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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 IJAIHg phase have been successfully reproduced within an accuracy of less than 1% and the crystal structure of
KAIH 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 5.5eV for LjAIHs and KAIH,, respectively. From analyses of charge density, charge transfer, electron localization function,
crystal orbital Hamilton, and Mulliken population we find that the interaction between Li/K and,J/MHH ¢] is essentially pure ionic,
whereas within the [Al]/[AIH ¢] unit the interaction is partially ionic and partially covalent. Even though these materials are very soft the
Al-H interaction is relatively strong compared with the other interactions. Subject to external pressure the equilibrium structihd of Li
is unstable. We predicted that this compound undergoes three successive structural phase transitions undex @satie3.64 GPag
toy at 28.85 GPa, anglto € at 68.79 GPa. KAl is stable and no pressure induced structural transitions were identified.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Alkali-metal-based aluminum hydrides, AAJHA = Li,
Na, K) have been found to have a potential as viable modes

High capacity solid-state storage of hydrogen is becoming for storing hydrogen at moderate temperatures and pressures.
increasingly important for fuel cells, automotive, and electri- These hydrides have been demonstrated to have higher hydro-
cal utility applications. Compared to liquid hydrogen one of gen storage capacity at moderate temperatures and lower cost
the major drawbacks of known reversible metal hydrides ap- than conventional intermetallic hydrides. However, a serious
plicable for hydrogen storage is their low gravimetric hydro- problem with these materials is poor kinetics and lacking re-
gen content (expressed in wt.% of H in the material): MgH versibility with respect to hydrogen absorption/desorption.
(7.6%) and hydrides of Mg alloys (e.g., WNiH4, 3.8%) Bogdanovic and co-workeif&,2] have recently established
represent in this respect the current optimum. However, for that sodium aluminum hydrides, which were earlier consid-
their use as storage materials a sufficient amount of heat-ered in actual practice as irreversible with respect to hy-
ing (ca. 300°C) is necessary for the desorption of the hy- drogen absorption/desorption, can be made reversible by
drogen. The disadvantage of the presently known, low- and doping with Ti. Efforts[3,4] have also been made to im-
medium-temperature reversible hydrides are the high costsprove the hydrogen reversibility of NaAly ball milling

for the intermetallic alloys suitable for the purpose (Lsth, in combination with or without additives. In line with this,
TiFeH,), combined with their four to five times lower storage considerable interest is attached to the structural properties
capacity (1.8%) compared with say MgH of the series ABH and AgBHg (A = alkali metal; B =
B, Al, Ga) at ambient and higher pressures. In this ar-
~* Corresponding author. Tel.: +47 2285 5606; fax: +47 2285 5441. ticle, we will demonstrate how density-functional theory
E-mail address: ponniah.vajeeston@kjemi.uio.no (P. Vajeeston). (DFT) is used to predict unknown crystal structures, chem-
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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 ofsAiHg and
KAIH 4, we have used DFT5] within the generalized-
gradient approximation (GGAJ6], as implemented with  Fig. 1. The MgTeGs-type crystal structure af-LisAlH¢. Locations of H
a plane-wave basis in the Vienna ab initio simulations and Li are shown (and labeled) in the illustration. Al is located at the center
package (VASP]7]. Results are obtained using projector- of the octahedra.
augmented plane-wave (PAVI§] potentials provided with
the VASP. The atoms are relaxed toward equilibrium until
the Hellmann—-Feynman forces are less tharm3HV/A.
Brillouin zone integration are performed with a Gaussian
broadening of 0.1 eV during all relaxations. All calculations
are performed with 512 and 60R points for LAlHg 3.1. The crystal structure of LizAlHg
(Mg3TeGs-type structure) and KAIR (KGaHs-type struc-
ture), respectively, in the whole Brillouin zone with a 600 eV The crystal structure of gAIHg has up to recently not
plane-wave cutoff. In order to avoid ambiguities regarding the been completely revealed and several structure models have
free-energy results we have always used the same energy cutbeen proposed with possible monoclinie2q/c, P21/m,
off and a similaik-grid density for convergence for all struc- C2/m, Cm, orC2) andrhombohedraR3, R3, R3m, or R3m)
tural variants tested. The present type of theoretical approachspace groupfEl5-17] There has been no theoretical attempt
has recently been successfully applj@g12] to reproduce to explore the crystal and electronic structures of this com-
structural properties of ambient- and high-pressure phasespound. However, a fresh experimental study by Brinks and
The COHP is evaluated using the TBLMTO-47 packidd. Hauback[18] with combined synchrotron X-ray and neu-
The Mulliken population analyses were made with the help of tron diffraction has shown that $AlH g crystallizes in space
the CRYSTALO3 code in which we used 5-11G, 6-11G, 85- groupR3.
11G, and 86-511G basis sets for H, Li, Al, and K, respectively ~ Twenty-one closely related potential structure types were
[14]. considered for the theoretical simulation. The involved

structure types are: tAlFg, B3BiOg, NagAlHg, NagAlFg,
NagCrClg, MgsTeOs, KsMoFg, K3TIFg, FesBOg, CugTeG:s,
3. Structural prediction CusWOg, RbsTIFg, NbgBaOs, NbgVSg, 13AsFs, Hg3SOs,
HgsNbFg, HgzTeGs, PIsSOs, ErsGaSs, and sScS [19].

Prediction and understanding of properties of materials The calculated total energy versus cell-volume curves for
(encompassing even not yet synthesized phases) by theoretithe 14 most relevant structural arrangements (the others
cal means is a valuable complement to the traditional exper-fall at higher total energy) are shown ig. 2 Among
imental approach. Theoretical simulation of material prop- them the MgTeOs-type arrangement (hereafter designated
erties before preparation and testing may save time, man-a-LizAlHg; Fig. 2andTable J is found to lead to the lowest
power, running costs, etc. Owing to the low X-ray scattering total energy, consistent with the recent experimental findings
power of hydrogen, poor crystallinity, and the usual struc- [18]. The calculated unit-cell dimensions and positional pa-
tural complexity of hydrides, these structures are often less rameters 80 K and ambient pressure are in good agreement
characterized than other solids. For instance, this is the casawith the room-temperature experimental findings [the calcu-
for the (assumed technologically interesting materials) al- lateda is within 0.3% of the experimental value whereas the
kali boron, alkali aluminum and alkali gallium tetrahydrides, slight underestimation (0.6%) iris typical for the agreement
among which only a few is structurally well characterized. obtained by DFT calculations]. It is interesting to note that
In the present section, we are going to show how DFT cal- the B (CuzsTeQs-type) andy-(Li3AlFg-type) modifications

culations can be used to predict the structures of the experi-
mentally characterized sAlH g (Fig. 1) and uncharacterized
KAIH 4 compounds.
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Table 1
Optimized structural parameters forzlAlH g and KAIH, at 0 K and ambient pressure
Compound (structure type; space group) Unit-cell dimens&)n ( Positional parameters By (GPa)
a-LisAlHg (MgsTeOs; R3) a = 8.0487 (8.071A Li (18 f): 0.9334, 0.2196, 0.2804 (0.9576, 0.2260, 0.2811) 35.75
¢ = 9.4532 (9.5130) All (34): 0.0, 0.0, 0.0; A2 (8): 0.0, 0.0, 1/2;
H1 (18f): 0.8307, 0.8264, 0.0986 (0.8333, 0.8057, 0.1807)
H2 (18f): 0.1372, 0.2014 , 0.3978 (0.1582, 0.1820, 0.3900)
KAIH 4 (KGaHy; Pnma) a = 8.8249 (8.8140) K (4¢): 0.1778, 1/4,0.1621 10.34
b = 5.8590 (5.8190) Al (4¢): 0.5663, 1/4,0.8184
¢ =7.3872(7.3310) H1 (4c): 0.4034, 1/4,0.9184

H2 (4c): 0.7055, 1/4, 0.9623
H3 (84): 0.4194, 0.9810, 0.3127

2 Experimental value at 295 K and ambient pressure from [R&f.
b Experimental value at 295 K and ambient pressure from [R6f.

are energetically very close¢oLizAlHg. Thisindicatesthat ~ ferent from LiAIH; and NaAlH;, which have to be doped
synthesis under appropriate pressure and temperature condiwith a transition-metal catalyst material to obtain absorp-
tions may be able to stabilize tifieandy modifications as  tion/desorption reversibility and kinetics. Hence, KAlRas
metastable phases. now received considerable attention among the alkali-metal
Thea-LizAlHg structure consists of isolated [A§f~ oc- aluminum hydrides. The crystal structures of LiAlldnd
tahedra. Each Li atom is connected to two corners and two NaAlH,4 are well known, whereas a more complete structural
edges of these [Al]3~ octahedra. There are two crystallo- description for KAlH; has not yet been reported, the present
graphically different Al sites, both with equal Al-H distances experimental structural knowledge being limited to unit-cell
within each octahedron, but with slightly deviating angles dimensions at room temperatyg9].
from the ideal 90 value. Al has eight nearest Al neighbors, Among the seven tested possible structural variants (struc-
in a cubic arrangement, and six more distanced neighborsture types specified in Ref§9,11,22), the orthorhombic
placed about the faces of the cube. KGaH;-type arrangementéble J) is seen to have the lowest
total energy with unit-cell dimensionas= 8.824,h = 5.859,
¢ = 7.387A at OK and ambient pressure. However, the

tetragonak-NaAlHy-type phase is energetically very close to
Recent experimental evidence shows that reversible hy-the KGah-type ground-state phase. This indicates that syn-

drogen absorption/desorption proceeds smoothly in KAIH theses under appropriate pressure and temperature conditions
without introduction of a catalyg21]. KAIH 4 is thus dif- may be able to stabilize the-NaAlHs-type arrangement as

a metastable state. The KGatanda-NaAlH,-type variants

of KAIH 4 have not only a small total-energy difference, but
also their equilibrium volumes are simila¥{ = 96.15 and

3.2. Crystal structure of KAlHy
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l o0 Cu,TeO, ; BLi, AlH,
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27 E \ —a K,TIF, s LiAH, | 266 93.95A3/f.u., respectively). The calculated cell volume for
i =—a Li,AIF, ; 5Li,AIH : PP
e\ o ) | s the KGqu—type ground—.state variant is in very good agree-
s \ T v CuWo, ment with the observations, remembering that the calcula-
28 e {n \ v Nb,VS, 1 . -
= \ \'| <« —<ngso, tions refer to 0K and the experimental values to room tem-
=§’ \\ S 2:‘2:& perature. A recent powder neutron diffraction styi2i$] on
= 2r | eerepo,’ 1 310 KAIH 4 confirms our predictions and finds also experimental
? M 301 positional parameters in good agreement with the calculated
530t A AUSS, 1{ 312 values inTable 1

KAIH 4 is isostructural and isoelectronic with KGaH
whereas other isoelectronic compounds like NaAkhd
NaGaH, take rather different crystal structures. The KAIH
ground-state structure consists of slightly distorted [AfH
tetrahedra which are separated by intervening détions.

\ The interatomic Al-H distance within the [Alji— tetrahe-
0 = % o 9 695 70 dra varies only by 3% and the bond length is as expected for

Cell volume (A*/f.u.) an anionic complex of Aland [24]. Each Kis surrounded by

12 H atoms at distances varying between 2.684 and A561

Fig. 2. Structural competition between different possible modifications of The a-NaAlHy-type structures of the proposed metastable
Li3AIH6_. Magnified_ versions_around_ structural transition points are shqwn modification of KAIH, also comprises tetrahedral [MH
on the right-hand side of the illustration. Arrows mark the cross-over points . . . .
in the total-energy curves between different phases. Transition pressures ar(.ﬁmonsl and K cations, butin a different mutual arrangement
calculated from the Gibbs free-energy curves. (see Fig. 1a in Ref9]).
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4. Chemical bonding 25 T

The chemical bonding in materials becomes complicated 15
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 3
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 0.25
to other materials in say, a certain series. For example, the o [ L W

RNilnH1 333 (R = La, ge, Pr, Nd) series of compounds vi- ! : —em- oLi AIH
olates the so-called “R rule” for metal hydrides with the 5 F : T
N\
}PA "|l\ A
4 2 0

)

0.75

DOS (states eV

N
\
¢

H-H separations of-1.6A [26]. The reason appears to be
that the presence of strong interaction between the transi- It
tion metal (Ni) and hydrogen prohibits the electrons at the 6
hydrogen atoms from participation in repulsive interaction
between two closely arranged H atoms. Moreover, the R—R ! — - r - T
interaction also shields the repulsive interaction between the & I
H atoms[27-29] The bonding features of the RNilnHs3 8
series have been explained with the help of partial density
of states (PDOS), charge-density distribution, charge differ- I
ence plot, ELF, and COHP analyq&7]. Our experience PR T . . . .
with this series of hydrides shows that several theoretical 6 4 2 Eneggy (ev)z 4 6 8
methods are needed in order to characterize the bonding cor-
rectly in order not to end up with wrong conclusioj2y— Fig. 3. Upper panels: Calculated total DOS for KAl anda-LizAlHg and
29]. site-projected DOSs for KAlll The Fermi level is set at zero energy and

In the present study, we try to explore the bonding in marked by the vertical dotted line;states are shadeflower panels: Cal-
KAIH 4 and LizgAlH ¢. We believe that a similar type of bond-  culated COHP between Al:and H in KAl
ing may be present in the AMHA = Li, Na, K, Rb, Cs; M
=B, Al, Ga) and AAIH (A = Li, Na, K) families, because  valent nature, whereas the K—H, Li—H interaction should be
all these compounds have almost similar charge-density dis-ionic.
tribution, DOS, and ELF. The calculated DOS of KAJiEind Fig. 4a shows the calculated valence-charge density
LizAlHg and partial DOS of KAIH are displayed irfig. 3. for KAIH4. At the K, Al, and H sites; high amounts of
From the total DOSs, it is clear that KAlHand LAlHg are charge density reside in the immediate vicinity of the
to be classified as insulators with a band gap of ca. 3.5 andnuclei. However, there is an appreciable amount of electrons
5.5eV for LizAlHg and KAIHy4, respectively, which is close  distributed between Al and H which is another indication
to the band gaps in other technologically interesting hydrides, of a significant degree of covalent-type interaction. The
viz. MgH2 (4.3 eV[10]), LIAIH 4 (4.8 eV[11]), and NaAlH, electron distribution between K and the [A{Hunit is almost
(5.0eV[9]). The PDOSs for KAIH and LisAlHg show close  zero (charge depletion; séég. 4b), viz. an indication of
similarities, hence we present only the DOS for KAlHhe ionic-type interaction between K and [AlH The calculated
site-projected DOSs of K and Al show that the lower peak in charge-transfer plot (charge-density difference between the
the total DOS mainly originates from Al-s states with small solid and overlapping free atomic orbitals) moreover clearly
contributions from H-s, K-s, and K-p states, whereas the up- show that charges are depleted from the K and Al sites
per peak comprises contributions from H-s, Al-p, K-s, and and transferred to the H sites, viz. the interaction between
K-p states. The Al-s and Al-p states are energetically well the K/Al and H has ionic components. For a purely ionic
separated in the valence band (VB) whereas the K-s and K-pcase one can expect a perfect spherically symmetric charge
states are energetically degenerated throughout the VB. Al-pdepletion as observed at the K site. The charge depletion at
and H-s states are energetically degenerated in correspondthe Al site is not spherically symmetric in the two cases under
ing energy regions in the VB which is a favorable situation consideration.
for formation of covalent bonds within the anionic [AM{H Then, we turn to ELF which is defined in the range 0-1;
complex. From an electronegativity point of view, the bond- and high values reflect covalent bonds or lone electron pairs.
ing Al-H interaction is also expected to be of a largely co- The calculated ELF for KAllj at the H sites is not spherically

’l"" \ /‘\. A

2 4 6 8
Energy (eV)
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Fig. 4. Calculated (a) valence electron charge density, (b) charge transfer, and (c) ELF for. KAIH

Table 2 change in the physical and chemical properties. In some cases
Mulliken population analysis for AlHg and KAIH, high-pressure phases have peculiar properties compared with
Compound Atom MEC Overlap population  ambient-pressure phases. For example, in LiAN¢ note a
LisAlHg Li —1.008 huge pressure induced volume collapse (around 17%) at the
Al —-2.032 —0.014 (Li-H) a-to-B transition poin{11]. Similarly, in Bek there is an al-
KA, E j(l)-ggg 0.105 (Al-H) most 26.4% reduction in volume at the phase-transition point
Al 1880 0,015 (K-H) from th(_a equmbnum to a high-pressure ph@Sé]. _
H 4£0.749 0.171 (Al=H) Application of pressure transformsLizAlHg into the

Mulliken effective charge (difference between the number of electrons of the p moq[flcatlon (with C@TeOG'-type structure) at 18.64 GPa
atom concerned and the corresponding Mulliken charge; MEC) and Mulliken [transition pressures are estimated from the pressure versus
overlap population in units af. difference in Gibbs free energp(G) curves; se€ig. 5. The
pressure induced-to-B transition of LgAlHg (seeFigs. 2
symmetric indicating that the electrons are polarized toward and § involves reconstructive rearrangements (viz. bonds
the Al site Fig. 4c). A similar type of ELF is found in molec- ~ are broken and re-established) of the atomic architecture.
ular GHg and GHg, where the interaction between Cand H B-LizAlHg is stable in a fairly narrow pressure range and
is covalen{30]. Hence, one infers directional, covalent-type transform intoy-LizAlHg (K3TIFs-type) at 28.85 GPa and
bonding between Al and H in KAlljanda-LizAlHg. The further tod-LizAlHg (LizAlFg-type) at 68.79 GPa. The-,
calculated integrated COHP (whichis a tool to gauge the bond B-, and 8-LizAlHg phases have very similar equilibrium
strength between involved atoms) indicates that the interac-volumes (87.76, 86.74, and 86.&8/f.u., respectively) and
tion, between Al and H is the strongest (integrated COHP the energy difference between them is also very small (see
value—2.39 eV) compared to other interactions, and the es- Fig. 2). This closeness in total energy suggests that the rela-
timated bond strength vary in the sequence AR-K/Li— tive appearance of these modifications will be quite sensitive
H > K/Li~Al > H-H. In order to have some kind of quanti- to, and easily affected by, external factors like temperature
tative picture of the charge-transfer effect we also made theand remnant lattice stresses. The fact that the estimated
Mulliken population (a means to quantify the amount of elec- volume difference is also smakig. 5) at thea-to-3 phase-
trons on a given atom in a solid) analy$&$]. The Mulliken transition point suggests thatLizAlHg has an efficiently
effective charges for Li, K, Al, and H in bAIH g and KAIH, packed structure; similarly, for the other modifications at
indicate (sedable 2 that the interaction between Li/K and the B-to-y and y-to-3 transitions Fig. 5. As mentioned
[AIH 6]/[AIH 4] is essentially pure ionic, viz. approximately the volume discontinuity at the-to-g transition point in
one electron is transferred from Li or K to [Alilor [AlH 4]. LiAIH 4 [11] is ~17%. The closeness in volume for the
There is a distinct overlap population present between Al and different LisAlH ¢ modifications (at the transition pressures)
H within the [AlHg]/[AIH 4] units reflecting a covalent com-  should challenge the experimentalists to study this system
ponent of the Al-H chemical bond. The magnitude is smaller carefully.
than found in a pure covalent bond, and the partial charges The calculated bulk moduliKp) for a-LizAlHe and
(around two electrons transferred from Alto H) imply a finite  KAIH 4 indicate that these materials are easily compressable
degree of ionic interaction. solids. If we compareBg of diamond (432 GPa) with the
studied phases (36 and 10 GPa fogAlHg and KAIHg4, re-
spectively) these compounds have 12-43 times sma&jer
5. Pressure induced structural transitions values. Hence one may have expected that the removal of H
from these structures should have been quite easy. This is
In general, application of pressure will shorten the in- certainly not the case. The COHP study on these materials
teratomic distances in a crystalline solid, and when the [33] shows that the interaction between Al and H is stronger
pressure exceeds a critical value a change in crystal struc{—2.62 to—3.44 eV) than the other interactions, and this ap-
ture may occur. The change in the structure brings about apears to be a likely reason for the fact that these hydrides are
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