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High volumetric hydrogen density phases of magnesium

borohydride at high-pressure: A first-principles study∗
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The previously proposed theoretical and experimental structures, bond characterization, and compressibility of

Mg(BH4)2 in a pressure range from 0 to 10 GPa are studied by ab initio density-functional calculations. It is found that

the ambient pressure phases of meta-stable I41/amd and unstable P -3m1 proposed recently are extra stable and cannot

decompose under high pressure. Enthalpy calculation indicates that the ground state of F222 structure proposed by

Zhou et al. [2009 Phys. Rev. B 79 212102] will transfer to I41/amd at 0.7 GPa, and then to a P -3m1 structure at

6.3 GPa. The experimental P6122 structure (α-phase) transfers to I41/amd at 1.2 GPa. Furthermore, both I41/amd

and P -3m1 can exist as high volumetric hydrogen density phases at low pressure. Their theoretical volumetric hydrogen

densities reach 146.351 g H2/L and 134.028 g H2/L at ambient pressure, respectively. The calculated phonon dispersion

curve shows that the I41/amd phase is dynamically stable in a pressure range from 0 to 4 GPa and the P -3m1 phase

is stable at pressures higher than 1 GPa. So the I41/amd phase may be synthesized under high pressure and retained

to ambient pressure. Energy band structures show that they are both always ionic crystalline and insulating with a

band-gap of about 5 eV in this pressure range. In addition, they each have an anisotropic compressibility. The c axis of

these structures is easy to compress. Especially, the c axis and volume of P -3m1 phase are extraordinarily compressible,

showing that compression along the c axis can increase the volumetric hydrogen content for both I41/amd and P -3m1

structures.
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1. Introduction

Discovery of environmental friendly and renew-

able energy resources to replace fossil fuels is a ma-

jor research goal. Hydrogen generation, storage reser-

voirs, and fuel cells are viewed as viable candidates

for the next generation of energy resources. Hy-

drides are thought to be the bases of efficient hydro-

gen reservoirs, because their hydrogen densities are

much greater in density than gaseous or liquid hydro-

gen. Therefore, researching and understanding the

high density hydrides as potential hydrogen storage

materials has attracted much attention.[1−12]

Among hydrides, Mg(BH4)2 is a promising

lightweight solid-state hydrogen storage material with

a theoretical hydrogen capacity of 14.8 wt%. The

structures of Mg(BH4)2 in ambient conditions have

been widely studied due to their potential application

in hydrogen storage.[13−21] The measured low tem-

perature structure of Mg(BH4)2 contains 330 atoms

in a primitive cell with hexagonal P61 symmetry

(α-phase). Above 453 K, an irreversible polymor-

phic transformation to an orthorhombic (Fddd) β-

phase has been observed.[13,14] However, the first-

principles calculations confirmed that the P61 struc-

ture is dynamically unstable and the correspond-

ing stable structure should have P6122 symmetry.[20]

In 2007, Li et al.[22] suggested experimentally that

Mg(BH4)2 desorbed hydrogen at an extraordinarily

high temperature and was actually irreversible. These

are due to its poor kinetic property. Thus, to im-

prove the hydrogenation and dehydrogenation prop-

erties of Mg(BH4)2, catalysts such as Ti, have been

explored.[23,24] Ball-milling is often used for adding
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a catalyst into the hydride to enhance the dehydro-

genation. The local stress can exceed several gigapas-

cals in this process, in which the structural transition

of the hydrides may be induced.[25,26] On the other

hand, high pressure experiment is an effective method

of synthesizing hydrogen storage materials with high

volumetric hydrogen densities (VHDs), because com-

pressions on materials are usually accompanied by ir-

reversible volume collapse. Therefore, a better un-

derstanding of important physical properties such as

structural transformation, compressibility, and bond-

ing properties under high pressure may shed light on

the synthesis and modifications of new compounds

with possible application to clean energy technologies.

The irreversible phase transition of Mg(BH4)2 was ob-

served above 2.5 GPa,[27] but many aspects of phase

transition in Mg(BH4)2 are still unknown and remain

to be solved for a better understanding of its high

pressure behaviours.

In this work, for understanding the high pressure

behaviours of Mg(BH4)2, its crystal structure, bond

characterization, and compressibility under high pres-

sure are systematically studied by using the plane-

wave pseudopotential method in the generalized gra-

dient approximation (GGA).

2. Computational method

In this work, ab initio pseudopotential plane-wave

density functional method is used, which is imple-

mented in the CASTEP code.[28] All the structural

optimizations in this paper including the atomic po-

sitions and the lattice constants are performed by

the BFGS algorithm proposed by Broyden, Fletcher,

Goldfarb, and Shannon,[29] which provides a fast way

of finding the lowest energy structure and the opti-

mized cell. The optimization will not be finished un-

til the forces on the atoms are less than 0.01 eV/Å

(1 Å=0.1 nm) and all the stress components are less

than 0.02 GPa. The tolerance in the self-consistent

field calculations is 5×10−7 eV/atom. Exchange and

correlation effects are described in the Perdew–Burke–

Ernzerh scheme of the GGA.[30] The summation over

the Brillouin zone is performed with weighted summa-

tion over wave vectors generated by the Monkhorst–

Pack scheme.[31] Convergence tests give 0.04×2π Å−1

grid spacing and 600-eV cutoff energy. With such a

choice, the error bar of total energy is about 0.7 meV

per atom. The elastic stiffness coefficient is evaluated

from the linear relationship (Hooke’s law) between the

resultant stress and applied strain. The lattice dy-

namics is determined using the forces acting on the

atoms in the supercell. The dynamical matrix is con-

structed from the appropriate set of displacements of

the symmetry-nonequivalent atoms. The details of the

direct method are presented elsewhere.[32,33]

3. Results and discussion

In 2006, Nakamori et al.[15] proposed the P -

3m1 and P2/c structures. But the P -3m1 struc-

ture is unstable at ambient pressure due to the

imaginary phonon frequencies. In 2009, Voss et

al.[18] presented a new meta-stable high-density (ρ =

1.01 g·cm−3) tetragonal (I41/amd) stable structure

at ambient conditions, which can be interpreted as a

folded form of the low-density I-4m2 structure (ρ =

0.56 g·cm−3), and it is able to be synthesized, similar

to Ca(BH4)2,
[34] by high pressure techniques. Espe-

cially, this structure of Mg(BH4)2 has extra high the-

oretical hydrogen volumetric density, which exceeds

the ultimate goal of the U.S. Department of Energy

(70 g/L). The Fddd structure shown in Fig. 1(e) is

not the β-phase, but it is a substituted crystal struc-

ture starting from orthorhombic (Fddd) Ca(BH4)2.
[35]

For constructing the P -4m2 Mg(BH4)2, we proposed

an alternative approach starting from the prototype

structures of β-NaBH4 with the P421c symmetry.[36]

Evidently, the ABH4 model cannot be directly used

due to the difference in stoichiometry, where A de-

notes metallic elements. To resolve this problem, we

deduct a metallic atom in the body centre of the unit

cell of ABH4, thereby producing a modified structure.

All the candidate Mg(BH4)2 structures are shown in

Fig. 1. The structures with F222 symmetry proposed

by both Voss et al. and Zhou et al. are not the same

structures, but they are enantiomers approximately.

We recall the F222 structure proposed by Voss et al.

F222 (jpcm).
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(a) I 4m2 (b) P /c (c) I1

(d) F (e) Fddd Ca(BH4)2 (f) P m

(g) Pmc1 (h) I1/amd (i) P m (j) F ↼jpcm↽

Fig. 1. (colour online) Candidate structures of Mg(BH4)2: (a) I-4m2, (b) P2/c, (c) I4122, (d) F222, (e) Fddd-

Ca(BH4)2, (f) P -3m1, (g) Pmc21, (h) I41/amd, (i) P -4m2, (j) F222 (jpcm).
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Fig. 2. (colour online) (a) Theoretical and experimental enthalpy-pressure curves of all the structures and seven possible

decomposing paths. (b) Energies of F222, I4122, F222 (jpcm), P6122, and I-4m2 Mg(BH4)2 at ambient pressure. The

insert shows enthalpy–pressure curves of P6122, F222, I41/amd, and P -3m1 Mg(BH4)2 and phase transition points.

Various research groups attempted to identify the

reaction path and intermediate products of the decom-

position reaction of Mg(BH4)2.
[22,24,37−44] A three-

step reaction[24,40] was suggested as follows:

Mg(BH4)2 → MgH2 + 2B + 3H2

→ Mg+ 2B + 4H2

→ MgB2 + 4H2,

where the last step is observed only when temperature

is increased above 850 K. In addition, V. Ozolins et

al.[45] proposed a reversible reaction with only 293 K

of dehydrogenation temperature, which is as follows:

6Mg(BH4)2 → MgB12H12 + 5MgH2 + 13H2.

Therefore, in order to check the thermodynamic sta-

bility, we compare the enthalpies each as a function
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of pressure for all the theoretical structures proposed

by recent researches with MgB2+4H2, MgH2+B2H6,

MgB12H12+5MgH2+13H2, and MgH2+2B+3H2 as

shown in Fig. 2(a). This figure indicates that

all of these structures do not decompose below

10 GPa, which is in agreement with George et

al.’s experimental results.[27] In these enthalpy cal-

culations, α-B,[46,47] α-MgH2, β-MgH2, γ-MgH2,

δ-MgH2,
[48] β-B2H6,

[49] AlB2-type MgB2, and the

P63/m hydrogen[50] are used. According to Fig. 2(a),

only I41/amd and P -3m1 structures are most stable

in terms of thermodynamics under high pressure. Ac-

cording to our calculations, the energy order of the un-

der debate ground states at ambient pressure is F222

< I4122 < I-4m2 < F222 (jpcm) < P6122 as shown

in Fig. 2(b). The ground state with F222 symme-

try proposed by Zhou et al.[19] will transform to a

I41/amd structure at 0.7 GPa, and then to a P -3m1

structure at 6.3 GPa. The P6122 phase (α-phase)

transforms to I41/amd phase at 1.2 GPa as shown in

the inset of Fig. 2(b). Therefore, both of the I41/amd

and P -3m1 structures are thermodynamically stable

at high pressure and may be synthesized by high pres-

sure experiments. It is noteworthy that there are

31.35% and 18.88 % of volume collapse from Fddd

and P6122 to I41/amd Mg(BH4)2, respectively. And

the phase transition from I41/amd to P -3m1 also has

a volume collapse of 7.17% as shown in Fig. 3. The

structural parameters, densities, and VHDs of all can-

didate structures are listed in Table 1 and compared

with previous results. Each of these two stable phases

has an extra high VHD. The theoretical VHDs reach

146.351 g H2/L for I41/amd and 134.028 g H2/L for

P -3m1 at ambient pressure, respectively.
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Fig. 3. (colour online) Volume differences among P6122,

F222, I41/amd, and P -3m1 Mg(BH4)2.

Table 1. Structural parameters (a, b, and c in unit Å), densities (ρ in unit g/cm3), and VHDs (in g H2/L) of

all structures compared with previous results.

Space group a b c ρ VHD Ref.

P6122 10.354 10.354 37.055 0.782 116.749 [20]

10.478 10.478 37.057 0.763 113.996 [21]

10.422 10.422 37.073 0.771 115.174 present work

Fddd 37.07 18.65 10.91 0.761 113.600 [13]

36.90 18.83 10.65 0.775 115.792 [20]

39.344 18.136 10.987 0.732 109.296 present work

F222 12.122 10.362 10.741 0.532 77.388 [19]

12.111 10.359 10.728 0.533 79.579 present work

F222 (jpcm) 9.928 11.183 11.891 0.543 81.129 [18]

9.996 11.234 11.931 0.535 79.942 [21]

9.969 11.219 11.926 0.538 80.300 present work

I4122 7.448 7.448 12.150 0.532 79.456 [19]

7.449 7.449 12.151 0.532 79.429 present work

I-4m2 8.180 8.180 9.965 0.538 80.316 [17]

8.186 8.186 9.980 0.536 80.078 [21]

8.186 8.186 9.973 0.537 80.134 present work

Pmc21 4.3086 6.0878 8.3888 0.815 121.691 [16]

4.321 8.131 8.128 0.628 93.765 [21]

4.3334 6.6641 8.2997 0.748 111.702 present work

I41/amd 8.252 8.252 10.474 1.005 150.170 [18]

8.317 8.317 10.580 0.980 146.351 present work

P2/c 6.777 5.552 8.085 β=75.40◦ 0.609 90.958 [15]

6.767 5.833 7.726 β=79.58◦ 0.595 88.862 present work

P -3m1 4.279 4.279 5.761 0.981 146.559 [15]

4.272 4.272 6.510 0.871 130.122 [21]

4.263 4.263 6.347 0.897 134.028 present work

P -4m2 4.194 4.194 4.874 1.046 156.165 present work

Fddd-Ca(BH4)2 8.710 12.900 6.833 0.934 139.507 present work
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The structural stabilities of ionic compounds of-

ten depend on their bonding properties and inter-

actions between anions and ions. Thus, to under-

stand the thermodynamic stability of Mg(BH4)2 un-

der high pressure where no decomposition takes place,

we analyse its bonding properties in a pressure range

from 0 GPa to 10 GPa according to its calculated

energy band structure as shown in Figs. 4(a)–4(d).

The I41/amd (Fig. 4(a) is for 0 GPa, Fig. 4(b) for

10 GPa), and P -3m1 Mg(BH4)2 (Fig.4(c) is for 0 GPa

and Fig. (d) for 10 GPa) have similar band structures.

Their conduction bands are all composed of 3s and 3p

orbitals of Mg and B and 2s orbital of H. The valence

bands are composed of sp3 hybrid orbital in [BH4]
−,

and divided into two parts. The part composed of 1s

of H and 2p of B has higher energy than the other part

composed of 1s of H and 2s of B, and near to Fermi

level. But the 2s band of Mg shows a straight line

and no broadening, implying that the corresponding

orbital does not contribute to bond. According to the

energy band structure and the above analysis, both of

these structures of Mg(BH4)2 are ionic crystalline and

composed of Mg2+ and [BH4]
−. All the 3s electrons of

Mg transfer to B and contribute to an sp3 hybrid or-

bital, so the 3s band of Mg is above the Fermi level and

forms the conduction band. The 2s and 2p orbitals of

B obtain these electrons and form sp3 hybrid orbital,

so the 2s and 2p band of B both are below the Fermi

level and form valence band. Comparing Figs. 4(a)–

4(d), there is no obvious change in band structure,

showing that these bonding properties have not been

changed in a pressure range of 0 GPa–10 GPa. Their

band-gaps are always about 5 eV, showing that they

are always insulators in this pressure range. The sta-

bilities of these two structures under high pressure

should be ascribed to this stable bonding nature.
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Fig. 4. (colour online) Energy band structures and partial densities of states of I41/amd ((a) and (b)) and

P -3m1 Mg(BH4)2 ((c), and (d)) at 0 GPa and 10 GPa, respectively.

The mechanical stability of structure provides a

useful insight into crystal. The mechanical stability

of a crystal requires the strain energy to be positive,

which implies that the whole set of elastic constants

Cij satisfy Born–Huang criterion (the matrix of elas-

tic constants Cij must be positive-definite, i.e., the or-

der principal minor determinants must be positive).[51]

The formulas of elastic modulus for cubic, orthorhom-
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bic, hexagonal, and monoclinic crystals are shown in

Refs. [52]–[56]. The six calculated independent elastic

constants of the I41/amd structure at 6 GPa and eight

independent elastic constants of the P -3m1 structure

at 10 GPa are all listed in Table 2. They all sat-

isfy the Born–Huang criterion, i.e., the I41/amd and

P -3m1 structure are both mechanical stable. The dif-

ference between C11 and C33 shows that they each

have an anisotropic compressibility. Their c axes are

all easy to compress compared with a and b axes. The

small C66 of I41/amd shows that it is easy to de-

form under the action of shear force on xz-plane and

along x axis. The dynamical instability of I41/amd

Mg(BH4)2 above 5 GPa is related to this small stiff-

ness. Details are discussed in the following part.

Table 2. Elastic constants (Cij in unit GPa) of I41/amd and P -3m1 structures calculated at 6 GPa and 10 GPa,

respectively.

Space group C11 C33 C44 C66 C12 C13 C14 C24

I41/amd 88.50 66.92 19.38 4.21 27.02 37.45

P -3m1 104.84 76.44 21.09 26.00 52.84 46.86 –5.41 5.41

To check the dynamical stabilities of I41/amd

and P -3m1 phase at high pressure, we calculate their

phonon densities of states (PHDOSs) and dispersion

curves at 0, 2, 4, and 5 GPa for I41/amd phase and

0, 1, 2, 4, 6, 8, and 10 GPa for P -3m1 phase. Figures

5(a)–5(d) show the PHDOSs and dispersion curves of

I41/amd phase at 0 GPa and 5 GPa and those of P -

3m1 phase at 0 and 10 GPa. There are imaginary

modes neither for I41/amd phase at 0, 2, and 4 GPa

nor for P -3m1 phase at 1, 2, 4, 6, 8, and 10 GPa.

However, there are small imaginary modes near the G

point both for I41/amd phase at 5 GPa and for P -

3m1 phase at 0 GPa due to the soft acoustic modes

as shown in Figs. 5(b) and 5(c). Thus, the I41/amd

phase starts to transform to P -3m1 phase at about

5 GPa. It is also confirmed that the I41/amd phase is

dynamically stable at pressures between 0 and 4 GPa,

and the P -3m1 phase is dynamically stable at pres-

sures above 1 GPa. From Figs. 5(a)–5(d), it is found

that the PHDOSs of I41/amd phase and P -3m1 phase

each consist of three separate bands. The low fre-

quency range (0 THz–25 THz) is due mainly to the

motion of the magnesium and boron framework, the

medium range (30 THz–40 THz) corresponds to libra-

tion modes of [BH4]
−, and the narrow high frequency

range (70 THz–80 THz) corresponds to B–H stretch-

ing vibrations. These phonon vibration natures have

not obviously changed in this pressure range, showing

the most stable bond nature.

The anisotropic compressibility is universal in

most materials. Compression can increase the VHD

of a hydrogen storage material effectively. To in-

crease volumetric hydrogen content more effectively,

compression along the high compressible axis is rea-

sonable. Therefore, the anisotropy of compressibil-

ity of material is most important. We analyse the

anisotropies of compressibility and bulk compressibil-

ity by comparing the derivatives of lattice constant

and volume with respect to pressure, ratios a/a0, c/c0,

and V/V0 of I41/amd and P -3m1 structures which

vary with pressure, in which V0, a0, and c0 are the

volume constant and the lattice constants at ambi-

ent pressure. It is found that the c axes of these two

structures are easy to compress. Especially, the c axis

of P -3m1 structure has an extraordinarily large com-

pressibility as shown in Fig. 6(a). This anisotropy of

compressibility should come from anisotropies of in-

ner electrostatic fields of Mg2+ and [BH4]
−. The bulk

compressibilities of P -3m1 and I41/amd structures as

shown in Fig. 6(b), indicate that the P -3m1 structure

has a larger compressibility, which is attributed to the

smaller density of P -3m1 structure and the small elec-

trostatic interaction between ions. From the compar-

ison of derivatives of lattice constants with respect to

pressure as shown in Fig. 6(c), it is found that the

c axis of P -3m1 structure is most easy to compress

below 2 GPa, but the ratio of compression decreases

fast with the pressure increasing. Therefore, the ab-

solute value of derivative of volume of P -3m1 struc-

ture is extremely large when pressure is below 2 GPa,

and increases quickly with pressure increasing. When

the pressure is larger than 5 GPa, the absolute value

of derivative of volume of P -3m1 structure is smaller

than that of I41/amd structure as shown in Fig. 6(d).
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4. Conclusion

In this paper, the high pressure (up to 10 GPa)

behaviours of Mg(BH4)2 are investigated. Enthalpy

calculation indicates that the ground state with F222

symmetry will transfer to I41/amd at 0.7 GPa, and

then to P -3m1 phase at about 5 GPa. And the

experimental P6122 structure (α-phase) transfers to

I41/amd at 1.2 GPa. Especially, there is a large vol-

ume collapse no matter whether the transfer takes

place from P6122 or F222 to I41/amd phase due to

its large VHD. The calculated elastic stiffness con-

stants indicate that the I41/amd and P -3m1 struc-

tures are both mechanical stable under high pres-

sures. And the dynamical stability checking shows

that the I41/amd phase is stable in a pressure range

from 0 GPa to 4 GPa and the P -3m1 phase is stable

at pressures above 1 GPa. According to our calcula-

tion, it is predicted that the high hydrogen volumetric

content structure of I41/amd can be synthesized at

high pressure experimentally and retained to ambient

pressure, but the high compressible structure of P -

3m1 can only exist as a high pressure phase. Further-

more, the anisotropies of compressibility and the bulk

compressibility of I41/amd and P -3m1 structures are

analysed. It is found that the c axes of these struc-

tures are easy to compress. Especially, the c axis and

volume of P -3m1 structure are extraordinarily com-

pressible, showing that compression along the c axis

can increase the volumetric hydrogen content for both

I41/amd and P -3m1 structures.
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