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Abstract

The crystal structure of four bialkali alanates has been calculated by accurate density functional band structure calcpllafitths; K
K,NaAlHg, KNa,AlHg, and LiNgAIH . The latter hydride has been synthesized previously, but its crystal structure has not been reported
before. The former three have previously been shown to be stable. They are all quite similar to the calcufdtég el KsAlH g structures,
which are also presented. The unit cell size and the tilting angle of thg@dtdhedra are the largest differences between the structures. Total
and local densities of states are presented as well as a Hirshfeld charge analysis for all the stable compounds.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Furthermore, the K alanates have been reported to hydro-
genate reversibly without catalysis, suggesting that K may en-

It is now established that titanium catalyzed sodium hance hydrogenation kinetics. This led to our previous work
tetrahydridoaluminate (NaAll} is capable of storing up to  that presented theoretical results suggesting that certain bial-
5wt.% hydrogen reversibly at moderate conditions, releas- kali aluminohexahydrides (alanates) on the foraBAIH g,
ing hydrogen close to the demands from a proton exchangewhere A and B are alkali metals, are stable compared to their
membrane (PEM) fuel celll,2]. This system is thus one of  constituting monoalkali alanat¢4].
the most promising solid state materials for future hydrogen  There has so far not been found any stable bialkali
storage applications. alanates on the form #81_,AlH4, with A and B being al-

The hydrogen mass density is, however, still not high kali metals[5]. This means that a possible hydrogenation/
enough to fulfill the international goals of at least 5wt.% dehydrogenation scheme would be as follows:
relative to the whole system, a goal that may become even
_harder to_reach if safet_y measures are t(_) be inclgded. ThereZAAIH4 + BAIH4 — A,BAIHg + 2Al + 3H, 1)
is also still a need to improve the kinetics, particularly of
the hydrogenation reaction. It is thus important to search for
alternative materials that may either improve the hydrogen
mass density, the kinetics, or both.

The weight density of H in Li alanates is higher than in  Whether either of these reactions is reversible, that is rehy-
Na alanates due to the lighter Li atoms, but the Li alanates drogenation from the gas phase is possible, is an open ques-
have so far not been shown to hydrogenate reverggily tion, and beyond the scope of this work. We present in this

paper the full predicted crystal structure of the newly pre-
* Corresponding author. Fax: +47 22840651. dicted stable phases, together with details from the electronic
E-mail address: 0.m.lowik@fys.uio.no (O.M. Lawvik). structure.

A2BAIHg — 2AH + BH + Al + 3H. 2)
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2. Computational details energies within around 10 meV. The basis sets have double
zeta quality, and should be quite close to the basis set limit.
Allrelaxations and calculations of total energies have been
performed by using the Vienna Ab-initio Simulation Package
(VASP)[6,7]. We used the Projector augmented wave (PAW) 3. Results and discussion
method[8] and the PW91 gradient corrected poteni@ilto
represent the electron density. The number of points in the We have previously predicted that, of the six bialkali
k space integration and the cut-off energy in the plane wave alanates based on Na, Li, and K on the foAy B, AlHg
expansions were chosen so that the error in total energy dugm,n = 1, 2), four are thermodynamically stable com-
to these sources was in the order of 1 meV. The criterion for pared to the monoalkali alanates»IKAIH g, KoNaAlHg,
self-consistency was that the total energy differed by less thanKNayAlHg, and LiNgAIHg [4]. The crystal structures of
10-5 eV between two consecutive steps. The structures werethese compounds are showriTiablel, and compared to the
relaxed by allowing simultaneous optimization of both ionic predicted crystal structures of BHg and KzAlHg. To
positions and cell size and shape, thus avoiding metastablesimplify the comparison of the structures, the cell parameters
structures. The residual minimization method direct inver- and atomic positions are given in the originZ®;/»n space
sion in iterative subspace (RMM-DIIS) implementation of group. Thisis also the symmetry resulting from the optimisa-
the quasi-Newton algorithm was used in the relaxation, and tions, if strict geometrical criteria are applied. The structures
a final high-precision run was performed using the relaxed are, however, in some cases very close to higher symmetry,
structure to calculate the accurate total energy. and one would expect that the small discrepancies stem
The density of states (DOS) plots have been generated byfrom numerical noise. Allowing for such small differences,
the ADF-BAND progran{10,11], which uses a linear com-  the KyLiAlH g and KoNaAlHg structures are recognized as
bination of numerical and Slater-type atomic orbitals. This cubic Fm3m. The LiNgAIHg structure is also very close
makes the local DOS well-defined, without the need to define to Fm3m, and almost identical to the recently determined
Wigner—Seitz radii. The number éfpoints and integration  structure from powder neutron diffraction experimeiiz].
accuracy have been chosen to achieve convergence of totalThe KNaAIHg structure has, on the other hand, relatively

Table 1
The predicted crystal structure of the four bialkali alanates that have been calculated to be stable compared to the calculated crystal stwotdr of N
alanate

A,B, Nag K3 KoLi K 2Na KNa LiNay

Space group P21/n P21/n Fm3m Fm3m P2; Fm3m
a (pm) 5385 6025 5528 5733 5570 5165

b (pm) 5510 6102 5536 5754 5641 5251

¢ (pm) 7719 8582 7832 8128 7973 7339

a(°) 90.00 9000 9000 9000 9000 9000
B() 89.83 8960 9003 8997 8987 9003
y (°) 90.00 9000 9000 9000 9000 9000
5(°) 1813 1294 078 105 1521 1248
Ay 0.99 099 000 000 099 000
A, 0.46 047 050 050 048 000
A, 0.25 025 025 025 025 050
B, 0.00 000 000 000 000, 0.00 099
B, 0.00 000 000 000 054, 0.00 047
B, 0.50 050 050 050 075, 0.51 025
Al 0.00 000 000 000 099 000
Al, 0.00 000 000 000 000 000
Al 0.00 000 000 000 098 000
Hix 0.09 006 000 000 004, 0.92 007
Hiy 0.04 002 000 000 001, 0.97 002
Hiz 0.22 020 023 022 021,0.77 023
Hox 0.23 026 027 028 025,0.76 023
Hay 0.33 033 027 029 032 0.69 030
Hoz 0.54 053 050 050 055, 0.49 053
Hax 0.16 016 023 021 017,081 020
Hay 0.27 024 023 022 025,0.75 027
Haz 0.94 096 000 000 095, 0.02 096

The compounds are on the form,B, AlHg. For the sake of comparison, all the structures have been shown in the lowest symmetry, that is with the highest
precision of the symmetry recognition. All the structures except that of s are then recognized a®2;/n. With lower precision of the symmetry
recognition (comparable to the precision of our method), the structures are recognized in the listed space groups. In addition to the cell trerdiitinters
angles of the AlHg octahedra relative to theaxis has been shown.
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low symmetry, and the 4e positions 82, /n are thus split
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into two non-equivalent 2a positions #2;.

The largest difference between the structures is found for
the lattice constants, which change by up to 10% between the @
largest (KkNaAlHg) and smallest (LiNgAIHg). Apart from
this, there are only small differences. All the structures have
a =y =90, andg is within 0.4 from 90°. Al is placed at
(0,0,0) for all the models except KMaIH g, in which Al has
been displaced by approximately 17 pm. One of the alkali
atoms is also always at (O%), again with KNaAlHg as the
exception, as one sodium atom is displaced by some 8 pm.
All the models have been checked with both the smallest and
the largest alkali atoms at the (O%()site, and the most stable
configuration was in all the cases with the smallest atom at
that site. The other alkali atom is placed at the;(G) site in
the KoLIAIH g and KoNaAlHg structures, while it is slightly
displaced from this in LiNgAIHg and KN&AIH g, similar
to in NasAlHg and KzAlHg. The three hydrogen positions
are equivalent (to within less than 8 pm) in thellAIH g
structure, and the two last hydrogen positions are equivalent
(to within around 8 pm) in the fNaAlHg structure. In the
other structures the three hydrogen positions are distinctly also has more complex structure. The DOS of KN&l g is
different. This is due to the Algloctahedra being tilted away  most similar to NgAlH g, while that of KzNaAlHg is most
from the ¢ axis for these structures. The tilting angles are similar to K3AlHg. The band gap is around 3 eV for all the
listed inTable 1, and we see that the octahedra only are tilted three monoalkali alanates, while it is only 2 eV for the three
around 2 in the two almost cubic structures {KiAIH ¢ and bialkali alanates containing K. In the bialkali systems, the
K2NaAlHg), while they are tilted by between 12 and>1i8 differences in the electronegativities of the different alkali
the other structures. Since the bialkali alanate structures allmetals lead to a polarization which reduces the Madelung
are quite similar to both the NAIH g and KzAlH g structures potential and hence the band gap. The two bialkali alanates
(which are distinctly different from the BAIH g structure), containing lithium both have three valence bands, but the
there is no reason to believe that they should have worsetwo uppermost ones almost coincide, and igAlH g they
hydrogenation kinetics, atleast as long as the crystal structureare completely coalesced. LipalHg has achieved much
is of any significance for the kinetic properties. of the complex structure similar to that of34lHg, while

The total and local DOS are shown for the four stable bial- K>LiAIH g has only two distinct peaks, likedAlHg, but in
kali alanates and compared to the three monoalkali alanates iraddition also a small extra peak in the second and third bands.
Figs. 1 and 2respectively. Apart from LgiAlH g, all the com-
pounds show three distinct valence bands and one relatively One of the most interesting properties of the alanates
broad conductance band. The s, p, and d orbitals of Al areis their ability to reversibly store hydrogen. For the alkali
primarily occupying the lowest, middle, and highest valence alanates the trend is quite clear: Li alanates are difficult or
bands, respectively, while the bands all contain all types of impossible to hydrogenate from the gas phase, Na alanates
alkaline and H electrons. The three valence bands are highesare reversible after catalyzing with transition metals, while K
and most narrow for KAIHg, while the two highest bands  alanates are reversible even without cataljis$. Itis not yet
are grown together for BAIH g. The bialkali alanates are to  possible to understand this properly from the detailed elec-
a certain degree interpolating their constituting monoalkali tronic structure, but we observe thatthere is a clear trend from
alanates, but with several exceptions. Both the two K—Na the complex electronic structure of Li alanate to the very clean
alanates, for example, have a broader upper valence bangbicture of K alanate. If this is relevant for the hydrogenation
than those of both Na and K alanate, while the second bandproperties of the alanates, the complexity of the electronic
is broader than that of K alanate, and smaller than that of structure of the bialkali alanates may be a sign of their pos-
Na alanate. The two upper bands of K alanate have both twosible reversibility. In that case, the hydrogenation properties
distinct peaks, whereas this is split into four peaks in the of LiNaz alanate should be between those of the Li and Na
second band of Na alanate. This is partially reflected in the alanates, while all the three stable bialkali alanates containing
K—Na alanates, which have a small third peak in their mid- K are between Na and K alanate in complexity. The former is
dle valence band. The lowest valence band is located at al-thus an interesting alternative with relatively low weight, and
most the same place for both the K—Na and pure Na alanatesthe latter ones could, if the addition of K is of any importance
around 0.5 eV lower than for K alanate. The conduction band in this respect, have better kinetics tharsNid ¢ without se-
of NagAlHg is somewhat broader than forsKIHg, and it riously compromising the hydrogen weight density.

DOS (Arb. un
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Fig. 1. The total density of states (DOS) of;IMAIH g, Kz;NaAlHg,
KNaAlH g, and LiNgAIHg (solid curves). They are compared to the total
density of states of LiAIHg (blue dotted curves), N&lHg (green dash-
dotted curves) and ¥AlH ¢ (red dashed curves). The energy is in eV relative
to the Fermi level. For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.
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Fig. 2. The local DOS projected on the s (shaded grey), p (solid lines), and d (dotted lines) orbitals of the specified atoms for the bialkali alanates.

Table 2

Hirshfeld charges for the different materials

AnB, Lis Nag Kz KolLi K2Na KNa LiNay
qa 0.16 024/0.26 034/0.30 033 033 032 012
qB - - - Q12 021 028/0.22 026
IN 0.27/0.24 016 011 015 012 014 019
qH -0.12 —0.15 —0.18 -0.15 —-0.16 —0.15/ - 0.17 -0.14
GAHg —0.48 —0.75 -0.97 —0.76 —0.86 —0.82 —0.64

Where two values are given, they represent the noted atom in different crystallographic positions. The compounds are on, s fdkg AyaiH, denotes
the sum of the charges for the alanate ion. The monoalkali alanates are included for comparison.

Hirshfeld population analyses for the systems under study  The anionicity of hydrogen appears to be only weakly de-
are summarized ifiable 2 These atomic charges serve toil- pendent on the alkali metals. A consequence of this is that the
lustrate the ionic part of the interaction, whichisimportant for atomic charge of aluminium depends strongly on the alkali
the presently studied alanates. On inspection of the atomicmetal atoms present. Viewing the alanate anion as a single en-
charges, we note that lithium is significantly less cationic tity, it reflects the cationicity of the alkaline ions, increasing
than sodium or potassium, a result which is in line with the from Li to K alanate with the bialkali alanates interpolating.
fact that lithium is a small atom of relatively low polarisabil- These results are consistent with the local DOS and the crys-
ity, and that it has a higher ionization energy and a lower tal structures; all the investigated properties of the currently
Pauling electronegativity than sodium and potassium. Thesestudied hypothetical bialkali alanates interpolate those of the
differences are also borne out by the entirely different struc- corresponding monoalkali alanates.
ture for LisAlHg compared to the structures presented here
(it has RBB symmetry), and the fact that the lithium-rich bial-
kalialanates not included in the present reporbaAlHg 4. Conclusions
and LbKAIH g) are unstable with respect to their constitut-
ing monoalkalialanates. The larger alkali atom is the most  The detailed crystal structure and electronic density of
cationic in each case, a fact which may be explained along states have been presented for the four bialkali alanates
the same lines. K>LiAIH g, KoNaAlHg, KNayAlHg, and LiNaAIHg. The



O.M. Lovvik, O. Swang / Journal of Alloys and Compounds 404—406 (2005) 757-761 761

three former compounds have not yet been synthesized, butAcknowledgments
was predicted to be stable in a previous styd@} The
predicted crystal structures of these compounds are quite Economic support from the Norwegian Research Council
similar, with the unit cell size and the tilting angle of the through the Nanomat program and generous grants of com-
hydrogen octahedra being the largest difference between theputational resources via the NOTUR project are gratefully
structures. acknowledged.

The calculated DOS show a decreasing degree of com-
plexity when moving from the light alanates towards the
heavier ones, with the bialkali alanates interpolating the be- References
haviour of their constituents. The same is also seen when
calculating the charge transfer between the atoms by a Hir- [1] B. Bogdanovic, et al., Adv. Mater. 15 (2003) 1012.
shfeld population analysis; the charge transfer in the bialkali [2] M. Fichtner, O. Fuhr, O. Kircher, J. Rothe, Nanotechnology 14 (2003)
alanates interpolates that in the corresponding monoalkali __ 778 .

. . . [3] O.M. Lagwvik, S.M. Opalka, H.W. Brinks, B.C. Hauback, Phys. Rev. B

alanates. We would like to encourage experimentalists to 69 (2004) 134117,
investigate whether the hydrogenation kinetics of bialkali (4] 0.m. Lewvik, 0. Swang, Europhys. Lett. 607 (2004) 607.
alanates also interpolates between those of the monoalkali [5] M.E. Arroyo y de Dompablo, G. Ceder, J. Alloys Compd. 364 (2004)

alanates. 6.
[6] G. Kresse, J. Hafner, Phys. Rev. B 47 (1993) 558.
[7] G. Kresse, J. Furthiiiler, Phys. Rev. B 54 (1996) 11169.
[8] G. Kresse, D. Joubert, Phys. Rev. B 59 (1999) 1758.
Note added in proof [9] J.P. Perdew, et al., Phys. Rev. B 46 (1992) 6671.
[10] G. te Velde, E.J. Baerends, Phys. Rev. B 44 (1991) 7888.
K5LiAIH ¢ and K;NaAlHg have now been synthesized,[J. [11] G.te Ve-_lde, E.J. Baerends, J. Comput. Phys. 99 (1992) 84.
Graetz Y. Lee. J. J. Reillv. S. Park. T. Voat. Phvs. Rev. B 71 [12] H.W. Brinks, B.C. Hauback, C.M. Jensen, R. Zidan, J. Alloys Compd.
Y. LEE, J. J. Rellly, S. » 1. VOgL, FNysS. kev. 392 (2005) 27-30.
(2005) 184115] and their crystal structures are very close 0 [13] H. Morioka, K. Kakizaki, S.C. Chung, A. Yamada, J. Alloys Compd.

the predicted ones. 353 (1/2) (2003) 310.



	Crystal structures and electronic structures of alkali aluminohexahydrides from density functional calculations
	Introduction
	Computational details
	Results and discussion
	Conclusions
	Note added in proof
	Acknowledgments
	References


