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Abstract

Density-functional theory (DFT) is a powerful tool to predict crystal structure, chemical bond character, and high-pressure behavior of
materials. In this report, we show the application of DFT to study such properties for complex hydrides. The structural parameters for the
experimentally known Li3AlH6 phase have been successfully reproduced within an accuracy of less than 1% and the crystal structure of
KAlH 4 has been predicted. From examination of the density of state, we find that these materials have insulating behavior with a band gap
of ∼3.5 and 5.5 eV for Li3AlH6 and KAlH4, respectively. From analyses of charge density, charge transfer, electron localization function,
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rystal orbital Hamilton, and Mulliken population we find that the interaction between Li/K and [AlH4]/[AlH 6] is essentially pure ionic
hereas within the [AlH4]/[AlH 6] unit the interaction is partially ionic and partially covalent. Even though these materials are very
l–H interaction is relatively strong compared with the other interactions. Subject to external pressure the equilibrium structure o3AlH6

s unstable. We predicted that this compound undergoes three successive structural phase transitions under pressure:� to � at 18.64 GPa,�
o � at 28.85 GPa, and� to � at 68.79 GPa. KAlH4 is stable and no pressure induced structural transitions were identified.

2005 Elsevier B.V. All rights reserved.
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. Introduction

High capacity solid-state storage of hydrogen is becoming
ncreasingly important for fuel cells, automotive, and electri-
al utility applications. Compared to liquid hydrogen one of
he major drawbacks of known reversible metal hydrides ap-
licable for hydrogen storage is their low gravimetric hydro-
en content (expressed in wt.% of H in the material): MgH2
7.6%) and hydrides of Mg alloys (e.g., Mg2NiH4, 3.8%)
epresent in this respect the current optimum. However, for
heir use as storage materials a sufficient amount of heat-
ng (ca. 300◦C) is necessary for the desorption of the hy-
rogen. The disadvantage of the presently known, low- and
edium-temperature reversible hydrides are the high costs

or the intermetallic alloys suitable for the purpose (LaNi5H6,
iFeH2), combined with their four to five times lower storage
apacity (1.8%) compared with say MgH2.

∗ Corresponding author. Tel.: +47 2285 5606; fax: +47 2285 5441.
E-mail address: ponniah.vajeeston@kjemi.uio.no (P. Vajeeston).

Alkali-metal-based aluminum hydrides, AAlH4 (A = Li,
Na, K) have been found to have a potential as viable m
for storing hydrogen at moderate temperatures and pres
These hydrides have been demonstrated to have higher h
gen storage capacity at moderate temperatures and lowe
than conventional intermetallic hydrides. However, a ser
problem with these materials is poor kinetics and lacking
versibility with respect to hydrogen absorption/desorpt
Bogdanovic and co-workers[1,2] have recently establish
that sodium aluminum hydrides, which were earlier con
ered in actual practice as irreversible with respect to
drogen absorption/desorption, can be made reversib
doping with Ti. Efforts[3,4] have also been made to i
prove the hydrogen reversibility of NaAlH4 by ball milling
in combination with or without additives. In line with th
considerable interest is attached to the structural prop
of the series ABH4 and A3BH6 (A = alkali metal; B =
B, Al, Ga) at ambient and higher pressures. In this
ticle, we will demonstrate how density-functional the
(DFT) is used to predict unknown crystal structures, ch

925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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ical bond characteristics, and high-pressure behavior of hy-
drides.

In the first part of the paper, we present the structural cal-
culations for some complex hydrides. In the second part, we
will consider the chemical bonding in selected hydrides with
the help of partial density of states (DOS), crystal-orbital
Hamilton population (COHP), charge density, charge dif-
ference, electron-localization function (ELF), and Mulliken
population analysis. The third part deals with the structural
stability of materials at high pressures based on total-energy
studies.

2. Computational details

To predict the ground-state structure of Li3AlH6 and
KAlH 4, we have used DFT[5] within the generalized-
gradient approximation (GGA)[6], as implemented with
a plane-wave basis in the Vienna ab initio simulations
package (VASP)[7]. Results are obtained using projector-
augmented plane-wave (PAW)[8] potentials provided with
the VASP. The atoms are relaxed toward equilibrium until
the Hellmann–Feynman forces are less than 10−3 eV/Å.
Brillouin zone integration are performed with a Gaussian
broadening of 0.1 eV during all relaxations. All calculations
are performed with 512 and 600k points for Li AlH
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Fig. 1. The Mg3TeO6-type crystal structure of�-Li3AlH6. Locations of H
and Li are shown (and labeled) in the illustration. Al is located at the center
of the octahedra.

culations can be used to predict the structures of the experi-
mentally characterized Li3AlH6 (Fig. 1) and uncharacterized
KAlH 4 compounds.

3.1. The crystal structure of Li3AlH6

The crystal structure of Li3AlH6 has up to recently not
been completely revealed and several structure models have
been proposed with possible monoclinic (P21/c, P21/m,
C2/m,Cm, orC2) and rhombohedral (R3,R3̄,R3m, orR3̄m)
space groups[15–17]. There has been no theoretical attempt
to explore the crystal and electronic structures of this com-
pound. However, a fresh experimental study by Brinks and
Hauback[18] with combined synchrotron X-ray and neu-
tron diffraction has shown that Li3AlH6 crystallizes in space
groupR3̄.

Twenty-one closely related potential structure types were
considered for the theoretical simulation. The involved
structure types are: Li3AlF6, B3BiO6, Na3AlH6, Na3AlF6,
Na3CrCl6, Mg3TeO6, K3MoF6, K3TlF6, Fe3BO6, Cu3TeO6,
Cu3WO6, Rb3TlF6, Nb3BaO6, Nb3VS6, I3AsF6, Hg3SO6,
Hg3NbF6, Hg3TeO6, Pb3SO6, Er3GaS6, and U3ScS6 [19].
The calculated total energy versus cell-volume curves for
the 14 most relevant structural arrangements (the others
fall at higher total energy) are shown inFig. 2. Among
t ted
� st
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[ pa-
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w lcu-
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s nt
o that
t s
3 6
Mg3TeO6-type structure) and KAlH4 (KGaH4-type struc
ure), respectively, in the whole Brillouin zone with a 600
lane-wave cutoff. In order to avoid ambiguities regarding

ree-energy results we have always used the same energ
ff and a similark-grid density for convergence for all stru

ural variants tested. The present type of theoretical app
as recently been successfully applied[9–12] to reproduce
tructural properties of ambient- and high-pressure ph
he COHP is evaluated using the TBLMTO-47 package[13].
he Mulliken population analyses were made with the he

he CRYSTAL03 code in which we used 5-11G, 6-11G,
1G, and 86-511G basis sets for H, Li, Al, and K, respecti

14].

. Structural prediction

Prediction and understanding of properties of mate
encompassing even not yet synthesized phases) by the
al means is a valuable complement to the traditional e
mental approach. Theoretical simulation of material p
rties before preparation and testing may save time,
ower, running costs, etc. Owing to the low X-ray scatte
ower of hydrogen, poor crystallinity, and the usual st

ural complexity of hydrides, these structures are often
haracterized than other solids. For instance, this is the
or the (assumed technologically interesting materials
ali boron, alkali aluminum and alkali gallium tetrahydrid
mong which only a few is structurally well characteriz

n the present section, we are going to show how DFT
hem the Mg3TeO6-type arrangement (hereafter designa
-Li3AlH6; Fig. 2andTable 1) is found to lead to the lowe

otal energy, consistent with the recent experimental find
18]. The calculated unit-cell dimensions and positional
ameters at 0 K and ambient pressure are in good agreem
ith the room-temperature experimental findings [the ca

ateda is within 0.3% of the experimental value whereas
light underestimation (0.6%) inc is typical for the agreeme
btained by DFT calculations]. It is interesting to note

he � (Cu3TeO6-type) and�-(Li3AlF6-type) modification
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Table 1
Optimized structural parameters for Li3AlH6 and KAlH4 at 0 K and ambient pressure

Compound (structure type; space group) Unit-cell dimension (Å) Positional parameters B0 (GPa)

�-Li3AlH6 (Mg3TeO6; R3̄) a = 8.0487 (8.0712)a Li (18f ): 0.9334, 0.2196, 0.2804 (0.9576, 0.2260, 0.2911)a; 35.75
c = 9.4532 (9.5130)a Al1 (3a): 0.0, 0.0, 0.0; Al2 (3b): 0.0, 0.0, 1/2;

H1 (18f ): 0.8307, 0.8264, 0.0986 (0.8333, 0.8057, 0.1007)a;
H2 (18f ): 0.1372, 0.2014 , 0.3978 (0.1582, 0.1820, 0.3900)a

KAlH 4 (KGaH4; Pnma) a = 8.8249 (8.8140)b K (4c): 0.1778, 1/4, 0.1621 10.34
b = 5.8590 (5.8190)b Al (4c): 0.5663, 1/4, 0.8184
c = 7.3872 (7.3310)b H1 (4c): 0.4034, 1/4, 0.9184

H2 (4c): 0.7055, 1/4, 0.9623
H3 (8d): 0.4194, 0.9810, 0.3127

a Experimental value at 295 K and ambient pressure from Ref.[18].
b Experimental value at 295 K and ambient pressure from Ref.[20].

are energetically very close to�-Li3AlH6. This indicates that
synthesis under appropriate pressure and temperature condi-
tions may be able to stabilize the� and� modifications as
metastable phases.

The�-Li3AlH6 structure consists of isolated [AlH6]3− oc-
tahedra. Each Li atom is connected to two corners and two
edges of these [AlH6]3− octahedra. There are two crystallo-
graphically different Al sites, both with equal Al–H distances
within each octahedron, but with slightly deviating angles
from the ideal 90◦ value. Al has eight nearest Al neighbors,
in a cubic arrangement, and six more distanced neighbors
placed about the faces of the cube.

3.2. Crystal structure of KAlH4

Recent experimental evidence shows that reversible hy-
drogen absorption/desorption proceeds smoothly in KAlH4
without introduction of a catalyst[21]. KAlH 4 is thus dif-
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s are

ferent from LiAlH4 and NaAlH4, which have to be doped
with a transition-metal catalyst material to obtain absorp-
tion/desorption reversibility and kinetics. Hence, KAlH4 has
now received considerable attention among the alkali-metal
aluminum hydrides. The crystal structures of LiAlH4 and
NaAlH4 are well known, whereas a more complete structural
description for KAlH4 has not yet been reported, the present
experimental structural knowledge being limited to unit-cell
dimensions at room temperature[20].

Among the seven tested possible structural variants (struc-
ture types specified in Refs.[9,11,22]), the orthorhombic
KGaH4-type arrangement (Table 1) is seen to have the lowest
total energy with unit-cell dimensionsa = 8.824,b = 5.859,
c = 7.387Å at 0 K and ambient pressure. However, the
tetragonal�-NaAlH4-type phase is energetically very close to
the KGaH4-type ground-state phase. This indicates that syn-
theses under appropriate pressure and temperature conditions
may be able to stabilize the�-NaAlH4-type arrangement as
a metastable state. The KGaH4- and�-NaAlH4-type variants
of KAlH 4 have not only a small total-energy difference, but
also their equilibrium volumes are similar (V0 = 96.15 and
93.95Å3/f.u., respectively). The calculated cell volume for
the KGaH4-type ground-state variant is in very good agree-
ment with the observations, remembering that the calcula-
tions refer to 0 K and the experimental values to room tem-
perature. A recent powder neutron diffraction study[23] on
K ntal
p lated
v

H
w
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g
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d d for
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1 61
T able
m
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(

AlH 4 confirms our predictions and finds also experime
ositional parameters in good agreement with the calcu
alues inTable 1.

KAlH 4 is isostructural and isoelectronic with KGa4
hereas other isoelectronic compounds like NaAlH4 and
aGaH4 take rather different crystal structures. The KA4
round-state structure consists of slightly distorted [AlH4]−

etrahedra which are separated by intervening K+ cations
he interatomic Al–H distance within the [AlH4]− tetrahe
ra varies only by 3% and the bond length is as expecte
n anionic complex of Al and H[24]. Each K is surrounded b
2 H atoms at distances varying between 2.684 and 3.5Å.
he �-NaAlH4-type structures of the proposed metast
odification of KAlH4 also comprises tetrahedral [AlH4]−
nions and K+ cations, but in a different mutual arrangem
see Fig. 1a in Ref.[9]).
Fig. 2. Structural competition between different possible modifications
Li3AlH6. Magnified versions around structural transition points are sho
on the right-hand side of the illustration. Arrows mark the cross-over po
in the total-energy curves between different phases. Transition pressure
calculated from the Gibbs free-energy curves.
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4. Chemical bonding

The chemical bonding in materials becomes complicated
when the number of distinguishable constituent increases.
For binary compounds one can easily assess the degree of
ionic character from electronegativities using Gordy’s ap-
proximation [25]. For ternary and quaternary phases it is
harder to estimate the ionic character. When we consider
hydrides, it is even more complicated than for other com-
pounds, because of the small size of the hydrogen atom and
its only one valence electron. It is important to understand
the bonding character of materials in detail in order to ex-
plain why some materials have peculiar properties compared
to other materials in say, a certain series. For example, the
RNiInH1.333 (R = La, Ce, Pr, Nd) series of compounds vi-
olates the so-called “2̊A rule” for metal hydrides with the
H–H separations of∼1.6Å [26]. The reason appears to be
that the presence of strong interaction between the transi-
tion metal (Ni) and hydrogen prohibits the electrons at the
hydrogen atoms from participation in repulsive interaction
between two closely arranged H atoms. Moreover, the R–R
interaction also shields the repulsive interaction between the
H atoms[27–29]. The bonding features of the RNiInH1.333
series have been explained with the help of partial density
of states (PDOS), charge-density distribution, charge differ-
ence plot, ELF, and COHP analysis[27]. Our experience
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Fig. 3. Upper panels: Calculated total DOS for KAlH4 and�-Li3AlH6 and
site-projected DOSs for KAlH4. The Fermi level is set at zero energy and
marked by the vertical dotted line;s states are shaded.Lower panels: Cal-
culated COHP between Al and H in KAlH4.

valent nature, whereas the K–H, Li–H interaction should be
ionic.

Fig. 4a shows the calculated valence-charge density
for KAlH 4. At the K, Al, and H sites; high amounts of
charge density reside in the immediate vicinity of the
nuclei. However, there is an appreciable amount of electrons
distributed between Al and H which is another indication
of a significant degree of covalent-type interaction. The
electron distribution between K and the [AlH4] unit is almost
zero (charge depletion; seeFig. 4b), viz. an indication of
ionic-type interaction between K and [AlH4]. The calculated
charge-transfer plot (charge-density difference between the
solid and overlapping free atomic orbitals) moreover clearly
show that charges are depleted from the K and Al sites
and transferred to the H sites, viz. the interaction between
the K/Al and H has ionic components. For a purely ionic
case one can expect a perfect spherically symmetric charge
depletion as observed at the K site. The charge depletion at
the Al site is not spherically symmetric in the two cases under
consideration.

Then, we turn to ELF which is defined in the range 0–1;
and high values reflect covalent bonds or lone electron pairs.
The calculated ELF for KAlH4 at the H sites is not spherically
ith this series of hydrides shows that several theore
ethods are needed in order to characterize the bondin

ectly in order not to end up with wrong conclusions[27–
9].

In the present study, we try to explore the bonding
AlH 4 and Li3AlH6. We believe that a similar type of bon

ng may be present in the AMH4 (A = Li, Na, K, Rb, Cs; M
B, Al, Ga) and A3AlH6 (A = Li, Na, K) families, becaus

ll these compounds have almost similar charge-densit
ribution, DOS, and ELF. The calculated DOS of KAlH4 and
i3AlH6 and partial DOS of KAlH4 are displayed inFig. 3.
rom the total DOSs, it is clear that KAlH4 and Li3AlH6 are

o be classified as insulators with a band gap of ca. 3.5
.5 eV for Li3AlH6 and KAlH4, respectively, which is clos

o the band gaps in other technologically interesting hydr
iz. MgH2 (4.3 eV[10]), LiAlH 4 (4.8 eV[11]), and NaAlH4
5.0 eV[9]). The PDOSs for KAlH4 and Li3AlH6 show close
imilarities, hence we present only the DOS for KAlH4. The
ite-projected DOSs of K and Al show that the lower pea
he total DOS mainly originates from Al-s states with sm
ontributions from H-s, K-s, and K-p states, whereas the
er peak comprises contributions from H-s, Al-p, K-s,
-p states. The Al-s and Al-p states are energetically
eparated in the valence band (VB) whereas the K-s an
tates are energetically degenerated throughout the VB
nd H-s states are energetically degenerated in corres

ng energy regions in the VB which is a favorable situa
or formation of covalent bonds within the anionic [AlH4]−
omplex. From an electronegativity point of view, the bo
ng Al–H interaction is also expected to be of a largely
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Fig. 4. Calculated (a) valence electron charge density, (b) charge transfer, and (c) ELF for KAlH4.

Table 2
Mulliken population analysis for Li3AlH6 and KAlH4

Compound Atom MEC Overlap population

Li3AlH6 Li −1.008
Al −2.032 −0.014 (Li–H)
H +0.844 0.105 (Al–H)

KAlH 4 K −1.098
Al −1.880 −0.015 (K–H)
H +0.749 0.171 (Al–H)

Mulliken effective charge (difference between the number of electrons of the
atom concerned and the corresponding Mulliken charge; MEC) and Mulliken
overlap population in units ofe.

symmetric indicating that the electrons are polarized toward
the Al site (Fig. 4c). A similar type of ELF is found in molec-
ular C2H6 and C2H4, where the interaction between C and H
is covalent[30]. Hence, one infers directional, covalent-type
bonding between Al and H in KAlH4 and�-Li3AlH6. The
calculated integrated COHP (which is a tool to gauge the bond
strength between involved atoms) indicates that the interac-
tion, between Al and H is the strongest (integrated COHP
value−2.39 eV) compared to other interactions, and the es-
timated bond strength vary in the sequence Al–H> K/Li–
H > K/Li–Al > H–H. In order to have some kind of quanti-
tative picture of the charge-transfer effect we also made the
Mulliken population (a means to quantify the amount of elec-
trons on a given atom in a solid) analyses[31]. The Mulliken
effective charges for Li, K, Al, and H in Li3AlH6 and KAlH4
indicate (seeTable 2) that the interaction between Li/K and
[AlH 6]/[AlH 4] is essentially pure ionic, viz. approximately
one electron is transferred from Li or K to [AlH6] or [AlH 4].
There is a distinct overlap population present between Al and
H within the [AlH6]/[AlH 4] units reflecting a covalent com-
ponent of the Al–H chemical bond. The magnitude is smaller
than found in a pure covalent bond, and the partial charges
(around two electrons transferred from Al to H) imply a finite
degree of ionic interaction.

5

in-
t the
p truc-
t out a

change in the physical and chemical properties. In some cases
high-pressure phases have peculiar properties compared with
ambient-pressure phases. For example, in LiAlH4 we note a
huge pressure induced volume collapse (around 17%) at the
�-to-� transition point[11]. Similarly, in BeH2 there is an al-
most 26.4% reduction in volume at the phase-transition point
from the equilibrium to a high-pressure phase[32].

Application of pressure transforms�-Li3AlH6 into the
� modification (with Cu3TeO6-type structure) at 18.64 GPa
[transition pressures are estimated from the pressure versus
difference in Gibbs free energy (�G) curves; seeFig. 5]. The
pressure induced�-to-� transition of Li3AlH6 (seeFigs. 2
and 5) involves reconstructive rearrangements (viz. bonds
are broken and re-established) of the atomic architecture.
�-Li3AlH6 is stable in a fairly narrow pressure range and
transform into�-Li3AlH6 (K3TlF6-type) at 28.85 GPa and
further to�-Li3AlH6 (Li3AlF6-type) at 68.79 GPa. The�-,
�-, and �-Li3AlH6 phases have very similar equilibrium
volumes (87.76, 86.74, and 86.78Å3/f.u., respectively) and
the energy difference between them is also very small (see
Fig. 2). This closeness in total energy suggests that the rela-
tive appearance of these modifications will be quite sensitive
to, and easily affected by, external factors like temperature
and remnant lattice stresses. The fact that the estimated
volume difference is also small (Fig. 5) at the�-to-� phase-
transition point suggests that�-Li3AlH has an efficiently
p at
t
t
L the
d es)
s stem
c

K sable
s e
s
s r
v l of H
f his is
c erials
[ ger
( ap-
p s are
. Pressure induced structural transitions

In general, application of pressure will shorten the
eratomic distances in a crystalline solid, and when
ressure exceeds a critical value a change in crystal s

ure may occur. The change in the structure brings ab
6
acked structure; similarly, for the other modifications

he �-to-� and �-to-� transitions (Fig. 5). As mentioned
he volume discontinuity at the�-to-� transition point in
iAlH 4 [11] is ∼17%. The closeness in volume for
ifferent Li3AlH6 modifications (at the transition pressur
hould challenge the experimentalists to study this sy
arefully.

The calculated bulk moduli (B0) for �-Li3AlH6 and
AlH 4 indicate that these materials are easily compres
olids. If we compareB0 of diamond (432 GPa) with th
tudied phases (36 and 10 GPa for Li3AlH6 and KAlH4, re-
pectively) these compounds have 12–43 times smalleB0
alues. Hence one may have expected that the remova
rom these structures should have been quite easy. T
ertainly not the case. The COHP study on these mat
33] shows that the interaction between Al and H is stron
−2.62 to−3.44 eV) than the other interactions, and this
ears to be a likely reason for the fact that these hydride
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Fig. 5. Calculated pressure vs. cell-volume relation for Li3AlH6. The in-
set shows the stability of high-pressure phases of Li3AlH6 with respect to
the equilibrium phase, transition pressures being marked by arrows at the
corresponding transition points.

at the same time very soft and yet require much energy to
remove all hydrogen.

6. Conclusions

In this study, we have successfully reproduced the struc-
tural properties of�-Li3AlH6, calculated positional and cell
parameters being in very good agreement with experimental
findings. We have predicted the crystal structure of KAlH4.
This ultimately indicates that the density-functional theory
is a powerful tool to predict structural properties of mate-
rials at ambient and high pressures. One can formally treat
KAlH 4 as a pure ionic compound but the detailed analysis on
this compound shows that whereas the interaction between K
and [AlH4] is essentially pure ionic that between Al and H is
mixture of ionic and covalent with the latter as the stronger
component. This may be the possible reason why KAlH4
(and Li3AlH6) has a high decomposition temperature. Due
to close similarity in charge density and density of states dis-
tributions one can expect similar features in the whole AAlH4
(A = Li, Na, K, Rb, Cs) family. From the high-pressure study
on Li3AlH6 and KAlH4, it is found that the ground-state
structure of Li3AlH6 is not stable at higher pressure. Three
high-pressure forms of Li3AlH6 have been identified. On the
other hand, KAlH4 is a stable compound which exhibit no
p
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Phys. Lett. 82 (2003) 2257.
[10] P. Vajeeston, P. Ravindran, A. Kjekshus, H. Fjellvåg, Phys. Rev. Let
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