tion of a H atom from tetrahedral to octahedral positions in the slab
models. The energy barrier of 0.175 eV, which separates the T-site
and O-site positions in the bulk system, compares well with the
experimental value of 0.17 eV [27]. The O-site is also preferred in
the case of f.c.c. subsurface. The smaller energy barrier of 0.1 eV sep-

Table 1

The binding energy of hydrogen to the aluminum systems with different hydrogen
positions on the cluster surface and of the icosahedral, f.c.c. (11 1) surfaces. Energy
unit is eV/H atom.

Sites Distorted icosahedral Icosahedral fcc.(111)
Aly3 cluster surface surface
On top 2.948 2.369 2.070
Bridge 3.335 2.373 2.102
Hollow FCC - 2.544 2.360
Hollow HCP 3.383 2.402 2.156
O-site - 2.058 1.841
T-site - 2.042 1.903

arates the T-site and O-site positions between two Al(1 1 1) layersin
f.c.c. surface; this energy value is reduced in the icosahedral surface
to 0.088 eV. In contrast to bulk or crystal surface, the O site is favor-
able compared to T-site in icosahedral surface, although the energy
difference between the two sites is quite small: 0.016eV. These
results suggest that the migration of H atom between interstitial
sites becomes easier in the icosahedral subsurface.

As presented in Table 1, when the cluster size is small, the Hatom
interacts strongly with the cluster surface. The result also suggests
that the H atom at each site in surface or subsurface of the icosa-
hedral slab model is more stable than that in the f.c.c. slab model.
To examine the possibility of the diffusion of a H atom between the
surface and the subsurface, we estimated the energy barriers for H
migrating between the surface and the subsurface. The results are
portrayed in Fig. 4 as a comparison between crystal f.c.c. surface
and icosahedral surfaces. Two possible paths of H migration from
the interstitial sites in subsurface to the surface adsorption sites:
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Fig. 3. Relative energy for motion of a H atom from the tetrahedral to octahedral positions in the bulk system, the f.c.c. surface and icosahedral surface models.
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Fig. 4. Energy barriers for H atom migrating from the interstitial sites to surface
adsorption sites for f.c.c. Al(11 1) surface and icosahedral surface. O-F denotes the
migration of H atoms from octahedral (O) sites to hollow FCC sites; T-H denotes the
migration of H atoms from tetrahedral (T) sites to hollow HCP sites.

from O-site to hollow FCC site and from T-site to the hollow HCP
site. The hydrogen diffusion into the subsurface would occur at the
cost of 0.5-0.7 eV. These results are consistent with the experimen-
tal data reported by Crane and Nuzzo [5]. The energy barriers are
lower in the case of icosahedral surface, although the energy differ-
enceisrather small. The results indicate that the icosahedral surface
lowers the migration barriers to H atoms between the surface and
subsurface compared to the f.c.c. surface.

4. Summary

Using density functional theory calculations, we investigated
the energetics and stability of icosahedral and f.c.c. aluminum sys-
tems. We confirmed that the most stable structure of Al;3H is the
hollow HCP position. For the icosahedral surface, however, H ener-
getically prefers the hollow FCC site, which is the same as the f.c.c.
(111) surface. In contrast to a bulk or f.c.c. surface, the O-site is
the favored site compared to the T-site on the icosahedral sur-
face, but the energy difference between the two sites is quite small.
Our results suggest that the migration of H atoms between inter-
stitial sites becomes easier for an icosahedral subsurface. Similar

results were obtained on the H motion from subsurface to surface
sites. In summary, to achieve the theoretical, high hydrogen stor-
age capacities of Al, the use of icosahedral surface and subsurface
might be valuable. Comprehensive studies of icosahedral clusters
are anticipated for understanding and improving the hydrogen
storage properties of aluminum.
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