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ydrogen, the third most abundant

element on earth, has the poten-

tial to meet the energy needs of
the mobile industry. However, its economi-
cal use as an alternate energy has substan-
tial difficulties to overcome. Among these,
the most difficult challenge is to find mate-
rials that can store hydrogen with large
gravimetric and volumetric density and op-
erate under ambient thermodynamic condi-
tions. The Department of Energy’s system
target for the ideal hydrogen storage mate-
rial is that the gravimetric density of hydro-
gen should reach 6 wt % by 2010. In addi-
tion, the storage materials should be able to
reversibly adsorb/desorb H, in the tempera-
ture range of —20 to 50 °C and under mod-
erate pressures (max. 100 atm). The first re-
quirement limits the choice of storage
materials to be composed of elements
lighter than Al, while the latter requires hy-
drogen binding energies to be between
physisorption and chemisorption energies.

Recently Bhatia and Myers' have stud-

ied the optimum thermodynamic condi-
tions for hydrogen adsorption by employ-
ing the Langmuir equation and derived
relationships between the operating pres-
sure of a storage tank and the enthalpy of
adsorption required for storage near room
temperature. They have found that the av-
erage optimal adsorption enthalpy should
be 15.1 kJ /mol if operated between 1.5 and
30 bar at 298 K. When the pressure is in-
creased to 100 bar, the optimal value be-
comes 13.6 kJ/mol. Therefore, the optimal
adsorption energy for H, should be in the
range of 0.1—0.2 eV/H,. Unfortunately, the
above two requirements are difficult to sat-
isfy simultaneously. The bonding of hydro-
gen in light elements is either too strong, as
in light metal hydrides and organic mol-
ecules, or too weak, when interacting with
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ABSTRACT The capability of AIN nanostructures (nanocages, nanocones, nanotubes, and nanowires) to store
hydrogen has been studied using gradient-corrected density functional theory. In contrast to bulk AIN, which has
the wurtzite structure and four-fold coordination, the Al sites in AIN nanostructures are unsaturated and have two-
and three-fold coordination. Each Al atom is capable of binding one H, molecule in quasi-molecular form, leading
to 4.7 wt % hydrogen, irrespective of the topology of the nanostructures. With the exception of AIN nanotubes,
energetics does not support the adsorption of additional hydrogen. The binding energies of hydrogen to these
unsaturated metal sites lie in the range of 0.1—0.2 eV/H, and are ideal for applications under ambient
thermodynamic conditions. Furthermore, these materials do not suffer from the clustering problem that often
plagues metal-coated carbon nanostructures.

KEYWORDS: hydrogen storage - nanostructure with exposed metal
sites - cage - tube - cone - wire

graphite and carbon and BN fullerenes and
nanotubes.?”> For example, in MgH,, the
storage capacity of hydrogen is as high as
7.6 wt %, but high temperature (~573 K) is
needed to release H, as the hydride bond is
very strong (~75 kJ/mol), and in many
cases, such processes are often
irreversible.>” Aluminum hydride (AlH;), al-
though it contains 10 wt % H, has to be
heated over 100 °C to release hydrogen.®

To circumvent this problem, a new form
of hydrogen bonding, which is intermedi-
ate between physisorption and chemisorp-
tion, has attracted considerable attention in
recent years. Following the Kubas mecha-
nism,’ it was shown'®"" that transition-
metal atoms supported on carbon
fullerenes and nanotubes can bind hydro-
gen in quasi-molecular form, where the
H—H bond is slightly stretched and bind-
ing energies lie in the range of 0.5—0.8 eV/
H,. However, later studies'? showed that
these metal atoms have a tendency to clus-
ter and hence undermine their hydrogen
storage capability. A different mechanism,
proposed by Rao and Jena more than a de-
cade ago,' had shown that a positively
charged metal atom can also bind
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to a large amount of hydrogen in quasi-molecular form
due to the charge polarization mechanism. In applying
this mechanism to real materials, one has to keep in
mind that the metal atom has to remain in a positively
charged state. Note that in molecules, nanostructures,
and solids no free ions exist. In ionic systems, however,
an atom, due to charge transfer, can remain in a positive
charge state, which is counter balanced by the nega-
tive charge on a different site. This mechanism, when
applied to Li-coated Cy, permitted Li;,Cgo to adsorb up
to 13 wt % hydrogen, but the binding energies were
too low for room-temperature applications.'* The chal-
lenge, therefore, has been to find systems where clus-
tering of metal atoms can be prevented without com-
promising the binding energy of hydrogen.

Recent efforts have focused on exposed light metal
sites such as AP*, Mg?*, and Li* in light material
substrate.””~ "7 Three strategies have been developed
to introduce the exposed metal sites: (1) removing the
metal-bound volatile species, which typically function
as terminal ligands; (2) incorporating metal species; and
(3) impregnating materials with excess metal cations.
Theoretically, it has been found recently'® that a free
APP* ion has a strong ability to interact with H, mol-
ecules, and the interaction energy can reach 354.13 kJ/
mol. When ligand molecules such as CN and CO are at-
tached to the AI** ion, the interaction energy with H, is
reduced. This implies that when Al ions are embedded
in some appropriate matrices, the adsorption energy of
hydrogen molecules can be tuned. Thus, the question
arises: How can one introduce Al ions in a natural way
to materials and make the system have desirable hydro-
gen storage properties? It will be ideal if these metal
centers form the intrinsic backbone of the storage ma-
terial so that their clustering will not be an issue to deal
with.

This study provides a solution. The answer lies in
the choice of AIN nanostructures such as nanocages,
nanohorns, nanotubes, and nanowires. Bulk AIN has
wurtzite structure, where each Al ion is four-fold coordi-
nated. It is a wide band gap semiconductor with a band
gap of 6.2 eV and exhibits good dielectric properties,
high thermal conductivity, and low thermal expansion
coefficient. It also has potentials for application in deep
ultraviolet optoelectronics and spintronics.'® We are
not aware of any studies where bulk AIN has been con-
sidered as a hydrogen storage material. Unlike carbon,
which forms a planar graphite structure as its ground
state, AIN does not form a layered structure. However,
AIN, similar to that of C, exists in the form of nanocones,
nanotubes, and nanowires, although the electronic
structure of AIN nanocages is very different from that
of Ceo, Where three-fold C atoms are stabilized by a
rather strong 7 bonding, which is nearly not the case
for Al. AIN nanostructures have been successfully syn-
thesized from the nonlayered structure.?°~2° On the sur-
face of these nanostructures, Al ion is two- or three-
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Figure 1. (a) Geometry, (b) charge density difference, (c)
HOMO, and (d) LUMO of the Al;,N,, cage.

fold coordinated. When going from the four-fold
coordinated bulk phase to the two- or three-fold coor-
dinated nanostructured surfaces, unsaturated Al sites
are naturally introduced. We show that these sites,
which are an integral part of the nanostructures, carry
a positive charge and provide the desirable adsorption
sites for H, molecules.

We begin our studies with calculations of the elec-
tronic properties and adsorption of hydrogen mol-
ecules in the Al;;Nq, cage. The geometry of this cage
has been found to be composed of six four-membered
rings having T, symmetry.?’ =2 There are two nonequiv-
alent AI=N bonds: AlI—N bond in the four-membered
ring has a length of 1.855 A, while the AI—N bond be-
tween the four-membered rings has a length of 1.792 A,
as shown in Figure 1a. Because of the large difference
in electronegativity between Al and N, ionic bonding
is predominant in the Al;;N;; cage. This can be seen
from the charge difference (with respect to free atoms)
plotted in Figure 1b, where N sites receive electrons
from Al sites, resulting in positively charged Al ions. A
charge analysis based on the Wigner—Seitz cell method
for charge partitioning indicates that the charge state
of the Al ion is close to +1. The highest occupied mo-
lecular orbital (HOMO) of the cage is three-fold degen-
erate with T, symmetry and mainly localized on N sites
(see Figure 1c), while the lowest unoccupied molecular
orbital (LUMO) is nondegenerate with A; symmetry and
is predominantly localized on Al sites (see Figure 1d).

The positively charged Al ions on the cage surface
become the available sites for adsorption of H, mol-
ecules. As a matter of fact, we found that when a H,
molecule is introduced on the cage surface the H, mol-
ecule is adsorbed on top of the Al site at a distance of
2.179 A with a binding energy of 0.212 eV/H, (see Fig-
ure 2a). The polarization of the H, molecule caused by
the charge on the Al ion leads to an elongation of the
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H, bond length from 0.740 A of its equilibrium
value in the free state to 0.762 A. As each Al site
on the cage surface is decorated with one H, mol-
ecule, all of the geometrical parameters of the
cage remain almost unchanged (Figure 2b). The
average adsorption energy decreases slightly to
0.190 eV/H,. Note that the required energy win-
dow for storage under ambient conditions is
about 0.2 eV/H,." In addition, the corresponding
gravimetric density of hydrogen, namely, 4.7 wt %,
approaches the 2010 DOE target of 6 wt %. It is in-
teresting to note that, after H, adsorption, the
frontier orbital of the complex is contributed pri-
marily by the Al sites and H, molecules (see Figure
2¢). The Al atoms are locked in their original sites, and
no clustering is formed. Thus, our calculated results
show that the AIN nanocage possesses the desirable
properties for hydrogen storage. A recent study indi-
cated that Al;,N;; can be used as building blocks for
nanomaterials.?

There are two main mechanisms involved in adsorp-
tion of H, molecules on Al ions: charge-induced interac-
tion (electrostatic effect) and orbital interactions. As H,
molecules approach the positively charged Al ions, the
charge on Al ions polarizes the electron clouds in H,, in-
ducing electrostatic interactions. However, we found
that the changes of adsorption energy, E,, with the dis-
tance, R, from the Al ion do not quite scale as ~1/R;?
suggesting that other factors might also be involved in
hydrogen bonding. In fact, the charge analysis indicates
that, when H, molecules are adsorbed, each H, mol-
ecule carries a charge of +0.05e. This is due to low ly-
ing unoccupied valence orbitals available in Al ions,
which allows mixing with the o bonding orbital of H,,
resulting in the donation of the o electrons into the va-
cant orbitals of Al ions. The H, adsorption is accord-
ingly improved.

We attempted to attach a second H, molecule to
each of the Al ions in the Al;,N;, cage and optimized
the structure. However, the H, molecules were found
to move away from the cage to a distance of 3.322 A.
Correspondingly, the average adsorption energy de-
creases to 0.072 eV/H,. This is in contrast to what was
observed for a Li* ion." The reason could be that the
Al* ion is much larger than the Li* ion and hence its
electrons interact with the antibonding orbitals of H,
as noted above.

We next extended the idea of using the unsatur-
ated charged metal sites for hydrogen storage to the
AIN nanocone. We construct a cone with the disclina-
tion angle of 240° consisting of Al;gNss to model AIN
nanocones synthesized in experiments.??~2* The base
diameter is 11.50 A (see Figure 3a). The edge atoms in
the AlsgN3g cone are terminated with 12 H atoms (see
Figure 3a). The dynamic stability of geometry is con-
formed by frequency calculations. Unlike the Al;;N;;
cage where all the Al or N atoms are equivalent, the
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Figure 2. (a) Single H, and (b) 12 H, molecules adsorbed on the Al;;N;, cage
surface. (c) LUMO of the 12H,—Al;;N;;, cage.

symmetry of the AIN nanocone is low. We have found
that the frontier orbitals are mainly located in the tip
area (see Figure 3b), suggesting applications of nano-
cones in field emission. Therefore, the adsorption of hy-
drogen molecules in the nanocone is expected to be
different for the different Al sites. We found the adsorp-
tion energy to be 0.215 eV/H, when a H, molecule is in-
troduced at the uppermost Al site (see Figure 4a). The
equilibrium distance between the Al site and the H; is
2.115 A, and the bond length of H—H becomes 0.769 A.
However, when a H, molecule is introduced at the near-
est neighbor site to the uppermost Al atom, as shown
in Figure 4b, the adsorption energy reduces slightly to
0.195 eV/H, and becomes 0.113 eV/H, when the ad-
sorption site is nearer to the base of the cone (see Fig-
ure 4c). Thus, the adsorption of H, molecules on the AIN
nanocone is anisotropic and driven by the morphol-
ogy of the nanocone.

We have also studied the effect of dimensionality
of AIN nanostructures on their potential for storing hy-
drogen by considering nanotubes and nanowires. We
generated an AIN single-wall nanotube from an (8 X 8
X 2) AN supercell having wurtzite structure by remov-
ing the Al and N atoms from the inner and the outer
part the two circles in Figure 5a along the [0001] direc-
tion. The supercell used to model the nanotube, thus,

Figure 3. (a) Geometry and (b) HOMO of AIN nanocone. The
magenta spheres represent Al atoms, the blue spheres rep-
resent N atoms, and the white spheres represent H atoms.
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Figure 4. Adsorption of a single hydrogen molecule on different Al sites in the AIN
nanocone.
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Figure 5. (a) Top view of an 8 x 8 X 2 AIN supercell having wurtzite structure. (b)
Top view of the unrelaxed AIN nanotube. (c) Side view of the optimized AIN nano-
tube extending to infinity along the [0001] direction. (d) Adsorption of a single hy-
drogen molecule at the Al site on the nanotube. (e) Adsorption of hydrogen mol-
ecules at each Al site of the nanotube, and (f) charge density distribution of H,

molecules on the nanotube supercell. The magenta spheres represent Al atoms, the

blue spheres represent N atoms, and the white spheres are H atoms.

has a total of 36 formula units of AIN. We used a vacuum
space of ~15.0 A along the [1010] and [0110] direc-
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tions. The supercell has a polygon periphery
with diameters of 9.525 A for the outer shell
and 7.211 A for the inner shell when viewed
from the central tube axis along the [0001] di-
rection (see Figure 5b). It extends to infinity
along the [0001] direction through the repeti-
tion of the periodic supercell (see Figure 5c).
After full optimization, the cross section of the
tube no longer exhibits the zigzag shape char-
acteristic of the bulk wurtzite structure, and
the tube has a diameter of 9.463 A, similar to
that of carbon (9,0) single-wall nanotube.

To study the adsorption of hydrogen mol-
ecules on the nanotube, we first introduce a
single H, on an Al site on the outer tube sur-
face, as shown in Figure 5d. The correspond-
ing adsorption energy is found to be 0.157 eV/

H,. The distance between the H, and the Al ion
is 2.524 A, and that between H—H is 0.753 A.
When one H, molecule was attached to each Al
site on the tube surface (see Figure 5e), the ab-
sorption energy and the bond length of H, re-
mained essentially unchanged, namely, 0.152
eV/H, and 0.752 A, respectively. The H, mol-
ecules are found to be 2.620 A away from the
tube surface. In Figure 5f, we plot the charge
distribution, which shows the orbital mixing in-
teraction between AIN nanotube and H, mol-
ecules as discussed above. To see if hydrogen
can also be stored inside the nanotube, we in-
troduced 12 H, molecules in the interior of the
tube and reoptimized the structure. Note that
adding more H, molecules inside the tube
would encounter steric hindrance. The result-
ing geometry and the charge density distribu-
tion are plotted in panels a and b of Figure 6, re-
spectively. The H, molecules inside the
nanotube lie at a distance of 2.890 A from the
Al site, while those on the outer surface moved
to a distance of 2.696 A. As a result, the average
adsorption energy reduces to 0.101 eV/H,. Al-
though adding the 12 H, molecules inside the
nanotube can raise the hydrogen gravimetric
density to 6.15 wt %, the reduction in the bind-
ing energy may be detrimental for application
under ambient conditions. In addition, an en-
ergy barrier may prevent H, molecules from en-
tering the nanotube.’

We further studied hydrogen adsorption on
AIN nanowires. For this, we created the thin-
nest possible AIN nanowire by following the
same procedure as described for the nanotube
construction, but by using a (5 X 5 X 2) AIN
bulk supercell. The nanowire has infinite length
along the [0001] direction, and its cross section

consists of three AIN pairs (see Figure 7a). When one
H, molecule is introduced to each Al site of the nano-
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wire, the average adsorption energy is found to be
0.192 eV/H,. The H—H bond length is calculated to be
0.760 A, and the distance between the H, molecules
and the corresponding Al atoms in the nanowire is
found to be 2.201 A.

There are several concerns that need to be ad-
dressed regarding the feasibility of using AIN nano-
structures in practical applications, and we address
these in the following: (1) The unsaturated sites in the
nanostructures are reactive and can easily bind to un-
wanted gases such as oxygen. This concern can apply to
all metal-decorated nanostructures that are being pur-
sued for hydrogen storage. In real applications, care
must, therefore, be taken to shield these structures from
unwanted gases. We note that AIN nanostructures in
the form of nanocones, nanotubes, and nanowires have
been successfully synthesized from the nonlayered
structures.?’~2 (2) DFT does not treat weakly bound
systems well as it does not take into account disper-
sion forces. In a recent paper,* it has been demon-
strated that the adsorption energy of molecules to a
substrate is underestimated when dispersion forces are
not taken into account. Therefore, the adsorption of H,
molecules in AIN nanostructures is actually slightly
stronger than that we calculated. (3) The calculations
are performed at 0 K, while applications are at room
temperatures. As mentioned earlier, Bhatia and Myers'
have shown that adsorption energy in the range of
0.1—0.2 eV/H; is required for storage near room tem-
perature. Our results are consistent with these values
and thus suggest that AIN nanostructures are appropri-
ate for hydrogen storage under ambient conditions.

In summary, we have shown that AIN nanostruc-
tures, such as nanocages, nanocones, nanotubes, and
nanowires, can bind hydrogen in quasi-molecular form
with binding energies of about 0.200 eV/H,. The advan-
tage of using AIN nanostructures is that no additional
metal doping is necessary and hence any difficulty with
the clustering of deposited metal atoms is avoided.
The Al sites, due to difference in electronegativities be-
tween Al and N, remain positively charged and bind hy-
drogen primarily through a charge polarization mecha-

COMPUTATIONAL METHODS

The calculations of total energies, forces, and optimization
of geometries have been carried out using generalized gradient
approximation (GGA)*' to the density functional theory (DFT)
and the projector augmented wave (PAW)3? method as imple-
mented in the Vienna Ab Initio Simulation Package (VASP).>* The
PW91 potentials** with the valence states of 3s?p' for Al and
2s%p* for N were used for the GGA functional. We used a super-
cell approach where the zero-dimensional finite systems (nano-
cage and nanocone) are surrounded by 15 A of vacuum space
along the x, y, and z directions, and the I point is used to repre-
sent the Brillouin zone due to the large supercell. For the one-
dimensional systems (i.e., nanotube and nanowire) that have in-
finite length along the [0001] direction, a vacuum space of 15 Ais
applied to the [1010] and [0110] directions, and the periodic con-
dition is maintained in the [0001] direction. The (1 X 1 X 6)
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Figure 6. (a) Adsorption of hydrogen molecules at each Al site on
the outer surface and at the second next adjacent Al site on the in-
ner surface of the nanotube, and (b) charge density distribution of
H, molecules on 48H,—Al3¢Nss nanotube supercell.

Figure 7. Geometry of an infinite AIN nanowire along the [0001] with-
out (a) and with (b) H, molecules attached. The magenta spheres repre-
sent Al atoms, the blue spheres represent N atoms, and the white
spheres represent H atoms.

nism. Each Al—N pair can adsorb one H,, yielding a
gravimetric density of 4.7 wt %, irrespective of the mor-
phology of the nanostructures. Since the Al sites form
the intrinsic backbone of the AIN nanosystems, one can
avoid complicated methods for producing exposed
metal sites such as removing the metal-bound volatile
species, incorporating metal species, or impregnating
materials with excess metal cations.' We hope that the
present study will stimulate new experiments.

and (1 X 1 X 8) Monkhorst—Pack grids® are selected, respec-
tively, for the structure optimization and for total energy and
charge density calculations. In all of the calculations, the atomic
coordinates of all the atoms in the supercells were relaxed with-
out any symmetry constraint by using a conjugate-gradient algo-
rithm. The energy cutoff and the convergence in energy and
force were set to 450 eV, 10 % eV, and 1 X 1073 eV/A, respec-
tively. The accuracy of our numerical procedure for Al, N, and H
has been demonstrated in our previous papers.>'%1419:36
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