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Pressure-induced phase of NaAlH ,: A potential candidate
for hydrogen storage?
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The electronic structure and structural stability of the technologically interesting material NaAIH
are studied using amab initio projected augmented plane-wave method for different possible
structure modifications. We predict thatNaAlH, converts toB-NaAlH, at 6.43 GPa with a 4 %
volume contraction. Both modifications have nonmetallic character with finite energy gaps, the
calculated band gap fgB-NaAlH, being almost half of that for ther phase.3-NaAlH, stores
hydrogen more volume efficient than thephase and would if stabilized at ambient conditions be
an interesting candidate for further studies with regard to hydrogen absorption/desorption
efficiency. © 2003 American Institute of Physic§DOI: 10.1063/1.1566086

Introduction of “hydrogen economy” requires safe and NaBH, (cubic-Fm3m),* LiAIH, (monoclinicP2,/c),?

efficient storage of hydrogen, and hence, potential solid stolKGaH, (orthorhombicPnma),*? and SrMgH

age materials have been intensively studied for several dgorthorhombic€Cme2,).* The present theoretical study in-
cades. The hitherto known hydrides with high capacity forcludes the actually established structure for NaA&s well
potential reversible hydrogen storage are hampered by theas the just mentioned six potential alternatives.

modynamic and kinetic limitations. Interstitial hydrides Total energies have been calculated by the projected
(based onAB, AB,, and AB; transition-metal intermetal- augmented plane-wateimplementation of the Viennab

lics) are easily reversible at around room temperature, but thiitio  simulation packagé® The generalized gradient
relative weight of stored hydrogen is limite¢l.5—-2.5 approximatiof’ were used to obtain accurate exchange and
wt %).22 In contrast, MgH and LiH have a high relatively H correlation energies for a particular ionic configuration. The
content(7—13 wt%, but owing to the presence of strong structures are fully relaxed for all volumes considered in the
ionic/covalent bonding interactions, the desorption temperapresent study using force as well as stress minimization. Ex-
ture is high (=250°C). In the search for suitable materials perimentally established structural data were used as input
for reversible hydrogen storage, alkali aluminum hydridesfor the calculations when available. For the tetragonal
such as NaAli and LiAIH, have attracted interest mainly NaAlH, structure we used 43R points in the whole Bril-
due to the high relative weight of stored hydrog@ms and louin zone. A similar density ok points was used for the
10.6 wt%, respectively Recently Bogdanovic and other structures. In order to avoid ambiguities regarding the
co-workeré* have established that sodium aluminum hy-free-energy results we have used the same energy cutoff and
drides, which were earlier considered in actual practice asimilark-grid densities in all calculations. At least 0.01 meV/
irreversible with respect to hydrogen absorption/desorptionatom was placed as a criterion on the self-consistent conver-
could be made reversible by doping with Ti. EffGrtshave
also been made to improve the hydrogen reversibility of
NaAlH, by ball milling in combination with(or without
additives. In line with this, considerable interest is attached
to the structural properties of NaAlHat higher pressures,
but no experimental or theoretical high-pressure studies have
hitherto been performed. A theoretical investigation of
NaAlH, is also of topical interest because of the difficulties
involved in establishing the location of the hydrogen atoms
by high-pressure diffraction techniques.

At ambient conditions NaAlll crystallizes in the tetrag-
onal structuré® shown in Fig. 1a) (space group4,/a). The
[AIH,]™ anion has a compressed tetrahedral geometry with
Al-H distances of 1.603 A. The Nacation has eight nearest
H neighbors which define the vertices of a distorted triangu-
lar dodecahedron. Related compounds with the same stoichi-
ometry take rather different structures: LiBH
(hexagonalP6;mc),° NaGaH, (orthorhombicCmcn),©

3E|ectronic mail: ponniah.vajeeston@kjemi.uio.no; URL: http://folk.uio.no/ FIG. 1. Crystal structure ofa) a-(tetragonalt4,/a) and (b) B-NaAlH,
ponniahv (SrMgH,-type; orthorhombiceme2,).
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T T TABLE |. Optimized structural parameters fer-(tetragonall 4, /a) and
o—oa-NaAlH, & B-NaAlH, (SrMgH,-type; orthorhombicCme2,).

-0.6 ! > B-NaAlH, (SrMgH,-type) -
. o0 Orthor. (NaGaH - type) . . .
" Monocl. (Li AIH;{.‘”) Phase Unit cellA) Atomic coordinates
'\ & - 4 Cubic (NaBH,typej:, _ . .
o o el o eime Neoses
T % - —* Orthor. (KGaH,—type) ®. | =4 - U, U4, 9l5;
‘\ ‘ c=11.0828 H: 0.2199, 0.3710, 0.5639
Na b —11.1483 0.2372% 0.3869° 0.5456
3 AL, a B a=3.5493 Na: 0, 0.1708, 0.2378, 0.1695, 0.2408°
S -Lr T 7 b=13.8304 Al: 0, 0.4147, 0.205@®, 0.4139, 0.2047°
2 c=5.1133 H1): 0, 0.3485, 0.48070, 0.3476, 0.487°
& H(2): 0, 0.3147, 0.01170, 0.3105, 0.0116"
é 12l H(3): 0, 0.0763, 0.684%0, 0.0751, 0.6811°
: H(4): 0, 0.5232, 0.38160, 0.5269, 0.3738
3 xperimentally observed values from Ref. 8.
14k bAtomic coordinates at transition poitin parenthesés
obtain a clearer picture of the conditions at the transition
16 F point and the possibility for formation of thg phase, we

show the pressure dependence of the Gibbs free energy dif-
ference AG) between thex- and 8-NaAlH, in the inset to
Fig. 3. The calculated total-energy differen@eg. 2) be-
tween the two structures at their equilibrium volumes is only
126 meV/f.u. (12.2 kJ/mo). The equilibrium volume of
B-NaAlH, at 1 bar is 9% smaller than that of tkephase
(see Fig. 2 indicating that hydrogen can be stored more
gence of the total energy, and the calculations reported hesgfficiently in the 8 phase. At higher pressures the involved
used a plane wave cutoff of 600 eV. The zero-point entropyenergy difference between and8-NaAlH, is small. In line
contribution to the free energy has not been included in thevith the findings for TiQ?! one should search for possibili-
calculations, but its contribution should in any case be veryties to stabilize the high-pressure phaséNaAlH, at ambi-
small and should not affect transition pressuresent pressure by appropriate treatmémérhaps by chemical
significantly!® A similar approach was successfully applied means, that moreover may open up for improved reversible
in the case of MgH, where the three experimentally ob- hydrogen absorption/desorption kinejics
served high-pressure phases where reproduced rathef’well.  The calculated density of statd30S) for a-NaAlH, (at

In agreement with the experimental findingsthe ac-  equilibrium) and 8-NaAlH, (at transition pressuyeare
tual tetragonal structure takes the lowest enefgig. 2  shown in Fig. 4. Both phases have nonmetallic character
among the seven considered phases. Hence, at ambient catith finite band gaps 4E;~5.04 and 2.35 eV fow- and
ditions NaAlH, crystallizes in the tetragonal structulieere-  3-NaAlH,, respectively. The energetic degeneration of the
after named as thex phase with lattice constantsa
=4.9965 ancc=11.0828 A, [close(within 1 %) to the low- 75
temperaturd8 K) experimental valuésof a=4.9801 ancc
=11.1483 A]. Similarly the calculated atomic coordinates
for a-NaAlH, are in good agreement with experimental 70 F

70 .
Volume (A*/f.u.)

FIG. 2. Calculated unit-cell volume vs free energy for NapiH different
structural arrangements. Arrow marks the» 3 transition.

findings(Table ). At higher pressuresy-NaAlH, transforms ’g

to an orthorhombic SrMgkitype structure{space group 3

Cme2, [Figs. 1b) and 2; hereafter3-NaAlH,}. The coor- 65 F S 05 -
g -o.

dination numbefCN) of Al changes from 4 inv-NaAlH, to 3

6 in the B phase,viz. consistent with the expected general = o~NaAlH

trend of increasing CN with weakening of the covalent/ionic < 60 ¢ -1 1
bonding with increasing pressure. We have calculated the g N
total energy as a function of unit-cell volume for 12 different g P=643 0 5 10 15 20 25
volumes and fitted the results to the so-called universal equa- 5 5[ Pressure (GPa) 1
tion staté® and thus obtained bulk modulBg) and pressure o

derivatives Bg) for a- and B-NaAlH,. Both phases have

low bulk moduli (B;=19.3 and 36.5 GPaB,=4.77 and N r i
3.78, respectivelyimplying that NaAlH, is a very soft and

easily compressible materiaB, for B-NaAlH, is almost 45 . , ;

twice that of thea phase, largely due to the increased CN -5 0 5 10 15 20
and the lower equilibrium volume g8-NaAlH,. Pressure (GPa)

The theoretlca”y gen_erated pressgre-volume CquVg' FIG. 3. Pressure-volume relationship for NaAlHInset: Stability of
3) shows thata-NaAlH, is converted into thes phase at a-NaAlH, relative to B8-NaAlH, in terms of pressure. Arrows mark the
6.43 GPa with a volume reduction of4 %. In order to transition pressure.
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0-NaAIH, B-NaAlH, a-NaAlH, are in good agreement with the experimental val-

5 ues. Botha- and B-NaAlH, have nonmetallic character with
finite band gaps. The coordination number of Al in
B-NaAlH, is six as compared with four fog-NaAlH,. At
the high pressures wher@-NaAlH, rules, the Alp states
are more delocalized and the large DOSs at the top of the VB
are moved to lower energies compared with thephase.
This leads to a gain in the band-energy contribution to the
total energy with pressure, and this may be the reason for the
a-to-B phase transition.
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