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bstract

The structural phase stability of NaBeH3, NaMgH3, and Ca(BH4)2 has been investigated using density-functional projector-augmented-wave
ethod within the generalized-gradient approximation. Among the various structural arrangements used as inputs for the structural optimization

alculations, the experimentally known frameworks are successfully reproduced for NaMgH3 and the positional and unit-cell parameters are found
o be in good agreement with the experimental finding. The crystal structure of NaBeH3 and Ca(BH4)2 has been predicted. The electronic density

f states reveal that all the considered compounds are wide-band-gap insulators.

2006 Elsevier B.V. All rights reserved.

rials;

s
i
i
c
h
w
b
A
a
M
[
t
I
c
e
t
a
c
C

eywords: Crystal structure of NaBeH3 and Ca(BH4)2; Hydrogen storage mate

. Introduction

The implementation of the “hydrogen economy" demands
ccess to materials with a high weight-percentage of hydrogen
hich can operate (hydrogen loading/unloading) at acceptable

emperatures and costs. Up-to-date known hydrides (metal as
ell as complex hydrides) are unable to fulfil these requirements.
everal complex hydrides have high hydrogen content, but un-
ortunately poor kinetics and lacking reversibility with respect to
ydrogen absorption/desorption. Recent experimental findings
ave shown that the decomposition temperature for certain com-
lex hydrides can be modified by introduction of additives [1,2].
his has opened up for research activity on identification of ap-
ropriate admixtures for known or hitherto unexplored complex
ydrides.

The crystal structures of the pure elements and most of the
inary compounds have been frequently studied and are well
haracterized. On turning to ternary compounds, however, the
mount of knowledge is considerably less extensive (with an

stimated 10% coverage of structural information), and for qua-
ernary and multi-component phases the structural knowledge
s extremely poor. For hydrides, owing to the complexity in
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Alkali and alkaline-earth based hydrides

tructural arrangements and difficulties involved in establish-
ng hydrogen positions by X-ray diffraction methods, structural
nformations are very limited [3]. As proposed in our earlier
ommunications, it should be possible to form several series of
ydrides with alkali and alkaline-earth metals in combination
ith group III elements of the periodic table, but only few mem-
ers of these series have so far been experimentally explored.
t present we focus on new materials like MM′H3 (M = alkali

nd M′ = alkaline-earth element, e.g., LiBeH3, NaMgH3, etc.),
′AH5 (A = group III elements, e.g., MgAlH5, BaAlH5, etc.

4]) and M′(BH4)2. Mg-based hydrides have received special at-
ention because of their lower weight and manufacturing costs.
n particular, Mg(AlH4)2 has been in the focus of interest be-
ause, out of the theoretical 9.3 wt.% hydrogen, 7 wt.% may be
xtracted at temperatures as low as 135–163 ◦C [5–7]. However,
he lack of reversibility represents a yet unsolved problem. In
nalogy with Mg(AlH4)2 it is possible to imagine a series of
ompounds with the general formula M(BH4)2 (M = Be, Mg,
a, Sr, Ba). Mg(BH4)2 can theoretically store up to 16.8 wt.%
and its existence and synthesis route are already indicated in

he literature [8]. In this article we are demonstrating the predict-
ng capability of theory for some high hydrogen content known

aMgH3, and unknown NaBeH3 and Ca(BH4)2 phases. In ad-
ition to the crystal structure exploration, electronic structure
nd associated properties of these phases are also investigated
ithin the scope of density-functional theory.

dx.doi.org/10.1016/j.jallcom.2006.12.058
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ig. 1. Optimized ground-state crystal structure for (a) NaBeH3 (CaTiO3 type,
c) �-Ca(BH4)2.

Total energies have been calculated using the projected–
ugmented plane-wave (PAW) [9] implementation of the Vienna
b initio simulation package (VASP) [10]. The generalized-
radient approximation (GGA) [11] was used to obtain accurate
xchange and correlation energies for particular configura-
ions of atoms. Ground-state geometries were determined by

inimizing stresses and Hellman–Feynman forces with the
onjugate-gradient algorithm, until forces on all atomic sites
ere less than 10−3 eV Å−1. Brillouin zone integration was
erformed with a Gaussian broadening of 0.1 eV during all
elaxations. In order to span a wide range of energetically
ccessible crystal structures, unit-cell volume and shape as well
s atomic positions were relaxed simultaneously using a series
f calculations with progressively increasing precision. A final
igh accuracy calculation of the total energy was performed
fter completion of the relaxations with respect to k-point
onvergence and plane-wave cutoff. From various sets of calcu-
ations it was found that 512 k points in the whole Brillouin zone
ith a 500 eV plane-wave cutoff are sufficient for the NaMgH3

tructure to ensure optimum accuracy in the computed results.
similar density of k points and energy cutoff were used for

he other structures/phases considered. The present type of the-
retical approach has recently been applied to explore ambient-
nd high-pressure phases of hydrogen storage materials, which
n many cases have later been experimentally verified.

.1. Structural features of NaBeH3 and NaMgH3

Following 24 potentially applicable structure types have been
sed as inputs in the structural optimization calculations for the
MgH3 compounds (Pearson structure classification notation in

arenthesis): KMnF3 (tP20), GdFeO3 [NaCoF3 (oP20)], KCuF3
tI20), BaTiO3 [RbNiF3 (hP30)], CsCoF3 (hR45), CaTiO3
CsHgF3 (cP5)], PCF3 (tP40), KCuF3 (tP5), KCaF3 (mP40),

aCuF3 (aP20), SnTlF3 (mC80), KCaF3 (mB40), LiTaO3

hR30), KCuF3 (oP40), CaCO3 (mP20), KNbO3 (tP5), KNbO3
oA10), KNbO3 (hR5), LaNiO3 (hR30), CaTiO3 (oC10), FeTiO3
hR30), SrZrO3 (oC40), BaRuO3 (hR45), and �-CsMgH3

m
w
a
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perovskite; Pm3m); (b) NaMgH3 (GdFeO3 type, deformed perovskite; Pnma);

Pmmm) [12,13]. From the above structural starting points, full
eometry optimization has been carried out without any con-
trains on the atomic positions and unit-cell parameters. It should
e noted that, during the structural relaxation, some of the ini-
ial structures are converted into another structure type or a new
tructure which was not included among the selected guess struc-
ures.

The crystal structure of NaMgH3 is already known and this
as been considered as a distorted perovskite structure [Fig. 1(b)]
nalogous to the GdFeO3 type [14–16]. Consistent with the ex-
erimental findings, the structural optimizations show that, this
tomic arrangement has lower energy than the considered alter-
atives (see above) and the calculated unit-cell dimensions and
ositional parameters at 0 K and ambient pressure are in good
greement with the room temperature experimental results (see
able 1). The deviations from the experimental unit-cell param-
ters a and b are almost zero and the underestimation of 1.2%
n the c direction is typical for the state-of-art approximation
f density-functional theory. This finding shows that one can
eliably reproduce/predict structural parameters for even quite
omplex atomic arrangements with this type of approach. When
e compare the interatomic distances, the Na H distances are
arying over a larger range from 2.302 to 2.701 Å, while, the
g H distances are varying from 1.967 to 1.976 Å. These val-

es are consistent with the experimental observation, where the
a H distances are varying between 2.26 and 2.47 Å and the
g H separation varies between 1.957 and 1.979 Å. As seen

rom Table II, the MgH6 octahedra in NaMgH3 are somewhat
istorted (H Mg H angles are in the range of 88.2–91.8◦). A
imilar structure with the same type of distortions is incidently
lso found for NaMgF3 [16]. In general, most of the hydride
nd fluoride families show pronounced analogies in structural
spects.

The crystal structure of NaBeH3 is not yet identified experi-

entally. According to the structural optimization calculations
ith the considered 24 structural inputs, the CaTiO3 type vari-

nt [Table 1, Fig. 1(a)] is found to have the lowest total energy.
he NaBeH3 structure consists of corner sharing ideal BeH6 oc-
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Table 1
Optimized equilibrium structural parameters, bulk modulus (B0), and pressure derivative of bulk modulus (B′

0) for NaBeH3, NaMgH3, and Ca(BH4)2 phases

Compound (structure type; space group) Unit-cell (Å) Positional parameters B0 (GPa) B′
0

NaBeH3 (CaTiO3 type; Pm3m) a = 3.2662 Na (1b): 1/2, 1/2, 1/2 62.7 3.5
Be (1a): 0, 0, 0
H (3d): 0, 0, 1/2

NaMgH3 (GdFeO3 type; Pnma) a = 5.4525 (5.4634)a Na (4c): 0.0209, 1/4, 0.006 38.4 3.6
b = 7.6952 (7.7030)a Mg (4b): 0, 0, 1/2
c = 5.3683 (5.4108) H1 (4c): 0.503, 1/4, 0.093

H2 (8d): 0.304, 0.065, 0.761
Ca (BH4)2 (Ba(MnO4)2 type; Fddd) a = 13.1491 Ca (8b): 1/8, 5/8, 1/8 16.6 5.1

b = 8.8052 B (16e): 0.3462, 1/8, 5/8
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band is split into two bands. A similar feature is observed [21]
for LiAlH4 and NaAlH4. Common structural features for all
these phases is the tetrahedral BH4/AlH4 units and a very similar
c = 7.4799

a Experimental value from Ref. [14].

ahedra [see Fig. 1(a)]. In NaBeH3, Na is surrounded by 12 H
n cuboctahedral coordination at a distance of 2.31 Å and Be is
ctahedrally coordinated to six H at a distance of 1.63 Å, H is sur-
ounded by two Be and four Na, and the shortest H H separation
s 2.31 Å. The crystal structure of both NaBeH3 and NaMgH3
elongs to perovskite family. Generally, the A-site cations in
n ideal perovskite structure (ABX3) are larger than the B-site
ations and similar in size to the X-site anions. In relation to
aBeH3 we note that the tabulated ionic radius for Na+ is larger

han that for Be2+ and H−, but the Be2+ radius is only around
alf of the H− radius [13,17]. This finding appears to empha-
ize the significance of size factors associated with both cations
nd anions (in particular H−) for stabilization of an ideal/inverse
erovskite arrangement.

.2. Structural features of Ca(BH4)2

Twenty eight potentially applicable structure types have been
sed as inputs in the structural optimization calculations for
he Ca(BH4)2 phases (used input structural modifications are
iven in Ref. [18]). The structural optimization calculations for
a(BH4)2 phase show that the Ba(MnO4)2 type input struc-

ure has the lowest total energy. It is interesting to note that
g(AlH4)2 system consists of slightly distorted MgH6 octa-

edron and AlH4 tetrahedra. These polyhedra are bridged by
hydrogen resulting in a structure with a sheet-like arrange-
ent along the c axis [7,19]. On the other hand, in Ca(BH4)2

he atomic arrangement exhibits three dimensional network (see
ig. 1(d)). The Ca(BH4)2 structure consists of slightly distorted
H4 tetrahedra with B H distances varying between 1.22 and
.23 Å and the H B H bond angle varies from 106 to 113◦.
ll the H atoms in the BH4 tetrahedra are linked by two nearest
eighbor Ca atoms. These Ca atoms are surrounded by eight hy-
rogen atoms with Ca H distances varying between 1.992 and
.208 Å. Application of high-pressure transforms this structure
ype to a few other high-pressure structural modifications. The
igh-pressure behavior of these studied phases along with other
ompounds in the rest of the series will appear in a forthcoming

rticle.

By fitting the total energy as a function of cell volume using
he so-called universal equation of state [20], the bulk modulus
B0) and its pressure derivative (B′

0) are obtained (Table 1),

F
s
s

H1 (32h): 0.2931, 0.1250, 0.7607
H2 (32h): 0.5996, 0.9875, 0.3858

ut no experimental data are yet available for comparison.
ompared to intermetallic-based hydride phases, all these
hases have low B0 values implying that these materials are
oft and easily compressible. Hence, one can expect that
e-stabilization of some of the hydrogen atoms from the matrix
ay be feasible. However, the Be H and/or B H bonds are

ikely to be strong. In fact, the experience from other complex
luminium-containing hydrides shows that one needs high
emperature to break Al H bonds (Fig. 2).

The calculated total DOSs for NaBeH3, NaMgH3, and
g(BH4)2 in the ground-state configurations are shown in Fig.

. All the studied compounds have finite energy gaps (from 2.4
o 4.9 eV) between the valence band and the conduction band
CB) and are hence, proper insulators. In Ca(BH4)2 the valence
ig. 2. Calculated unit-cell volume vs. total energy for Ca(BH4)2 in possible
tructural arrangements (for the better view only 11 structural modifications are
hown.
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Fig. 3. Calculated total DOSs for NaMgH3, NaBeH3, and Ca(BH4)2 com-
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onding situation. The basically ionic interaction between Mg
nd BH4/AlH4 also has its parallel for alkali-metal-to-AlH4
nteraction in LiAlH4 and NaAlH4. More specifically we see
he B H/Al H interaction within the BH4/AlH4 tetrahedra
s iono-covalent and that between Mg and H more as pure
onic. On the other hand, in NaBeH3 and NaMgH3 phases
he valence band become a single region and the interaction
etween Be/Mg H and Na H has predominant ionic character.

. Conclusion

The crystal and electronic structures of NaMgH3, NaBeH3,
nd Ca(BH4)2 have been studied by state-of-the-art density-
unctional calculations. The ground-state crystal structures have
een identified from structural optimization of a number of
tructures using force as well as stress minimizations. For
he experimentally known compounds, the ground-state struc-
ures are successfully reproduced within the accuracy of the
ensity-functional approach. The crystal structures of NaBeH3,
nd Ca(BH4)2 have been predicted and one can store up to

1.56 wt.% H in Ca(BH4)2 phase. The studied compounds are
ide-band-gap insulators and the insulating behavior is associ-

ted with well-localized, paired s-electron configuration at the
site.
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