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a  b  s  t  r  a  c  t

Phase  stability  of  nano-structures  and  possible  low  energy  surfaces  of  AlH3 polymorphs  from  thin  film
geometry  have  been  investigated  using  all  electron  density-functional  total  energy  calculations.  The
calculated  structural  data  for  �-, �′-, �-, and  �-AlH3 modifications  are  in very  good  agreement  with
experimental  values.  The  electronic  structures  based  on parameterized  HCTH  functionals  reveal  that
all polymorphs  are  insulators  with  calculated  band-gap  varying  between  2.53 and  4.41  eV. From  our
theoretical  simulation  we  have found  that the  (0 1 0)  in  �-, (1  0 0)  in  �′-, (1 0 1) in  �-,  and  (1  0  1)  in �-AlH3
eywords:
ydrogen storage materials
ano phase AlH3

luster and thin films
heoretical study

surfaces  are  the  most  stable  surface  in  the  corresponding  polymorphs.  We  have  predicted  that  the  critical
size for  the  AlH3 nano-cluster  is  less  than  1  nm.  As  opposite  to  complex  hydrides  we have  investigated
so  far,  the  calculated  formation  energy  as a function  of particle  size  reveal  that  the  nano  particles  of  AlH3

are  relatively  stable  than  the  corresponding  decomposed  phases.
© 2010 Elsevier B.V. All rights reserved.
ano phase and stability

. Introduction

To efficiently use hydrogen as a fuel, a proper storage material
s necessary that should satisfy two main criteria: (a) high hydro-
en content; (b) reversible binding and releasing of hydrogen at
oderate conditions. The last criterion will require a hydride com-

ound that is neither too stable nor too unstable. AlH3 (alane) has
istorically been used as an energetic component in rocket pro-
ellants [1] and more recently has been considered by many as a
ood candidate for hydrogen storage applications. AlH3 is an unique
inary hydride having at least six crystalline phases with different
hysical properties and at the same time store up to 10.1 wt.% of
ydrogen [2].  Its gravimetric hydrogen density is two times higher
han liquid hydrogen and much higher than that of most of the
nown metal hydrides. Thus, it is considered as a possible hydrogen
torage material [3].  Freshly prepared alane was shown to decom-
ose (not a stable compound) and release hydrogen at rates suitable
or practical applications at relatively low temperatures (∼100 ◦C)
4,5] which is a beneficial feature for the hydrogen storage mate-
ial. Unlike complex hydrides, where one need to destabilize the
ystem (also decomposition temperature) as well as enhance sorp-
ion kinetics, in alane one should enhance its kinetics to use it in

ractical applications. In general, lightweight metal hydrides are
onsidered as storage media, but kinetic constraints limit their
pplication. A promising approach to address this issue is to reduce

∗ Corresponding author. Tel.: +47 22855613; fax: +47 22855441.
E-mail address: ponniahv@kjemi.uio.no (P. Vajeeston).

925-8388/$ – see front matter ©  2010 Elsevier B.V. All rights reserved.
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the particle size of the metal hydride to the nanometer range,
resulting in enhanced kinetics without the need of a catalyst [6,7].
For example, in MgH2, a numerous studies have been focused on
improving the problematic sorption kinetics, including mechani-
cal ball milling [8–10] and chemical alloying [11,12]. The smallest
particle sizes (20 nm)  obtainable by these methods still primar-
ily display bulk desorption characteristics [13]. However, recently
McPhy energy system [14] demonstrated that nano phase of Mg
hydride material with proper additives can store large quantities
of hydrogen at low pressure within tens of minutes (for more details
see Ref. [14]). In the present study we have investigated the pos-
sible low energy surfaces, role of particle size and the nanophase
effect on stability in AlH3 polymorphs.

2. Computational details

In the present work, the structural optimization and total energy
calculations are performed using the DMol3 package [15,16] which
is based on the density functional theory (DFT) [17,18],  and the
Perdew–Burke–Eruzerhof (PBE) [19] exchange-correlation func-
tional is adopted for generalized gradient approximation (GGA)
correction. All electron Kohn–Sham wave functions are expanded
in a double numerical basis with a polarized orbital (DNP). No pseu-
dopotentials or effective core potentials were used. For the bulk
phases the cell parameters and the atomic positions in the struc-

tures are fully relaxed to get the final optimized structures with
minimum total energy. The convergence criteria of optimization
are 1 × 10−6 eV, 0.002 eV/Å and 0.005 Å for energy, gradient and
atomic displacement, respectively. The k-points were generated

dx.doi.org/10.1016/j.jallcom.2010.11.110
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ponniahv@kjemi.uio.no
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Table 1
Optimized structural parameters (in Å) and calculated energy band-gap values (in eV) for AlH3 polymorphs.

Phase (space group) Cell constants (Å) Sites: positional parameters Eg (eV)

�-AlH3 a = 4.502 (4.4493)a Al(6b): 0, 0, 0 2.53 (3.5b)
(R3̄c.)  c = 11.848 (11.8037)a H(18e): (0.628),a 0, 1/4

�′-AlH3 a = 6.563 (6.470)c Al1(4a): 0, 1/2, 0; Al2(8d): 1/4, 1/4, 0 4.21
(�-AlF3-type; Cmcm)  b = 11.228 (11.117)c H1(8f): 0, 0.2139, 0.4447 (0, 0.197, 0.451)c

c = 6.654 (6.562)c H2(16h): 0.3094, 0.1024, 0.0505 (0.312, 0.100, 0.047)c

H3(4c): 0, 0.4571, 1/4 (0, 0.4561, 1/4)c

H4(8g): 0.2068, 0.2860, 1/4 (0.298, 0.277, 1/4)c

�-AlH3 a = 9.075 (9.0037)d Al(16d): 1/2, 0, 0 3.85
(Fd3̄m)  H(48f): 0.4303(0.4301)d, 1/8, 1/8

�-AlH3 a = 5.4560 (5.3806)e Al1(2b): 0, 0, 1/2; Al2(4g): 0.7887, 0.085, 0 (0.7875, 0.0849, 0)e 4.41
(Pnnm,  58) b = 7.424 (7.3555)e H1(2d): 0, 1/2, 1/2;

c  = 5.8075 (5.77511)e H2(4g): 0.6737, 0.2998, 0(0.626, 0.278, 0)e

H3(4g): 0.0977, 0.1383, 0(0.094, 0.130, 0)e

H2(8h): 0.7992, 0.0834, 0.2979 (0.762, 0.078, 0.309)e

a Experimental value from Ref. [27].
b Theoretical value (with GW approximation) from Ref. [31].
c Experimental value from Ref. [23].
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sing the Monkhorst–Pack method with 14 × 14 × 14, 8 × 4 × 8,
0 × 10 × 10, and 10 × 6 × 8 k point mesh was used for �-, �′-, �-,
nd �-AlH3 structures, respectively.

For the AlH3 polymorphs surface models we have employed the
sual slab-supercell geometry where periodic boundary conditions
re applied. An infinite stack of quasi-two-dimensional slabs are
enerated for the present study. Each slab is separated from its
eighbors by a certain vacuum width. The thickness of a slab is
sually expressed in terms of number of atomic layers, where a

ayer is defined as an integer number of AlH3 formula units and are
hus stoichiometric. The constructed slab corresponding to a given

iller face has an integer number of planes such that it is paral-
el to the surface and has a center of symmetry at the slab center.
s a result, it can be mapped onto all parallel planes below it by
pplying symmetry operations such as translations, screw axes or
lide planes and thus the resulting slab has no dipole moment. For
he surface calculation we have used the similar convergence cri-
eria we have used for the bulk phase. Similar to the bulk phases,
e have used Monkhorst–Pack method with 14 × 14 × 1, 8 × 4 × 8,

0 × 10 × 1, and 10 × 6 × 1 k point mesh for the �-, �′-, �-, and
-AlH3 derived surfaces, respectively. The nano-clusters are con-
tructed from the optimized geometry of the �-AlH3 phase using
anostructure builder in the Materials Studio 5.0 [20] package.
uring the nano-clusters construction the AlH3 stoichiometry was
lways maintained. It is quite common that, when we optimize the
ano-particles/clusters it may  be possible to converge towards the

ocal minima instead of the global minimum. In order to ensure that
he system stabilize in the global minimum, we have calculated the
honon frequencies which will give information about whether the
ptimized cluster is in local minima or in global minimum (i.e. if all
he calculated frequencies are having positive value then we have
onsidered that the system is reach the global minimum).

. Results and discussion

.1. Bulk phase

Among the considered polymorphs, the �-AlH3 modification
as the lowest total energy. The calculated positional and lattice

arameters for the �-AlH3 are found to be in good agreement
see Table 1) with recent experimental findings by Brinks et al.
21] and theoretical work by Ke et al. [22]. This phase consists
f corner-sharing AlH6 octahedra. The octahedra are almost regu-
lar with �H−Al−H = 87.1 − 92.9 ◦ and Al–H distances of 1.724 Å. The
next energetically favorable phase is orthorhombic �′-AlH3 modi-
fication (space group Cmcm).  The calculated structural parameters
for �′-AlH3 are found to be in good agreement (see Table 1) with
a recent experimental finding [23]. The �′-AlH3 structure consists
of AlH6 octahedra where all hydrogen atoms are shared between
two  octahedra. This corner-sharing network is more open than in
�-AlH3, giving rise to hexagonal shaped pores with a diameter of
ca 3.6 Å. As a result, the volume per AlH3 unit at equilibrium is
increased from ca. 33.5 Å3 in �-AlH3 to 39.3 Å3 in �′-AlH3. The cal-
culated average Al–H distance is 1.736 Å and the �H−Al−H varies
from 87.5 to 92.5◦. Yartys et al. [24] solved the structure of � mod-
ification and found that it has an orthorhombic structure with the
space group Pnnm. This � modification is found to be 4.2 meV/f.u.
higher in energy than �′-AlH3 at equilibrium volume. This � phase
contains two different types of octahedra sharing their vertices and
edges (see Fig. 1 in Ref. [25]). These octahedra are connected in such
a way  that they have a hydrogen-bridge bond formation which is
different than those in other known polymorphs of AlH3. The cal-
culated Al–H bond distances within this structure varies between
1.721 and 1.763 Å, and H–Al–H angle varies between 86 and 94◦.
As the � phase is higher in energy than the other polymorphs in
the whole volume range, it may  be experimentally stabilized by
temperature. Similar to the �′ modification � modification also has
open pores. Hence, both modifications have almost similar equilib-
rium volumes (see Fig. 2b in Ref. [25]) and this is the reason why
these phases often transform into the � modification as a function
of time scale. The next energetically favorable structure is �-AlH3
that consisting of corner-shared octahedra and building a distorted
primitive Al sublattice. In this phase Al–H bond distance at the equi-
librium is 1.712 Å and H–Al–H angle is almost 90◦. It is interesting
to note that the involved energy difference between the �-, �′-,
�-, and �-AlH3 is very small and hence one can easily modify one
polymorph into another by application of temperature or pressure.
These findings are consistent with our previous investigation where
we have used different computational approach and predicted sev-
eral pressure induced structural transition in AlH3 [25].

The energy difference between the involved phases: �′-, �-AlH3
is −16 meV  (−1.55 kJ/mol), �-�-AlH3 −31 meV  (−2.99 kJ/mol), �-

�-AlH3 is −11.8 meV  (−1.14 kJ/mol), and �-, �′-AlH3 is −4.2 meV
(−0.4 kJ/mol). However, recent theoretical finding suggested that,
when one include the zero-point energy correction in to the total
energy, �-AlH3 is more stable than �-AlH3 by 1.2 kJ/mol [26]. One
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suggest the changes in thermodynamical properties and in par-
ticular the hydrogen sorption temperature is expected to reduce
in nanophases compared with that in bulk materials. The reason
is that the surface-to-volume ratio increases upon decreasing the

Table 2
Calculated surface energy (in J m−2) for AlH3 polymorphs in different possible low-
energy surfaces.

Direction � �′ � �

(0 0 1) 1.99 0.89 0.98 1.39
(0  1 0) 0.68 1.30 0.81 1.38
(0  1 1) 0.70 0.69 0.76 0.68
664 P. Vajeeston et al. / Journal of Alloys

hould remember that the calculated results are valid only for
efect free ideal single crystal at low temperatures. However, the
xperimental findings show that depending upon the synthesis
oute/conditions one can stabilize different polymorphs of AlH3
21,23,24,27]. It is worth to note that, due of the compact atomic
rrangement and less pore size, experimentally � modification
ecomes very stable compared to the other modifications.

All AlH3 polymorphs have finite energy gaps (Eg; vary between
.53 and 4.41 eV) between the valence band maximum (VB) and the
onduction band minimum (CB) and are hence proper insulators. It
s also commonly recognized that theoretically calculated energy
aps for semiconductors and insulators are strongly dependent on
he approximations used and in particular on the exchange and
orrelation terms of the potential. In general, compared to exper-
mental band-gap values, density-functional calculations always
nderestimate band-gap values significantly. In order to get better
and-gap values, we have used parameterized HCTH [28] function-
ls for the density of states calculations in the present study. In
eneral, HCTH functions gives better band-gap values [28]. HCTH
s a semi-empirical GGA functional which includes local exchange-
orrelation information (for more details see hcth). For example,
he calculated GGA band-gap value for the �-MgH2 is 4.2 eV [29]
hich is lower than the obtained HCTH band-gap value of 4.96 eV.

he corresponding experimentally reported value is 5.16 eV [30].
ence, one can expect that the AlH3-polymorphs might have band
ap value higher than the corresponding predicted band-gap val-
es. It should be noted that the calculated band-gap value for
-AlH3 is lower than that from other theoretical report based on
W approximation (3.5 eV) [31]. In general, HCTH functions gives
etter band-gap values than than that obtained from the pure LDA
nd GGA.

.2. Surface energy study

For the surface calculations the unrelaxed slabs have been cut
rom the optimized bulk crystal, where bulk structures have been
ully relaxed with respect to stress and strain. All atoms in such
reated slabs have been allowed to relax using the minimization of
orces acting on them. The thickness of a slab and the width of the
acuum layer can affect the calculated surface energy of the sur-
ace model. Therefore, we  have first performed the effect of these
ariables on the surface energy to determine the converged param-
ters. We  have performed these calculations for slab thicknesses of
–15 layers and a variety of different vacuum widths.

The surface energy of a crystal can be calculated using the fol-
owing equation

surf (n) = Etot(n) − Ebulk(n)
2A

(1)

here Etot and A are the total energy and total surface area, respec-
ively of the slab-supercell. Ebulk refers to the energy of the bulk AlH3
olymorph containing the same number of molecular units as the
lab. Since the constructed supercell of slab has two surfaces, the
nergy difference is normalized by twice the area of each surface in
q. (1).  Fig. 1 shows the variation in the calculated surface energy
s a function of layer thickness in the (0 1 0) direction for �-AlH3.
t clearly indicates that the surface energy becomes stabilized from
ighth layer onwards. In all the studied thin film geometries we
ave found that 8–10 Å layer thickness supercell (depending upon
he surface) is sufficient to get the well converged surface energy.

The calculated surface energies for all the possible low energy
urfaces are given in Table 2 for the AlH3 polymorphs. The cal-

ulated surface energies for different surfaces of �-AlH3 are vary
rom 0.68 to 1.99 J/m2 depending upon the surface. The surface
nergy for �-AlH3 is almost the same for (0 1 0), (0 1 1), (1 0 0), and
1 1 1) surfaces. The possible reason is that in �-AlH3 the (0 1 0),
Fig. 1. Calculated surface energy as a function of layer thickness for �-AlH3 in the
thin  film geometry with (0 1 0) surface.

(0 1 1), (1 0 0), and (1 1 1) surfaces have almost a similar atomic
arrangement. Similarly, in �-polymorph both (0 1 0)–(1 0 0), and
(0 1 1)–(1 1 0) surfaces have almost the same surface energy. Sim-
ilarly, in �-polymorph (0 1 0) and (0 1 0) have a similar surface
energy. Among the considered surfaces, the (0 1 0) in �-, (1 0 0)
in �′-, (1 0 1) in �-, and (1 0 1) in �-AlH3 surfaces have the low-
est surface energy and hence they become the most stable surface
in the corresponding polymorphs. The calculated lowest surface
energy for these polymorphs in AlH3 are in the following order
� < � < �′ < �. It is interesting to note that the calculated surface
energy values for these surfaces indicate that the energy cost to
break Al–H bond will be similar to breaking Mg–H bonds in �-MgH2
[32].

3.3. Results from nanoparticle modelling

From the variation in the interatomic distances compared with
bulk materials it should be anticipated that nano-phase materials
have different physical and chemical property than the bulk mate-
rials. Once we  reduce the particle size beyond certain range (called
critical particle size), most of the atoms will be exposed to the sur-
face. It is at this region where the properties of the material begins
to differ drastically from that of the bulk materials. In order to iden-
tify the critical particle size we have calculated the total energy
as a function of the cluster size for AlH3 as shown in Fig. 2. From
Fig. 2 it is evident that if the cluster size decreases the total energy
becomes more positive. In particular there is a steep increase in
the total energy when the size of the cluster is below 1 nm for �-
AlH3. Further, the reduction in the total energy for the nanoparticles
(1  0 0) 0.69 0.63 0.81 1.09
(1  0 1) 0.94 0.71 0.52 0.45
(1  1 0) 1.30 1.02 0.76 1.17
(1  1 1) 0.70 0.77 1.05 0.55
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Fig. 2. Calculated total energy as a function of particle size for the AlH3 nano-clusters
(in  filled circle) and nano particles of Al with the H2 molecule [i.e. EAl (nano) +
(
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Fig. 4. Calculated interatomic distance between Al and H in an optimized nano-
clusters derived from �-AlH3. Arrow mark indicates the Al–H distance for the bulk
3/2)EH2 (mol.)] (in open circle).

luster size. Since the surface atoms have lower coordination (gen-
rally found to occupy the less stable top and bridge sites) than
hat in bulk materials, the average number of bonds between con-
tituents is lower for smaller clusters. This could explain why the
ecomposition temperature for nanoparticles are usually lower
han that in bulk materials.

If one compare the variation in total energy with particle size
or �-AlH3 and that with the combination of nanoparticles of Al
ith H2 molecule (see Fig. 2), even the particle size below 1 nm

he nanoparticle from �-AlH3 is energetically stable compared
ith the corresponding decomposed phases (i.e. nanoparticles of
l with H2 molecule). Especially, below the critical particle size,
.e. ca. 1 nm,  the total energy get more positive (i.e. highly unsta-
le) for the combination of nanoparticles of Al with H2 molecule.
his is opposite to the conclusion we have arrived on nanoparti-
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ig. 3. Calculated formation energy as a function of particle size for the AlH3 nano-
lusters.
�-AlH3 phase.

cles of MgH2 and borohydrides, where, below the critical particle
size these nanoparticles decompose and release hydrogen. So, the
present result suggest that, unlike other hydrides we  have investi-
gated for their nanophase aspects, one can stabilize nanoparticles
of AlH3 even below 1 nm size. In order to substantiate this obser-
vation we  have calculated the formation energy (�H) as a function
of particle size using the following equation.

�H  = EAlH3
(nano) −

[
EAl(nano) + 3

2
EH2 (mol.)

]
(2)

where EAIH3
(nano) and EAl (nano) are the total energy of the AlH3

and Al nano-clusters, respectively. EH2 (mol.) refers to the total
energy of the hydrogen molecule. The calculated �H value for the
bulk �-AlH3 phase is −5.99 kJ/mol. This result is in good agreement
with the experimental (varies from −9.0 to −11.4 kJ/mol) [33–35]
as well as other theoretical findings (−5.0 kJ/mol) [36]. In reality,
due to the lower formation energy AlH3 easily decomposes into Al
and H2 on elapse of time. It should be noted that the phase diagram
study on Al–H system shows that AlH3 is a metastable compound
at ambient conditions and it become stable at high hydrogen pres-
sure (∼7 kbar at room temperature) [37]. The calculated �H as a
function of the particle size is displayed in Fig. 3. The critical par-
ticle size is found to be 1 nm and the corresponding �H  value is
−5.8 kJ/mol, which is similar to that in the bulk phase (i.e. the sys-
tem is unstable). From Fig. 3 it is evident that when the particle
size is smaller (below ∼1 nm)  the formation energy of the system
becomes much higher and the system can be more stable com-
pared to Al + H2). This clearly tell us that when the particle size is
smaller and smaller the system becomes more stable. On the other
hand, in MgH2, the particle size reduction destabilize the system
[32,38,39].  The possible reason for such deviation may  be due to
the different chemical bonding present in these two  materials. In
MgH2 the interaction between the Mg  and H is almost pure ionic
[40] while in AlH3 the interaction between Al and H is mixed iono-
covalent bonding. These findings clearly indicate that, depending
upon the system, the reduction in the particle size may either sta-
bilize or destabilize the system. It should be noted that, when we
increase the cluster size above the critical size, these nano-objects
will have core AlH3 structural units which makes them behave like

a bulk system. This is one of the reason why the calculated total
energy and formation energy are almost constant for above 1 nm
particles and the formation energies are almost similar to that of
the bulk system.
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Though AlH3 is one of the promising candidate for hydrogen
torage application, it is not a stable compound and its property
hanges with time when store it in ambient condition and espe-
ially releases the hydrogen around 100 ◦C [4,5]. In order to increase
he stability of this system one must reduce the particle size beyond
he critical particle size. The present study suggest that the parti-
le size of �-AlH3 clusters below 1 nm might have the required
hysical/chemical properties for the practical applications.

The calculated Al–H distances versus number of bonds (see
ig. 4) for the critical clusters indicate that the values were scattered
ompared with that in the corresponding bulk phase. This type
f structural arrangement is expected in nano- and amorphous-
hases with no three dimensional crystallinity owing to reduction

n coordination number of atoms. It is note worthy to inform here
hat most of the Al–H distances are reduced compared with the bulk
lH3 systems. This enhancement in the bond strength is another

ndication for the stabilization of the AlH3 nano-particles.

. Conclusion

At ambient pressure and zero Kelvin AlH3 stabilizes in the �
olymorph. The calculated structural data for �-, �′-, �-, and �-AlH3
odification are in very good agreement with experimental values.

he electronic structures reveal that all polymorphs are nonmetals
ith calculated band-gap varying between 2.53 and 4.41 eV. From

upercell total energy calculation the possible low-energy surfaces
nd stability of nano-clusters was identified. Our theoretical sim-
lation we have found that the (0 1 0) in �-, (1 0 0) in �′-, (1 0 1) in
-, and (1 0 1) in �-AlH3 surfaces has the lowest surface energy and
ence they becomes the most stable surface in the correspond-

ng polymorphs. We  have predicted that the critical particle size
or the AlH3 nano-cluster is less than 1 nm.  If one reduces the size
elow the critical size, the stability of the cluster increases drasti-
ally and we have identified that in such objects almost all atoms
re exposed to the surface. The present study suggest that, in order
o enhance the stability of AlH3 as a hydrogen storage material, one

ust reduce the particles size below the critical size.
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