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We investigate the properties of native point defects in AlH; using density functional theory (DFT). The
results indicate that mass transport in AlH; is mediated by positively charged hydrogen vacancies (V,),
with an activation energy of 1.72 eV that is in good agreement with experimentally observed values for
the dehydrogenation of AlH3. An accurate description of the point-defect properties requires use of an

advanced hybrid DFT/Hartree-Fock approach with the functional of Heyd, Scuseria, and Enzerhof (HSE),
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as revealed by a detailed comparison with results obtained using a conventional generalized gradient
approximation functional. The HSE produces a more accurate band gap, and significant differences are
found for the formation energies of the defects between HSE and PBE. We discuss the differences in terms
of an alignment of the band structures and defect transition levels on an absolute energy scale.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Aluminum hydride (AlH3) shows outstanding features as a
hydrogen storage medium, with large volumetric and gravimetric
hydrogen capacities. Furthermore, it has a low decomposition tem-
perature, a low activation heat, and rapid dehydrogenation kinetics
[1]. Unfortunately, its poor hydrogenation properties, which are
due to the unfavorable thermodynamics of AlH3 [2-6] and related
to the low solubility of hydrogen in aluminum metal [7,8], have
been a major obstacle to using AlH3 in hydrogen-fueled cars. How-
ever, recently considerable progress has been made to overcome
these obstacles [9]. Due to its outstanding dehydrogenation prop-
erties, AlHs is therefore considered a major candidate for hydrogen
storage applications [1,9].

The dehydrogenation properties of AlH3 are closely related to
kinetic inhibition effects. Thermodynamically it is unstable at room
temperature [2,4,5,7]. Kinetic inhibition maintains the hydride in
a metastable state under ambient conditions, but rapid dehydro-
genation becomes possible at slightly elevated temperatures [1,6].
Amore comprehensive understanding of these kinetic effects is cru-
cial not only for enhanced control of the AlH; system but also for
the development of thermally controlled hydrogen storage systems
in general [1].

The origin of the kinetic inhibition effect is a matter of con-
troversial debate [10-14]. To address this issue we have recently
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investigated [15] the role of native point defects in the dehydro-
genation using density functional theory with the screened hybrid
Hartree-Fock functional of Heyd, Scuseria, and Ernzerhof (HSE)
[16,17]. We find that at thermodynamic dehydrogenation condi-
tions positively charged hydrogen vacancies (V; ) are the dominant
defects that mediate the mass transport in the bulk. The calculated
activation energy for the self-diffusion of Vg is in good agreement
with experimental values for the activation energy of the dehydro-
genation reaction of AlH3, leading to the conclusion that the mass
transport in the bulk, as mediated by the vacancies, is the kinetic
bottleneck for the reaction.

In this paper we discuss in more detail the stability and mobility
of defects other than hydrogen vacancies, such as interstitial atomic
H; and molecular hydrogen H,;. Furthermore, we carefully com-
pare our results from the HSE calculations to corresponding results
obtained with a conventional DFT generalized gradient approxima-
tion (GGA) functional, which is less computationally demanding,
but also less accurate than the HSE approach.

2. Method

To study the formation and migration of point defects we focus here on the
a-phase of AlH3 (space group R3c). The a-phase is the most stable at ambient
conditions and up to high pressure (on the order of 10 GPa) [2,6,18].

To quantify the extent to which a defect X contributes to the dehydrogenation
we calculate its activation energy for self-diffusion:

Ea[X] = Es[X] + E'[X] (1)

Here, E/[X] is the formation energy of the defect and E,[X] is the energy barrier
associated with migration of the defect within the crystal. As possible defects we
have considered interstitial hydrogen in monatomic (H;) and molecular (Hy;) form,
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Table 1
Lattice parameters of a-AlHj3.
a(A) c(A)
PBE 449 11.84
HSE 443 11.73
Ref. [23] (PBE) 4.49 11.82
Ref. [18] (exp.) 445 11.80

as well as hydrogen vacancies (Vy). Aluminum-related defects, i.e, interstitial Al and
Al vacancies all have very high formation energies (> 2 eV). Therefore they do not
play a significant role in dehydrogenation.

In our study we explicitly take into account that the point defects are in a charge
state q. The formation energy of a hydrogen-related defect is defined as [19]:

E/(X) = Ewot(X) — Ewot(AlH3) + 1 (%Etot(HZ) + MH) +qer, (2)

where Ei(X) is the total energy of a supercell of the AlH3 crystal containing one
defect, and Eo¢(AlH3) is the total energy of the perfect crystal in the same supercell.
n is number of H atoms added to (n<0) or removed from (n>0) the supercell to
form the defect. uy is the H chemical potential, referenced to the total energy of an
isolated H, molecule [%E,ot(Hz )} , and &r is the electron chemical potential (Fermi
level), referenced to the bulk valence-band maximum (VBM). The choices for & and
n will be discussed below.

To determine the formation energies and the migration barriers of the defects
we have performed first-principles calculations based on density functional theory
(DFT) and periodic boundary conditions. All calculations were performed using the
Vienna ab initio simulation package (VASP) [20]. The electronic wave functions are
expanded in a plane-wave basis using the projector augmented wave approach. A
cutoff of 300 eV was used to confine the size of the plane-wave basis. The defects
were simulated using supercells containing 24 Al atoms and 72 H atoms; integra-
tions over the Brillouin zone were performed by using a I'-centered mesh of 2 x 2 x 2
k-points.

As mentioned above we have used and compared two different exchange-
correlation (XC) functionals to perform our study: (1) a generalized gradient
approximation (GGA) type XC functional, more specifically the PBE functional [21],
and (2) the hybrid DFT/Hartree-Fock XC functional of Heyd, Scuseria, and Enzerhof
[16,17]. For the exchange mixing parameter in HSE we used the default value of
0.25, i.e., one quarter of Hartree-Fock exchange and three quarters of PBE exchange.

To remove spurious contributions arising from interactions between defects
and with the homogeneous compensation charge in charged supercell calculations
we have applied the correction scheme of Ref. [22]. All equilibrium structures have
been fully relaxed for the respective XC functional by using the quasi-Newton (QN)
algorithm as implemented in VASP. The saddle points for defect migration have been
determined by employing the climbing image nudged elastic band method.

3. Results

The lattice constants and band gap of AlH3 according to the HSE
and PBE calculations are listed in Table 1. For the lattice constants
we find that both PBE and HSE agree well with experimental val-
ues [18]. For the validation of the accuracy of the band gap we
compare here to a theoretical value obtained from a GW calcu-
lation [23] (Eg=3.54eV); no experimental value is available. PBE
predicts a band gap of E; =2.12 eV, hence underestimates the band
gap with respect to the GW value by 40%. This confirms the gen-
eral trend reported in the literature for a broad range of materials:
standard DFT-GGA underestimates the band gap of semiconduc-
tors and insulators by 30-50% (e.g., [24]). The HSE value for the
band gap (Eg=3.38eV) is, as expected, in much better agreement
with the GW value than the PBE value.

The formation energy of the defects depends on the hydrogen
chemical potential uy and on the chemical potential for the elec-
trons, i.e., the Fermi level ¢ [see. Eq. (2)]. In the present study we
focus on dehydrogenation conditions when the material is exposed
to air at normal conditions (T=273 K, p=1atm). The H, content in
air is approximately 5 ppm. According to the ideal gas approxima-
tion and considering the partial pressure of Hy (pyp =5 x 1076 atm),
we arrive at a value of py = —0.29 eV. While our approach is dif-
ferent from the approach used in previous studies [25,26], we
note that the actual value we chose for uy is close to the value
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Fig. 1. Formation energies of hydrogen related point defects in o-AlH3 calculated
with HSE (upper plot) and PBE (lower plot): The formation energies are calculated
for un = —0.29 eV (dehydrogenation conditions, see Eq. (2)). Negative slopes denote
the negative, g=—1, charge state, positive slopes denote the positive, =1, charge
state, and horizontal lines denote the neutral charge state. The white region of the
plot denotes the band gap (starting from the valence-band maximum at e&r=0) and
the shaded region denotes the conduction band.

used to describe H-poor conditions in the studies about MgH [25]
(uu=-0.33eV) and NaAlHy [26] (uy=-0.12eV).

To set a value for e we observe that AlHs is a material in which
the conduction-band minimum (CBM) occurs at a low energy on an
absolute energy scale (with respect to the vacuum level), a result
obtained from surface calculations as described below. It therefore
has a strong intrinsic propensity for n-type behavior [27], and &f
is expected to be near the CBM. We therefore set er=¢&cgy. The
resulting formation energies are shown in Fig. 1.

The formation energies, energy barriers and activation ener-
gies of the relevant defects for uy=-0.29eV and er=¢ecpy are
listed in Table 2. The local geometries of the ground-state and
transition-state structures obtained from the migration barriers of
the individual defects are shown in Fig. 2. Regarding the migration
of H(Z),i’ we have also considered the possibility that the molecule
dissociates rather than stays in molecular form. Taking charge neu-
trality during the dissociation process into account, we find that the
energy required for the dissociation of Hg’i within the AlHj3 crystal
exceeds 1.5 eV (unpublished work). Hence it is preferable for the
molecule to remain bound during the migration process.

For both PBE and HSE we find that compared to the other defects
(Table 2), the V;{ defect has a low formation energy (i.e., high con-
centration) and a low migration barrier (i.e., high mobility). Overall,
the positively charged vacancy (Vlflr )defect has the lowest activation
energy. The Hg and H; defects have very high formation energies
under dehydrogenation conditions, and hence are irrelevant for the
decomposition reaction. The negatively charged hydrogen vacancy
V has a relatively low formation energy, but a very high migra-

Table 2
Formation energies, migration barriers and activation energies for ;1 =— 0.29 eV and
EF = EcBM-

Quantity Functional H; H/ vy Vi HY
E (eV) PBE 2.75 1.36 1.36 0.68 1.73
HSE 2.45 2.08 0.97 1.34 1.91
E, (eV) PBE 0.16 0.62 1.15 0.32 0.86
HSE 0.13 0.73 1.53 0.38 0.87
Eq (eV) PBE 2.91 1.98 2.51 1.00 2.59
HSE 2.58 2.81 2.50 1.72 2.78
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Fig. 2. Geometry of the ground-state and transition-state structures of the native
point defects. The large blue balls denote Al atoms, whereas the small, white balls
denote H atoms. The interstitial H atoms are colored red. The light bars denote Al-H
bonds. The darker bar in the V;; ground-state structure denotes an Al-Al bond. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of the article.)

tion barrier. We can therefore conclude that the mass transport
across the bulk during the dehydrogenation of AlHj3 is exclusively
mediated by positively charged hydrogen vacancies (V;}) and that
this mass transport is likely the rate-limiting mechanism of the
dehydrogenation reaction [15].

While there is qualitative agreement between the PBE and the
HSE results regarding the activity of the defects, large quantitative
differences in the activation energies are observed (Table 2). For the
V; defect HSE gives a value of E; = 1.72 eV, which is good agreement
with experimental values for the activation energy of the dehy-
drogenation reaction (1.62 4+ 0.13, Ref. [28]). PBE, however, gives a

vacuum level

4.8

Fig. 3. Changes in the electronic eigenspectrum between the PBE and the HSE
approach.

much lower activation energy of E; =1.0eV, in clear disagreement
with the experimental observations. We conclude that PBE severely
underestimates the activation energy.

A closer inspection of our results reveals that the differences
between PBE and HSE can be understood in terms of the differ-
ent positioning of the &(&) charge-state transition levels relative
to the band edges of the AlH3; host. To examine these differences
we need to align the HSE and the PBE band structures on an abso-
lute energy scale. To determine the alignment we have performed
surface calculations for AlH3 with both PBE and HSE. The align-
ment shows that the band gap is widened for HSE compared to PBE
by upshifting the CBM and downshifting the VBM, both by about
0.6 eV (Fig. 3). In contrast to the band edges, the transition levels
do not substantially shift between the two functionals according to
our calculation (Fig. 3), confirming a general trend reported in Ref.
[29]; for H; this confirms the universal alignment rule for the (&)
transition level claimed in Ref. [27].

Since the Fermi level is near the CBM, the stability of the charged
defects changes approximately in the same way as the band edges
shift between HSE and PBE, i.e., the formation energy of the posi-
tively charged defects is ~0.6 eV higher for HSE and the formation
energy of the negatively charged defects is ~0.6 eV lower. We con-
clude that the strong differences in the activation energies are
mainly an effect of the band-edge shifts. We note that the formation
energy of the neutral H(Z) defect differs by ~0.2 eV in HSE versus PBE.
Some differences in migration barriers also occur (Table 2). How-
ever, for most defects these differences are smaller than the effect
of the band-edge shift.

Finally, we note that the strong difference between PBE and HSE
may be rather specific to AlHs. In other hydrides, such as MgH,
[30] and NaAlH4 [31], the relevant point defects appear as pairs
of oppositely charged defects (Frenkel pairs). In these systems, the
differences between HSE and PBE will thus largely cancel out in the
formation energies of the relevant defect complexes.

4. Conclusions

To summarize, we have identified the native point defects
that contribute to dehydrogenation of a-AlH3. The comparison
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between DFT calculations with different functionals (PBE and HSE)
reveals significant quantitative differences for the activation ener-
gies. Though PBE produces correct trends, an accurate prediction
of absolute concentrations and activities of the defects requires a
more advanced functional such as HSE.
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