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Crystal structure and stability of magnesium borohydride from first principles
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We present a structure model for constructing Mg(BH,),. The first-principles calculations reveal that some
stable ground-state crystal structures of Mg(BHy), have the same or slightly lower energy than the [-4m2
structure predicted in a paper by Ozolins ef al. [Phys. Rev. Lett. 100, 135501 (2008)]. The possible mechanism
for the anomalous stability originates from the fact that the charge transfer between different atoms is more
homogeneous. The structure model can be anticipated to have potential application for predicting new stable

structures of this group of homologous materials.
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I. INTRODUCTION

Intense theoretical and experimental effort has focused on
the possibility of new hydrogen-storage materials with high
storage capacity and efficiently reversible storage.!” One of
the approaches on hydrogen storage is in borohydrides such
as LiBH,. It is well known that the relatively high decom-
posable temperature and irreversible hydrogenation hamper
practical application of these synthesized samples.'®!" Mag-
nesium borohydride [Mg(BH,),] is a very promising candi-
date for hydrogen storage because of not only its high gravi-
metric storage density (14.9 wt %) but also the lower
hydrogen binding enthalpy.'>"! However, the accurate struc-
tural study on borohydrides has been limited owing to the
complicated structural arrangement and the difficulty for
establishing hydrogen positions by the x-ray diffraction
(XRD) method.!” For example, the Mg(BH,), system has the
relatively complicated structures, and its low- and high-
temperature phases contain 330 and 704 atoms in the unit
cell and exhibit the hexagonal and orthorhombic symmetries,
respectively.'®

Based on an extensively accepted structural model
[A(BC,), prototype] for seeking and predicting new phases
for complex hydrides [including Mg(BHy),], the Pmc21
structure of Mg(BH,), was proved to be the most stable
phase among the polymorphs of Mg(BH,), by starting from
the Cd(AICl,),-type structure.'®!” By using the prototype
electrostatic ground-state approach (PEGS), Ozolins et al.
have validated the existence of a new stable body-centered
tetragonal Mg(BH,), phase (with the I-4m2 symmetry),
which is much lower in energy than the Pmc21 structure and
more suitable for reversible hydrogen storage.? Very re-
cently, Voss et al. predicted a new F222 Mg(BH,), structure,
which has a lower energy than all the previous proposed
phases of Mg(BH,),.2! We also found the low-energy struc-
ture of F222 Mg(BH,), by the structural model we proposed
here at the same time,?> which has been proved to have the
same energy and symmetry as the structure reported in Ref.
21. Due to the structural polymorphism, the Mg(BH,), sys-
tem deserves to further explore the underlying physics. Two
important subjects are remained at least: (i) What physical
origin results in the anomalous stability of the I-4m?2 or F222
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structures? (ii) Would there be other suitable structures for
reversible hydrogen storage? In this work, our motivation
aims at resolving two such questions with the aid of first-
principles calculations, in particular, we present other meta-
stable phases of Mg(BHy),.

II. METHOD

The total energy has been calculated by using the ab initio
pseudopotential density-functional method in CASTEP code?
within the generalized gradient approximation. The ultrasoft
pseudopotentials were expanded by a plane-wave basis set
with the cutoff energy of 600 eV. For performing the inte-
gration in the Brillouin zone, the Monkhorst-Pack k-point
sampling were 4 X 4 X 3 for both the I-4m?2 and 14122 struc-
tures, 3 X 3 X 3 for the F222 structure, and 8 X 4 X 4 for the
Pmc21 structure, respectively. During the geometric optimi-
zation, no symmetry and no restriction were constrained for
both the unit cell shape and the atomic positions with respect
to the Brodyden-Fletcher-Goldfarb-Shanno (BFGS) minimi-
zation scheme. The structural relaxation was stopped until
the total energy, the maximum ionic displacement, the maxi-
mum stress, and the maximum ionic Hellmann-Feynman
force were within 5X107° eV/atom, 0.01 eV/A, 5
X 107 A, and 0.02 GPa, respectively. Our calculations are
for the zero-temperature ground state, due to our proposed
structure has almost the same total energy as the [-4m2
Mg(BH,),,2° we hope the neglect of the zero-point vibra-
tional energy would not affect present results.

III. RESULTS AND DISCUSSION

To construct the new structures of Mg(BH,),, we propose
an alternative approach starting from the prototype structures
of Zr(BH,), with the P-43m symmetry and Hf(BH,), with
the P23 symmetry.?* Evidently, the A(BH,), model cannot
be used to directly construct the structural model of A(BH,),
due to difference in stoichiometry, where A denotes a metal-
lic element. To resolve this problem, we add a metallic atom
(surrounded by square in Fig. 1) into the body center of the
unit cell of A(BH,), and then produce a modified structural
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FIG. 1. (Color online) Modified prototype structures of (a)
a-Mg(BH,), and (b) h-Mg(BH,),. We added a metal atom (sur-
rounded by square) to the body center of the unit cell and keep the
original symmetry [P-43m for a-Mg(BH,), and P23 for
b-Mg(BH,),].

model, which nicely satisfies the requirement of stoichiom-
etry for A(BHy),.

Based on the modified model from the prototype of
Zr(BH,),, which is named as a-Mg(BH,), as shown in Fig.
1(a), we build up a 1 X 1 X2 supercell along the [110] direc-
tion of a-Mg(BH,),, the intention is to construct I-4m?2
Mg(BH,),. To carefully examine the similarity and differ-
ence between the I-4m2 Mg(BH,), and a-Mg(BH,),, we
give the projections of both in the (001) plane, as shown in
Figs. 2(a) and 2(b). One can see that I-4m2 Mg(BH,), and
a-Mg(BH,), are the same in the topological figure viewed
along [001] direction. However, as shown in Fig. 2(c), in the
projection along the [010] or [100] direction, the manner of
arrangement of BH, units in a-Mg(BH,), forms a two-
dimensional flat triangular motif. In contrast, for I-4m2

(c) (d)

FIG. 2. (Color online) Projections of supercell in the (001) and
(010) planes for a-Mg(BH,), and I-4m2 Mg(BH,),. (a) The (001)
projection of a-Mg(BH,),, (b) the (001) projection of I-4m2
Mg(BHy),, (c) the (010) projection of a-Mg(BH,),, and (d) the
(010) projection of I-4m2 Mg(BHy,),.
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FIG. 3. (Color online) Projections along [001] and [010] direc-
tions of 2 X2 X2 supercell of h-Mg(BH,), and 2 X2 X 1 supercell
of 14122 Mg(BH,),. (a) and (b) the (001) and (010) projections of
b-Mg(BH,), as well as (c) and (d) the (001) and (010) projections
of 14122 Mg(BH,),, respectively. The parts (including Mg atoms
and BH, tetrahedrons) surrounded by the dotted circles would be
removed in order to search more stable structure such as /4122.

Mg(BHy),, the projection along the [010] or [100] direction
is composed of buckled hexagonal and triangular motifs, as
shown in Fig. 2(d). If we remove the parts surrounded by
circles [the BH, tetrahedrons and the closest metallic atoms,
see Fig. 2(c)] from the flat triangular sheetlike BH, units to
produce hexagonal holes. By forming a mixture of triangles
and hexagons, the hexagonal holes will be buckled ones after
the structural relaxation. Ultimately, the modified
a-Mg(BH,), transfers to I-4m2 Mg(BH,),.

Due to the structural comparability between Zr(BH,),
with the P-43m symmetry and Hf(BH,), with the P23
symmetry,>* both are very similar in lattice constants and
atomic positions (as shown in Fig. 1). We could also follow
the same procedure as mentioned above to construct the
modified structural model of Mg(BH,), from the prototype
of Hf(BH,),, which is named as b-Mg(BH,), as shown in
Fig. 1(b). Starting from this modified model, we construct a
1 X1X2 supercell along the [110] direction of the
b-Mg(BH,),. Figures 3(a) and 3(b) show the projections
along the [001] and [010] directions of 2 X 2 X 2 supercell in
b-Mg(BH,),, respectively. From the projection of the [001]
direction shown in Fig. 3(a), one can see that the four close-
packed BH, tetrahedrons form a rhombic motif and the man-
ner of arrangement of BH, units of the supercell forms the
two-dimensional flat triangular motif along [100] or [010]
direction. We remove the parts [including Mg atoms and the
BH, tetrahedrons, in Fig. 3(b)] surrounded by the dotted
circles, and then to produce hexagonal holes. By carefully
examining the symmetry, we find that the new initial struc-
ture to exhibit the F23 symmetry (with the lattice parameters
of a=b=c=12.2 A, 88 atoms per unit cell) and contains a
big novel tetrahedron composed of 16 BH, tetrahedrons.
However, this new structure is in fact unstable. After the
strict geometric relaxation, when performing the symmetry
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TABLE 1. Structural parameters, Mulliken charges (only the
maximum and minimum values are listed for nonidentical atoms),
and the total energy of the polymorphs of Mg(BH,),. The energy
difference (AE) makes reference to that of Pmc21 Mg(BHy),.

Symmetry 14122 F222 1-4m?2 Pmc21

a (A) 7.448 12.122 8.165 4302

b (A) 7.448 10.362 8.165 7.936

¢ (A) 12.15 10.741 10.126 8.110

Mg (e) +2.00 +2.00 +2.00 +2.00

B (e) -0.89 -0.89 -0.89 -0.86

H (e) -0.04 -0.04 -0.05 -0.12
-0.01 -0.01 -0.01 +0.09

E, (eV/formula) —1262.748 —1262.748 —1262.746 —1262.547

AE (kJ/mol) -19.4 -19.4 -19.2 0

search with the find symmetry technique that is supplied by
MaterialsStudio package,23 the ultimate relaxed structure is
validated to be 74122 Mg(BH,), (find symmetry with toler-
ance 0.5 A) or may also be identified as the F222 Mg(BH,),
(find symmetry with tolerance 0.2 A). Figures 3(c) and 3(d)
show the projections along the [001] and [010] directions of
2 X2 X1 supercell in 14122 Mg(BH,),. It seems to form the
mixture of triangles and hexagons in the projection of super-
cell in the (010) plane for /4122 Mg(BH,),, as shown in Fig.
3(d).

We first confirm that /-4m2 Mg(BH,), has 0.2 eV/formula
(19.2 kJ/mol) in energy lower than the orthorhombic Pmc21
structure,'” which is in good agreement with the previous
calculation (about 19 kJ/mol).?° The GGA and LDA calcula-
tions have both validated that our proposed polymorphs of
14122 Mg(BHy,), and F222 Mg(BH,), are almost the same or
little lower in energy (0.2 KJ/mol) than that of I-4m2
Mg(BH,),. For 14122 Mg(BHy),, the lattice parameters are
a=b=7.448 A and c=12.15 A [space group 98, see Figs.
3(c) and 3(d)], the Mg and B atoms occupy the 4a (0, 0, 0)
and the 8f (0.4613, 0.25, 0.625) sites, and two nonidentical H
atoms occupy the 16g (0.3629, 0.1203, 0.6195) and 16g
(0.5588, 0.2421, 0.5447) sites, respectively. For F222
Mg(BH,),, the lattice parameters are a=12.122 A, b
=10.362 A, and ¢=10.741 A [space group 22, the Mg at-
oms occupy the 4a (0, 0, 0) and 4c (0.25, 0.25, 0.25) sites, B
atoms occupy the 16k (0.1238, 0.1461, 0.107) and four non-
identical H atoms occupy the 16k (0.1207, 0.2621, 0.1226),
16k (0.0405, 0.1037, 0.1552), 16k (0.2014, 0.0897, 0.1539),
and 16k (0.1320, 0.3701, 0.5044) sites, respectively]. Com-
pared with /-4m2 and Pmc21 structures, the detailed infor-
mation of /4122 and F222 structures are listed in Table I.
The 14122, F222, and I-4m2 phases have the similar struc-
tural characters compared with the experimentally synthe-
sized Mg(BH,),. For instance, each Mg atom is surrounded
by four BH, tetrahedrons and is coordinated by tetrahedral
edges only, resulting in an unusual eightfold and relatively
irregular hydrogen coordination environment.'? It is one of
the reasons that these structures have the lowest energy
among all the predicted structures. In contrast, each Mg atom
is surrounded by six hydrogen atoms in a slightly distorted
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octahedral arrangement for the Pmc21 structure.!” The lower
coordination number of Mg-H bond gives rise to the higher
total energy for the Pmc21 structure.

Since the charge transfer from metal cations to BH, an-
ions is expected to be a key feature for the stability of boro-
hydrides as mentioned in Ref. 24, we further explore the
structural chemical environment of ions. Nakamori et al.
found a linear relation between the stability of borohydrides
and the electronegativity of different metal cations.’* How-
ever, it is difficult to apply to the polymorphs of A(BH,),
because A(BH,), isomorphs have approximately the same
Pauling electronegativity. We calculate the Mulliken charges
of many possible configurations, but list only four polymor-
phs of Mg(BH,), in Table 1. Due to the charge transfer from
Mg atoms to the neighboring B and H atoms in I-4m?2
Mg(BH,),, the Mulliken charges are determined to be
+2.00¢ for all the Mg atoms, —0.89e¢ for all the B atoms, and
—0.05e and —0.01e for two kinds of nonidentical H atoms,
respectively. It should be noted that the pseudopotential used
for Mg was constructed by the electron configurations as
3522p° states, there are eight formal ionic charges which are
composed of both Mulliken charges and effective ionic
charges.” For the 14122 and F222 phases, the calculated
Mulliken charges are +2.00¢ for all the Mg atoms, —0.89¢ for
all the B atoms, —0.04¢ and —0.01e for two kinds of noniden-
tical H atoms, respectively. It is obvious that there is a little
difference among the I-4m?2, F222, and 14122 phases in Mul-
liken charge, in detail, the differences in Mulliken charge
among the nonidentical atoms are +0.04e for the H atoms in
the I-4m?2 phase, while only +0.03¢ for the H atoms in /4122
and F222 phase, respectively. In contrast, the differences in
Mulliken charge among the nonidentical H atoms are +0.21e
in Pmc21 Mg(BH,),, respectively. Therefore, the 14122,
F222, and I-4m?2 phases should be the more stable structures
than Pmc21 Mg(BH,),, due to the homogeneous distribution
of the charge transfer. Despite that the theoretically predicted
structures have the similar ionic environment, the tiny differ-
ences of hydrogen coordination environment and network
topology result undoubtedly in the great reduction in energy.

IV. CONCLUSION

In conclusion, we present an approach to construct the
structure model of Mg(BH,),, starting from the prototype of
A(BH,), instead of the comprehensively used model
A(BC,),. We not only explain the stability of the I-4m2
Mg(BH,),," but also predict the new stable /4122 and F222
phases of Mg(BH,),. The results would have importance for
searching new homologous materials that may be suitable for
reversible hydrogen storage, such as Zn(BH,), and
Ca(BH,),.26?" We also validated that the Mulliken charge
transfer could be perhaps used to clarify the energy differ-
ence of metal borohydrides to some extent.
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