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The energy landscape of Mg(BH,), under pressure is explored by ab initio evolutionary calculations.
Two new tetragonal structures, with space groups P4 and I4,/acd, are predicted to be lower in enthalpy
by 15.4 and 21.2 kJ/mol, respectively, than the earlier proposed P4,nm phase. We have simulated x-ray
diffraction spectra, lattice dynamics, and equations of state of these phases. The density, volume
contraction, bulk modulus, and simulated x-ray diffraction patterns of I4,/acd and P4 structures are

in excellent agreement with the experimental results.
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Lightweight metal borohydrides have recently received
much attention owing to their high gravimetric and volu-
metric hydrogen densities compared to those of other
complex hydrides [1-4]. Of these, magnesium borohy-
dride, Mg(BHy,),, is a prominent lightweight solid-state
hydrogen-storage material with a theoretical hydrogen
capacity of 14.8 wt%. Hence, it has been extensively
studied as a template for developing novel hydrogen-
storage solutions. On the basis of the experimental data,
the ground-state a and 8 phases have been assigned space
groups P6,22 (330 atoms per unit cell) and Fddd
(704 atoms/cell), which have unexpectedly complex crys-
tal structures [5—-10]. There had been disputes between
experimentalists and theoreticians regarding the nature of
the ground-state structure of Mg(BH,), [11-14]. To
improve the reversible hydrogen absorption or desorption
kinetics or get new metastable polymorphs, a practical
method is to search for a way to possibly stabilize the
high-pressure phase of Mg(BH,), at ambient pressure by
advanced theoretical or experimental methods. For ex-
ample, y-Mg(BHy,), is one of the hydrogen-richest solids,
reported to be capable of storing guest species, such as
hydrogen [14]. Most recently, new 8, 8’, and € phases of
Mg(BH,), were successfully synthesized under pressure
[14]. Many of them turned out to retain their structure upon
decompression to ambient conditions. Crystal structures of
v and & phases were, apparently convincingly, resolved
using powder x-ray diffraction data obtained with synchro-
tron radiation [14]. Unexpectedly, our phonon calculations
showed the P4,nm structure (6 phase) to be dynamically
unstable at ambient pressure, which means that the exact
crystal structure of & phase is still unresolved, even for
such a simple structure with only 22 atoms per cell, and
still less for the unknown &’ and € phases [14]. Therefore,
the polymorphism and phase diagram of this important
compound require further investigation.

Structure searches for ground-state phases of Mg(BH,),
were performed with the ab initio evolutionary algorithm
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USPEX [15-17]. This method has been successfully applied
to a wide range of problems [18,19]. When nothing is
known about the crystal structure, separate searches are
usually done with an increasing number of formula units in
the unit cell—as long as computational resources allow and
until the solution is found. We found structure solutions
already in searches with 2 formula units (22 atoms/cell)
and 4 formula units (44 atoms/cell), which yielded
structures fully explaining the experimental results. We
did structure predictions at 0, 2, 5, 10, 15, and 20 GPa. All
structures were relaxed by the VASP code [20]. During
structure searches, we used BH, groups as whole units
with fixed bond connectivity. All experimentally known
structures contain these nearly rigid units at pressures below
22 GPa [6]. This was done with the Z-matrix representation
for the BH, complex anions, keeping the bond connectivity
within the BH, tetrahedron and fully relaxing the bond
lengths and angles. This approach allowed us to focus
searches on chemically interesting structures and reduced
the search space dramatically [17]. By the way, the presence
of the same nearly rigid BH, groups connected to Mg atoms
by weak bonds implies that zero-point energies of different
structures will be nearly identical and thus can be safely
neglected when comparing energetics of different struc-
tures; our calculations confirm this. We employed the pro-
jector augmented wave method to describe the core
electrons and the generalized gradient approximation of
Perdew, Burke, and Ernzernhof for exchange and correla-
tion. A cutoff energy of 600 eV and a Monkhorst-Pack
Brillouin zone sampling grid with the resolution of 27 X
0.04 A" was used. To examine the importance of long-
range dispersion interactions on this compound’s thermo-
dynamic stability, the semiempirical dispersion-correction
method was applied to the ground-state structures [21].
Phonon dispersion curves were calculated by using the
supercell method as implemented in the PHONOPY code
[22,23]. The powder x-ray diffraction (XRD) patterns
were simulated using the REFLEX software.
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In our calculations, we found F222 Mg(BH,), as the most
stable phase at ambient pressure, in good agreement with
previous theoretical results [12,13]. The tetragonal 14, /acd
and trigonal P3m1 phases are found to be the most stable
ones in structure searches at 2-5 and 10-20 GPa, respec-
tively. Interestingly, within the whole pressure range (up to
20 GPa), we did not find the P4,nm structure proposed by
Filinchuk et al. for the & phase [14] but instead found the
14,/ acd phase with 4 formula units (44 atoms) per conven-
tional cell and P4 phase with 2 formula units per cell at
pressures below 5 GPa (see Fig. 1). Given that the P4,nm
structure is dynamically unstable at ambient pressure and
based on our enthalpy calculations, we hypothesized that the
I4,/acd and P4 structures might correspond to the experi-
mentally observed & and &' phases. Further investigation
confirmed this hypothesis, as we will show below.

Lattice constants of the most interesting candidate struc-
tures are listed in Table I. The calculated zero-pressure
lattice constant (a = b = ¢ = 15.79 A) of the v phase is
in excellent agreement with the experimental value
(15.76 A) [14], which gives a benchmark of the typical

FIG. 1 (color online). [(a) and (c)] Projections of the 14, /acd
structure along the [001] and [010] directions. [(b) and (d)]
Projections of the P4 structure along the [001] and [010]
directions. Large spheres are Mg atoms, small spheres—B
(dark or red) and H (light or green) atoms.

accuracy to expect of density functional theory (DFT)
simulations for this system. For the I4,/acd structure,
the Mg atom occupies the crystallographic 85 site at (0.5,
0, 0), the B atom occupies the 16¢ site at (0.533, 0.25,
0.375), and the H atoms are at the 32g sites with coordi-
nates (0.439, 0.247, 0.295) and (0.627, 0.123, 0.369). For
the P4 structure, the Mg atoms occupies the 1a site at (0, 0,
0) and 1d site at (0.5, 0.5, 0.5), the B atom occupies at the
4h site at (0.25, 0.25, 0.25), and the H atoms are at the 44
sites with coordinates (0.459, 0.282, 0.210), (0.139, 0.327,
0.089), (0.223, 0.038, 0.286), and (0.174, 0.354, 0.416).
From Table I, one can see that on relaxing the experimental
P4,nm structure, one gets unexpectedly large changes in
the lattice constants—so large that, in fact, the relaxed
lattice constants of the P4 structure are the closest match
to the experimental ones [14]. One has to keep in mind that
what is called the “experimental” cell parameters in many
cases is a nonunique result of indexing powder XRD
spectra, and this is the case here.

14,/acd Mg(BH,), becomes more stable than the y
phase at pressures above 0.7 GPa (Fig. 2). In the room-
temperature experiment, a pressure-induced structural
transformation is observed for the porous y phase and
occurs in two steps: The y phase turns into a diffraction-
amorphous phase at 0.4-0.9 GPa and then at approximately
2.1 GPa into the 6 phase [14]. The calculated phase tran-
sition pressure from the 7y phase to the proposed § phase
with P4,nm symmetry is 1.2 GPa and the corresponding
phase transition pressure for the P4 phase is 0.8 GPa,
pressures which are in good agreement with the experi-
mental values (0.4-0.9 GPa). We note a tiny enthalpy
difference between 14, /acd and P4 structures at pressures
around 1 GPa. As pressure increases to 9.8 GPa, the P3ml
structure becomes the most stable one, in agreement with
earlier predictions [6,10]. Bil er al. [8] indicated that it is
important to treat long-range dispersion interactions to get
the ground-state structures of magnesium borohydrides

TABLE I. Lattice constants, density (p), bulk modulus (B) and
its pressure derivative (B’), and the total energy of the polymorphs
of Mg(BH,),. The energy difference (AE) including van der
Waals interactions (AE’) is relative to the P4,nm structure.
Some experimental values (from Ref. [14]) are also listed for
comparison.

Symmetry
Pdnm  Pd,nm

I4,/acd I4,/amd P4 (Theory) (Expt)

a (A) 7.69 832 558 5.79 5.44
b (A) 7.69 832 558 5.79 5.44
c (A) 1230 1052 5.99 5.73 6.15
p (gem™3) 0986 0984 0963 0933 0987
B, (GPa) 24.0 3.0 317 285 28.5

B 43 3.6 3.6 3.6 5.8

AE (kJ/mol) —17.0 —155 —13.6 0

AE' (KJ/mol) —21.2 —193 —15.4 0

245503-2



PRL 109, 245503 (2012)

PHYSICAL REVIEW LETTERS

week ending
14 DECEMBER 2012

N\
0 N
R — P42nm
W
- AN 14 /amd
© AN
S 1 0.00 - RO ---- P-4
£ R —mee 14 facd
5 ‘
";- -0.05 - N P-3m1
° 3 P4,nm AN
= -24E
2 8 -0.10 RN
s |3
> \.\ ‘\\
E 2 -0.15 AN
-3 ..
P4 -~
-0.20 NN
14 famd AN
14 /acd A
-4 0,25 == T T T T T
0 2 4 6 8 10 12

Pressure (GPa)

FIG. 2 (color online). Enthalpy curves (relative to the y phase)
of various structures of Mg(BH,), as a function of pressure.
Enthalpies are given per formula unit. The inset shows the
energy per formula unit of P4, 14, /amd, and 14, /acd structures
including van der Waals interactions at zero pressure relative to
the P4,nm structure.

correctly. We have examined the energetic stability of the
considered structures through a semiempirical Grimme
correction to DFT energies, stresses, and forces [21] (see
the inset of Fig. 2). When this correction is included, the
I4,/acd and P4 structures once again come out as more
stable than the P4,nm structure, by 21.2 and 15.4 kJ/mol,
respectively. Energetic stability seems to correlate with the
degree of disparity of bond lengths and atomic Bader
charges. The P4,nm structure has two inequivalent
Mg-H distances, 2.26 and 2.07 A, compared to 2.11 and
2.07 A in the 14,/acd structure and 2.12 and 2.06 A in the
P4 structure. As we can see, the more homogeneous the
bond lengths, the greater the stability. Bader charges show
the same picture: for H atoms, we find them to be —0.63
and —0.59 ¢ in the P4,nm structure, —0.63 and 0.62 ¢ in
the P4 structure, and —0.63 and —0.61 ¢ in the I4,/acd
structure [24]. More homogeneous Bader charges and bond
lengths in the I4,/acd and P4 structures correlate with
their greater thermodynamic stability at ambient pressure,
in agreement with proposed correlations between local
bonding configurations and energetic stability [13].

Our calculations suggest that the P4,nm structure, pro-
posed by experiment for the & phase, is unstable. This
implies that either density functional theory calculations
are inaccurate for this system or the experimental structure
determination was incorrect. To assess these possibilities,
we simulated the XRD patterns of the I4,/acd and P4
structures and compared them with the experimental XRD
pattern of the & phase at ambient pressure [see Fig. 3(a)].
One observes excellent agreement, both for the positions
and the intensities of the peaks (including both strong and
weak peaks), of the I4;/acd structure with experiment
[14]. The situation is very peculiar: two structures,
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FIG. 3 (color online). Simulated XRD patterns of the 14, /acd,
P4, and P4,nm structures of Mg(BH,), with the x-ray wave-
length of 0.770518 A at ambient pressure (a) and 0.36814 A at
10 GPa (b) in comparison with the corresponding experimental
results (Refs. [6,14]).

I4,/acd and P4,nm, have nearly identical XRD patterns,
both compatible with the experiment, but one, 14, /acd, is
the true thermodynamic ground state (global minimum of
the enthalpy), whereas the other, P4,nm, is not even a local
minimum of the enthalpy (dynamically unstable structure,
incapable of sustaining its own phonons). In this situation,
the true structure is clearly 14, /acd. This example gives a
clear real-life example of the fact that very different struc-
tures can have very similar powder XRD patterns, making
structure determination from powder data dangerous, and
in such cases input from theory is invaluable. The P4
structure also has a rather similar XRD pattern, but the
peak positions are slightly shifted. Comparison with an
independent experimental XRD pattern collected at
10 GPa [Fig. 3(b)] shows that the peak positions and
intensities of the I4,/acd structure are once again in
excellent agreement with the experimental data [6],
whereas the strong peaks of the P4 structure at 9.9°,
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FIG. 4 (color online). Phonon density of states of (a) the P4
phase and (b) the 14, /acd phase at ambient pressure.

11.6°, and 11.8° obviously deviate from the observed ones.
This reinforces our conclusion that the /4, /acd structure is
the best candidate for the high-pressure 6 phase. At pres-
sures below 10 GPa, a mixture of [4, /acd and P4 phases is
possible, as the XRD peaks of these two structures are
quite similar. We again note that in the experiment, the o
and &’ phases are nearly indistinguishable [14].

Filinchuk et al. demonstrated the bulk modulus of the &
phase (28.5 GPa) is almost 3 times higher than that (10.2 GPa)
reported by George et al. by fitting the Murnaghan equation
of state [6,14]. Our third-order Birch-Murnaghan [25] fits of
the equation of state yielded bulk moduli of the 14, /acd and
P4 structures equal to 24 and 31.7 GPa, respectively, con-
sistent with the measured value (28.5 GPa) [14]. The
observed large density difference with respect to the y
phase at ambient conditions (44%) is equally consistent
with 45% (43%) for I4,/acd (P4) structures [14].
Therefore, it is difficult to discriminate between the
I4,/acd and P4 structures by their compression behavior,
density, or bulk modulus. Our calculations show that the
14,/ acd structure not only matches all experimental obser-
vations for the d phase and has the lowest enthalpy among
all sampled structures at the relevant pressure range but also
is dynamically stable; phonons were computed at 0, 5, and
10 GPa. The phonon densities of states (PDOS) of P4 and
14,/acd phases at ambient pressure are shown in Fig. 4,
and once again we see a great degree of similarity. The
similarity of all characteristics of these two phases parallels
the observed similarity of characteristics of the 6 and &’
phases and invites one to propose that while the /4, /acd
structure corresponds to the & phase, the 6’ phase may have
the P4 structure.

In conclusion, we performed a systematic structure
search for the high-pressure phases of magnesium borohy-
drides and identified two tetragonal structures with space
groups 14, /acd and P4 as candidates for the unresolved &
and &’ phases, respectively, which can be kinetically stable

upon the decompression to the ambient conditions. In
particular, the 74, /acd structure is much lower in enthalpy
than the earlier reported structures, and the calculated
density, bulk modulus, and the simulated XRD patterns
are in excellent agreement with the experimental results
[14]. This example highlights the importance of theoretical
simulations in establishing crystal structures, when only
powder XRD data are available: purely experimental solu-
tions may be dangerous even for simple structures, such as
the highly symmetric structure of the 6 phase containing
only six nonhydrogen atoms in the unit cell.

X.F.Z. thanks Y. Filinchuk for valuable discussions. This
work was supported by the National Science Foundation of
China (Grant No. 11174152), the National 973 Program of
China (Grant No. 2012CB921900), the Program for New
Century Excellent Talents in University, the Fundamental
Research Funds for the Central Universities (Grant
No. 65121009), the Postdoctoral Fund of China (Grant
No. 201104302), and the open project program of State
Key Laboratory of Metastable Materials Science and
Technology. A.R.O. thanks the Intel Corporation, the
Research Foundation of Stony Brook University, Rosnauka
(Russia, Contract No. 02.740.11.5102), DARPA
(No. W31P4Q1210008), and the National Science
Foundation (EAR-1114313) for funding. This work partly
used the Extreme Science and Engineering Discovery
Environment, which is supported by National Science
Foundation Grant No. OCI-1053575 (Project allocation
TG-DMR110058).

*xfzhou@nankai.edu.cn
zxf888@163.com

[1] L. Schlapbach and A. Ziittel, Nature (London) 414, 353
(2001).

[2] B.C. Wood and N. Marzari, Phys. Rev. Lett. 103, 185901
(2009).

[3] A. Tekin, R. Caputo, and A. Ziittel, Phys. Rev. Lett. 104,
215501 (2010).

[4] M. Amsler, J.A. Flores-Livas, T.D. Huan, S. Botti,
M. A.L. Marques, and S. Goedecker, Phys. Rev. Lett.
108, 205505 (2012).

[5] R. Cern)’x, Y. Filinchuk, H. Hagemann, and K. Yvon,
Angew. Chem., Int. Ed. 46, 5765 (2007).

[6] L. George, V. Drozd, S. K. Saxena, E. G. Bardaji, and M.
Fichtner, J. Phys. Chem. C 113, 486 (2009).

[71 Y. Zhang, E. Majzoub, V. Ozolins, and C. Wolverton,
Phys. Rev. B 82, 174107 (2010).

[8] A. Bil, B. Kolb, R. Atkinson, D.G. Pettifor, T.
Thonhauser, and A.N. Kolmogorov, Phys. Rev. B 83,
224103 (2011).

[9] A.V. Soloninin, O.A. Babanova, A.V. Skripov, H.
Hagemann, B. Richter, T.R. Jensen, and Y. Filinchuk,
J. Phys. Chem. C 116, 4913 (2012).

[10] J. Fan, K. Bao, D.F. Duan, L.C. Wang, B.B. Liu, and
T. Cui, Chin. Phys. B 21, 086104 (2012).

245503-4


http://dx.doi.org/10.1038/35104634
http://dx.doi.org/10.1038/35104634
http://dx.doi.org/10.1103/PhysRevLett.103.185901
http://dx.doi.org/10.1103/PhysRevLett.103.185901
http://dx.doi.org/10.1103/PhysRevLett.104.215501
http://dx.doi.org/10.1103/PhysRevLett.104.215501
http://dx.doi.org/10.1103/PhysRevLett.108.205505
http://dx.doi.org/10.1103/PhysRevLett.108.205505
http://dx.doi.org/10.1002/anie.200700773
http://dx.doi.org/10.1021/jp807842t
http://dx.doi.org/10.1103/PhysRevB.82.174107
http://dx.doi.org/10.1103/PhysRevB.83.224103
http://dx.doi.org/10.1103/PhysRevB.83.224103
http://dx.doi.org/10.1021/jp210509g
http://dx.doi.org/10.1088/1674-1056/21/8/086104

PRL 109, 245503 (2012)

PHYSICAL REVIEW LETTERS

week ending
14 DECEMBER 2012

[11]
[12]
(13]

[14]

[15]
[16]

[17]

V. Ozolins, E. H. Majzoub, and C. Wolverton, Phys. Rev.
Lett. 100, 135501 (2008).

J. Voss, J.S. Hummelshgj, Z. Lodziana, and T. Vegge,
J. Phys. Condens. Matter 21, 012203 (2009).

X.E. Zhou, Q.R. Qian, J. Zhou, B. Xu, Y.J. Tian, and
H.T. Wang, Phys. Rev. B 79, 212102 (2009).

Y. Filinchuk, B. Richter, T.R. Jensen, V. Dmitriev, D.
Chernyshov, and H. Hagemann, Angew. Chem., Int. Ed.
123, 11358 (2011).

A.R. Oganov and C.W. Glass, J. Chem. Phys. 124,
244704 (2006).

C. W. Glass, A.R. Oganov, and N. Hansen, Comput. Phys.
Commun. 175, 713 (2006).

Q. Zhu, A.R. Oganov, C. W. Glass, and H. T. Stokes, Acta
Crystallogr. Sect. B 68, 215 (2012).

[18]

[19]

[20]

(21]
(22]

(23]
[24]

[25]

245503-5

X.F.Zhou, A.R. Oganov, X. Dong, L. Zhang, Y. Tian, and
H.T. Wang, Phys. Rev. B 84, 054543 (2011).

X.F. Zhou, X. Dong, Z. Zhao, A.R. Oganov,
Y. Tian, and H. T. Wang, Appl. Phys. Lett. 100, 061905
(2012).

G. Kresse and J. Furthmiiller, Phys. Rev. B 54, 11169
(1996); Comput. Mater. Sci. 6, 15 (1996).

S. Grimme, J. Comput. Chem. 27, 1787 (2006).

A. Togo, F. Oba, and I. Tanaka, Phys. Rev. B 78, 134106
(2008).

K. Parlinski, Z. Q. Li, and Y. Kawazoe, Phys. Rev. Lett.
78, 4063 (1997).

W. Tang, E. Sanville, and G. Henkelman, J. Phys.
Condens. Matter 21, 084204 (2009).

F. Birch, J. Geophys. Res. 57, 227 (1952).


http://dx.doi.org/10.1103/PhysRevLett.100.135501
http://dx.doi.org/10.1103/PhysRevLett.100.135501
http://dx.doi.org/10.1088/0953-8984/21/1/012203
http://dx.doi.org/10.1103/PhysRevB.79.212102
http://dx.doi.org/10.1002/ange.v123.47
http://dx.doi.org/10.1002/ange.v123.47
http://dx.doi.org/10.1063/1.2210932
http://dx.doi.org/10.1063/1.2210932
http://dx.doi.org/10.1016/j.cpc.2006.07.020
http://dx.doi.org/10.1016/j.cpc.2006.07.020
http://dx.doi.org/10.1107/S0108768112017466
http://dx.doi.org/10.1107/S0108768112017466
http://dx.doi.org/10.1103/PhysRevB.84.054543
http://dx.doi.org/10.1063/1.3682317
http://dx.doi.org/10.1063/1.3682317
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1002/(ISSN)1096-987X
http://dx.doi.org/10.1103/PhysRevB.78.134106
http://dx.doi.org/10.1103/PhysRevB.78.134106
http://dx.doi.org/10.1103/PhysRevLett.78.4063
http://dx.doi.org/10.1103/PhysRevLett.78.4063
http://dx.doi.org/10.1088/0953-8984/21/8/084204
http://dx.doi.org/10.1088/0953-8984/21/8/084204
http://dx.doi.org/10.1029/JZ057i002p00227

