
Identification of a stable phase for the high-capacity hydrogen-storage material Zn(BH4)2 from
density functional theory and lattice dynamics

Pabitra Choudhury,1,2 Venkat R. Bhethanabotla,1,2,* and Elias Stefanakos2

1Sensors Research Laboratory (SRL), Department of Chemical Engineering, University of South Florida, 4202 East Fowler Avenue,
Tampa, Florida 33620-5350, USA

2Clean Energy Research Center (CERC), University of South Florida, 4202 East Fowler Avenue, Tampa, Florida 33620-5350, USA
�Received 20 July 2007; revised manuscript received 16 January 2008; published 3 April 2008�

First-principles calculations were performed on Zn�BH4�2 using density functional theory �DFT� within the
local density approximation and the projected augmented wave method. Zn�BH4�2 is a promising candidate for
hydrogen storage with a capacity of 8.5 wt %. A direct method lattice dynamics approach using ab initio force
constants was utilized to calculate the phonon dispersion curves. This allowed us to establish the stability of the
crystal structure at finite temperatures. DFT was used to calculate electronic properties and the direct method
lattice dynamics was used to calculate the finite temperature thermal properties. Zn�BH4�2 is found to have an
orthorhombic structure in the space group of Pmc21 with lattice parameters a=4.118 Å, b=4.864 Å, c
=7.916 Å. It is an insulating material having a DFT-calculated band gap of 3.529 eV. Analysis of the electronic
structure shows strong bonding between hydrogen atoms and boron in the �BH4�− complex and also less polar
bonding between the Zn and the hydrogen atom. The reaction enthalpy was calculated for the reaction
Zn�BH4�2=Zn+2B+4H2�g� to be 76.91 kJ /mol of H2 at 0 K without any zero point energy correction, and
59.90 kJ /mol of H2 including the zero point energy correction. The simulated standard enthalpy of formation
for the complex Zn�BH4�2 was found to be −66.003 kJ /mol of H2 at 300 K. This suggests that the crystal
structure of Zn�BH4�2 is stable at room temperature and this complex hydride can thus be considered a
potential candidate for hydrogen storage.
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I. INTRODUCTION

A recent challenge in hydrogen storage is to find light
weight complex solid hydrides which have higher gravimet-
ric system capacity greater than 6.5 wt % for on-board ve-
hicular applications. The technical challenge is to find mate-
rials that can exhibit favorable thermodynamics and kinetics
for hydrogen desorption and absorption, and have the ability
to store a sufficient amount of hydrogen by weight as well as
by volume percent. Borohydride complexes as hydrogen
storage materials have recently attracted great interest. The
stabilities of borohydrides have been studied using first-
principles calculations. Some researchers have reported that
alkali borohydrides are too stable for hydrogen storage.1,2

Lithium borohydride �LiBH4� possesses a theoretical hydro-
gen capacity of �18.3 wt %, exhibiting potential promise
for on-board applications. However, hydrogen decomposi-
tion from LiBH4 starts at an elevated temperature of 380 °C
and, also, this compound shows little or no reversible hydro-
genation behavior. It has been reported that catalytically dop-
ing with SiO2 lowers this temperature of hydrogen evolution
to 300 °C.3 A systematic approach to study the phase stabil-
ity of LiBH4 based on ab initio calculations has been pre-
sented and four thermodynamically stable phases have been
identified, including a phase of Cc symmetry for LiBH4.4 A
correlation has been reported between thermodynamic stabil-
ity of metal borohydrides and Pauli electronegativity of the
parent components using first-principles calculations.5

Most of the commonly known borohydrides are found to
be unsuitable for on-board hydrogen storage applications.
This is primarily attributable to the high stability resulting
from very high decomposition temperatures or complete ir-

reversibility of hydrogen desorption.6 Zn�BH4�2 is consid-
ered a potential candidate for on-board applications as it has
a very high theoretical hydrogen storage capacity of 8.5
wt % and a reasonably low decomposition temperature
�85 °C� compared to complex alkali borohydrides �greater
than 300 °C�.7

Density functional theory �DFT� is at present considered
to be a versatile and important tool to solve innovative re-
search problems in metal-hydrogen interactions and associ-
ated mechanisms. Successful application of DFT to a mate-
rials problem involves three distinct steps: �i� translation of
the engineering problem to a computable atomistic model,
�ii� computation of the required physicochemical properties,
and �iii� validation of the simulation results by comparison
with laboratory experiments.8 Lattice dynamics9,10 using a
direct force constant method helps one complete the picture
by allowing for calculation of the finite temperature thermo-
dynamic properties. Recently, in hydrogen storage materials
research, DFT calculations have been employed to under-
stand and validate the catalytic behavior of Ti species on the
dehydrogenation of NaAlH4 clusters.11–13 Crystal structure
stability and electronic structure for storing high hydrogen
content in light weight complex hydrides14,15 have been re-
ported on the basis of DFT calculations.

Although Zn�BH4�2 is a potential candidate for hydrogen
storage, very little is known about its structural and thermo-
dynamic properties. In this study, we performed ab initio
DFT calculations to establish the 0 K crystal structure and
electronic structure. We then performed lattice dynamics
calculations16 to determine the finite temperature reaction en-
thalpy of Zn�BH4�2. We employed the criterion that �2�0
from the phonon frequencies to establish finite-temperature
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stability of the crystal structure determined from DFT calcu-
lations.

The standard enthalpy of formation is an important pre-
dictor of decomposition temperature for the decomposition
reaction with its associated standard thermodynamic param-
eters. For a complex hydride, when the material is being
heated, the effect of standard entropy starts dominating the
standard enthalpy and at the decomposition temperature and
constant pressure the standard Gibbs energy is zero. As dur-
ing heating the entropy change of solid materials is very
small compared to the gas, we can consider that the entropy
change during the decomposition reaction is primarily due to
H2 evolution. Now at standard pressure and temperature for
the most simple metal hydride, �S��S�H2�
=130.7 J /mol K �Ref. 17� which suggests that, for a simple
hydride, the enthalpy of decomposition at room temperature
�300 K� and 1 bar pressure is about 39 kJ /mol of H2. For
complex metal hydride materials it has been suggested that if
the enthalpy of reaction is between 30 and 60 kJ /mol of
H2,18 we can expect the complex metal hydride to be revers-
ible for hydrogen storage.

We extended our theoretical calculations to identify the
most favorable dehydrogenation reaction for Zn�BH4�2 by
calculating the reaction enthalpies of different decomposition
reactions. We expect that upon heating, Zn�BH4�2 releases
hydrogen according to the following reaction during decom-
position:

Zn�BH4�2 → Zn + 2B + 4H2�g� �1a�

Other possible different decomposition reactions are given in
Eqs. �1b�–�1e�. Formation reactions for the decomposition

products are given in Eqs. �2� and �3�. Formation enthalpy is
one good way to establish whether theoretically predicted
phases are likely to be stable. Such results are also expected
to guide us to the discovery of convenient synthesis routes:

Zn�BH4�2 → Zn + B2H6 + H2, �1b�

Zn�BH4�2 → ZnH2 + 2B + 3H2, �1c�

Zn�BH4�2 →
1

2
ZnH2 +

1

2
Zn + 2B +

7

2
H2, �1d�

Zn�BH4�2 → ZnH2 + B2H6, �1e�

2B + 3H2 → B2H6, �2�

Zn + H2 → ZnH2. �3�

II. COMPUTATIONAL METHODS

A. Ab initio

First-principle calculations were performed on Zn�BH4�2
using DFT within the local density approximation19 �LDA�
and projected augmented wave20,21 �PAW� method utilizing a
plane wave basis set to calculate the total energies, as imple-
mented in the Vienna Ab initio Simulation Package
�VASP�.22–24 A 5�5�5 Monkhorst-Pack25 k-point mesh was
used for sampling the Brillouin zone. A kinetic energy cutoff
of 312 eV was used for Zn�BH4�2 for the plane wave basis
set. For Zn, B, H2, and B2H6, the same kinetic energy cutoff

TABLE II. The enthalpy of formation �in kJ/mol of H2� of Zn�BH4�2 from DFT for structures based on a
similar chemical formula unit complex.

Model Z Space group �number� Type of unit cell �Hform �0 K� kJ /mol H2

Ca�AlH4�2 8 Pbca�61� �Ref. 32� Orthorhombic −74.31

2 P21 /c�14� �Ref. 33� Monoclinic 14.10

3 P-62m�189� �Ref. 33� Hexagonal −6.36

9 P-3�147� �Ref. 33� Trigonal −68.83

Mg�AlH4�2 1 P-3m1�164� �Ref. 34� Trigonal 5.27

Mg�BH4�2 2 P2 /c�13� �Ref. 5� Monoclinic −16.63

2 Pmc21�26� �Ref. 35� Orthorhombic −76.91

Zn�BH4�2 2 P-1�2� �Ref. 36� Triclinic −16.73

Be�BH4�2 16 I41cd�110� �Ref. 37� Tetragonal −75.85

Ca�BH4�2 8 Fddd�70� �Ref. 2� Orthorhombic −62.98

TABLE I. Ground-state energy E in eV/mol of Zn, B, and H2 from DFT calculations.

Element/ Space group �number�/ E �this work� E �literature�
compound type �eV/unit formula� �eV/unit formula�

Zn P63 /mmc�194� /hcp �Refs. 26 and 27� −0.922 −1.02

H2 P63 /mmc�194� /hcp �Refs. 28 and 29� −6.782 −6.792

�-B R-3m�166� / trigonal �Refs. 30 and 31� −6.678 −6.479
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values as for Zn�BH4�2 were utilized, in the self-consistent
total energy �Table I� calculations. This allows for the maxi-
mum cancellation of errors in the reaction enthalpy evalua-
tion, which are calculated as small energy differences be-
tween reactants and products �Table II�. The criterion for
self-consistency in the electronic structure determination was
that two consecutive total energies differed by less than
0.001 meV. The atomic positions and the lattice parameters,
including the unit cell volume, were optimized by minimiz-
ing the forces and stresses until the residual forces between
the atoms were within 1.0 meV /Å.

B. Direct method lattice dynamics

DFT is a nonempirical parameter method whose applica-
tions and predictive ability in different fields are known for
some time. Combination of DFT with different techniques
such as linear response method38,39 or direct methods16,40,41

allows us to evaluate phonon dispersion curves without em-
pirical parameters. Parlinski et al.42,43 developed the direct
method where the forces are calculated via the Hellmann-
Feynman theorem using DFT-derived total energies, assum-
ing a finite range of interaction. The phonon spectra are then
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FIG. 1. �a�–�h� Phonon dispersion relations of the Pmc21, I41cd, Pbca, P-3, Fddd, P-1, P2 /c, and P-62m space group structures of
Zn�BH4�2. Coordinates of high-symmetry points are ��0,0 ,0��G�0,0 ,0�, X�1 /2,0 ,0�, H�1 /2,0 ,1 /2�, R�1 /2,1 /2,1 /2�.
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derived using Newton’s equation of motion in the lattice dy-
namics calculations.

The PHONON code,44 based on the harmonic approxima-
tion, as implemented within MOLEKEL was used to calculate
the phonon spectra. Based on the optimized crystal structure,
a supercell consisting of a large number of atoms depending
on the type of unit cell was generated from the conventional
cell. The interaction range is confined to the interior of the
extended supercell and the force constants at and beyond this
extended supercell can be neglected. The asymmetric atoms
were displaced by + /−0.02 Å. The dynamical matrix was
obtained from the forces calculated via the Hellmann-
Feynman theorem. This size of the supercell gives “exact”
phonon frequencies at �, X, H, R Brillouin zone points in the
dispersion curves.

III. RESULTS and DISCUSSION

Zn�BH4�2 is a potential candidate for hydrogen storage
but very little is known about the thermodynamics of this
material. We expect that upon heating, Zn�BH4�2 releases
hydrogen according to reaction �1a� during decomposition.
We calculated the enthalpy of reaction considering Eq. �1a�
and based on the total energy calculation by combined DFT
and direct method lattice dynamics using the following basic
equation:

�H = �
products

E − �
reactants

E . �4�

The total energies of Zn�BH4�2, Zn, B, and H2 were calcu-
lated by DFT to evaluate the enthalpy changes for reactions

given above based on the following structures: different
complex models listed in Table II for Zn�BH4�2, hcp for Zn
�P63 /mmc�, trigonal for B �R-3m�, and monoclinic for
B2H6�P21 /n�. We performed dimer calculations to determine
the optimum binding energy for H2 molecule, for which we
used the constant velocity MD simulation method in VASP. In
these calculations, the interionic distance was increased by
0.01 Å per time step of 1 fs staring from 0.65 Å and ending
at 0.88 Å. All the structures were optimized during the total
energy calculations. The calculated ground-state energies for
each element are given in Table I. The following sections
discuss the stable crystal structures, electronic structure, and
finite temperature reaction enthalpy.

A. Crystal structure

The structure of zinc borohydride with the lowest en-
thalpy of formation was found to be of the Mg�BH4�2 type
which has an orthorhombic structure in the space group of
Pmc21 �No. 26�. No literature studies are available for the
crystal structure of Zn�BH4�2 except a recent one by Naka-
mori et al.5 They have found that the crystal structure of
Zn�BH4�2 is triclinic of space group P-1 �No. 2�. They con-
sidered effective ionic radius of a �BH4�− anion as 2.03 Å
�Ref. 45� which is close to the ionic radii of Br− 1.96 Å and
I− 2.20 Å. In DFT calculations, they considered structures of
MX2 �X=Cl, Br, and I; M =Mg, Zn, Hg, and Cd� for
Zn�BH4�2 to find the most stable crystal structure, as an ionic
bonding exists between Zn++ cations and �BH4�− anions in
Zn�BH4�2. Most of the commonly known complex hydrogen

(a) (b)

FIG. 2. �Color online� Orthorhombic structure of space group Pmc21 �No. 26� of Zn�BH4�2. �a� Proposed three-dimensional crystal
structure and �b� projected structure along �010� plane. �Red: Zn, blue: H, and green: B atom�.
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storage materials which have the same formula unit as
Zn�BH4�2 are given in Table II. We started our calculations
for the Zn�BH4�2 from these known complex models and
included the zinc borohydride structure established by Naka-
mori et al.5 We optimized the atomic positions and cell pa-
rameters for the Zn�BH4�2 for each basis model and finally
optimized the cell volume against the total energy. After that
we calculated the enthalpy of formation using Eq. �4� for
each model. Results from these calculations are shown in
Table II. Negative enthalpy of formation is indicative of a
thermodynamically stable structure.

In our calculations, we found that the stable structures are
Pmc21, I41cd, Pbca, P-3, Fddd, P-1, P2 /c, and P-62m. The
highest negative enthalpy of formation �−76.91 kJ /mol of
H2� for Zn�BH4�2 was found for the space group Pmc21 �i.e.,
Mg�BH4�2 model�. Hence, we considered it to be the most
stable structure of Zn�BH4�2 at 0 K. We found that the en-
thalpy of formation at 0 K for the P-1 space group to be
−16.73 kJ /mol of H2 without zero point energy �ZPE� cor-
rections, which suggests this space group is not the most
stable structure.

To establish finite temperature structural stability, we cal-
culated the phonon spectra by the direct force constant lattice
dynamics technique. The phonon spectra are shown in Fig.
1�a�–1�h�: Pmc21, I41cd, Pbca, P-3, Fddd, P-1, P2 /c, and
P-62m space groups. We did not perform lattice dynamics
calculations for space groups having positive enthalpy of for-
mation without ZPE corrections as they are thermodynami-
cally unstable. It can be seen from these dispersion curves
that non-negative frequency distribution is present only for
the Pmc21 space group. This suggests that Pmc21 space
group �orthorhombic structure� is the stable structure for
Zn�BH4�2 at finite temperatures. Only for this stable structure
can acoustic and optical phonons be seen clearly in the dis-
persion curve.

The highest soft phonon mode for space group P-1 was
found to be i3.75 THz which suggests that the crystal for
this phase group is unstable. This finding contradicts the re-
sults of Nakamori et al.5 Their not incorporating ZPE correc-
tions and utilization of ultrasoft pseudopotentials �versus our
more accurate PAW potentials� are possible reasons for this
discrepancy. The PAW potentials give better accuracy for 3-d
metal hydrides.46 It is observed that for the structure with the
most negative formation enthalpy, the soft phonon modes
vanish. The I41cd, Pbca, P-3, Fddd, P2 /c, and P-62m space
groups showed the biggest soft modes of i1.667, i3.415,
i8.75, i36.063, i20.25, and i12.25 THz, respectively, along
different high symmetry directions.

The minimum total energy for Zn�BH4�2 is
−44.595 eV /mol at a unit cell volume of 150.82 Å3 �con-
sidering the Pmc21 to be the stable structure at finite tem-
peratures�. The optimized lattice parameters and atomic po-
sitions are given in Table III. Figure 2 shows the optimized
orthorhombic �Pmc21� crystal structure. Our calculations
showed nearly tetrahedral shape of the BH4 complex with
B-H bond lengths dB-H=1.20–1.25 Å and H-B-H bond
angles �H-B-H=104.16–120°.Calculations of the phonon den-
sity of states �Fig. 3� allowed us to determine finite tempera-
ture thermodynamic properties. The results are described in
detail in a subsequent section.

In the phonon density of states, the phonon frequencies
are classified into three groups. From the analysis of the
eigenvectors, we found eigenmodes in the regions
25.75–39.75 THz and 65.75–76.75 THz which originate
from internal B-H bending, and stretching vibrations in the
�BH4�− complex anion, respectively. These results compare
well with the experimental solid state Fourier transform in-
frared spectroscopy analysis data �33.84 THz for B-H bend-
ing and 73.66 THz for B-H stretching�.7 As can be seen from
Fig. 3, the librational frequencies �	22.25 THz� that origi-
nate from the displacement of Zn++ and �BH4�−, are lower
than the B-H bending and stretching modes of �BH4�−.

B. Electronic structure

The local and total electronic density of states �DOS�
were calculated for the finite temperature stable crystal struc-
ture of Zn�BH4�2, i.e., Pmc21, and are shown in Figs. 4 and
5. From these figures, it can be seen that Zn�BH4�2 is an
insulating material with a fundamental band gap of 3.529 eV.
For Mg�AlH4�2 quasiparticle GW corrections to DFT calcu-
lations give the actual excited state band gap of 6.5 eV,29

which is 2.4 eV higher than DFT-calculated band gap of 4.1
eV.34 Hence, we expect our calculated band gap of 3.529 eV
to also be an underestimation. From the total density of states
plot �Fig. 4�, it can be observed that there are three main

TABLE III. Optimized crystal structure of Zn�BH4�2. The space
group is Pmc21 �No. 26� with lattice parameters a=4.118 Å, b
=4.864 Å, c=7.916 Å. All the atomic positions are given by Wy-
ckoff letter and the number of formula units in the unit cell Z=2.

Element Wyckoff letter X Y Z

Zn 2a 0.00000 0.28459 0.00890

B1 2b 0.50000 −0.06481 0.47060

B2 2a 0.00000 −0.46194 0.24842

H1 2b 0.50000 −0.30735 0.42745

H2 4c 0.27449 −0.00500 −0.42983

H3 2a 0.00000 0.39706 0.37973

H4 2a 0.00000 0.21066 −0.24017

H5 4c 0.25820 −0.48360 −0.32151

H6 2b 0.50000 0.08396 0.34880
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FIG. 3. Total density of phonon states g�w� of Zn�BH4�2 in
Pmc21 symmetry. Total phonon density of states is normalized as
	g�w�dw=1.
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valence bands and one conduction band. From the partial
DOS plot �Fig. 5�, it can be seen that the lowest valence band
is dominated by B 2s electrons and H 1s electrons with neg-
ligible contribution from Zn. The middle part of the valence
band is mainly dominated by Zn 3d electrons. The upper
valence band is occupied by B 2p electrons and H 1s elec-

trons, with a small contribution from Zn 3d electrons. The
valence band is dominated by B 2s and H 1s electrons that
make a strong B-H bond. The conduction band is primarily
dominated by B 2p electrons and to a lesser extent B 2s and
Zn 4s electrons. Although H s electrons are prominent in the
valence band small states are also found in the conduction

K points Density of states

E
ne

rg
y

(e
V

)

FIG. 4. DFT/LDA electronic band structure and total density of states �DOS� of Zn�BH4�2 relative to Fermi level.
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FIG. 5. �Color online� DFT/LDA electronic local/total density of state �DOS� relative to Fermi level for the most stable space group
Pmc21 �No. 26� is orthorhombic structure �black line for s, blue line for p, and red line for d orbital�.
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band, which may indicate charge transfer to H atoms.
The overall features of the DOS and PDOS, are different

from those of LiBH4,1 NaBH4,45 KBH4,45 and Mg�BH4�2.5

The main difference is that the valence band has three parts
for Zn�BH4�2 whereas the above mentioned borohydrides
have two major parts in the valence band. This may be due to
the presence of d electrons from the Zn atom. However, fur-
ther investigations are required before providing more spe-
cific interpretations.

The electron localization function47,48 �ELF� and charge
density for the Zn�BH4�2 �100� plane were calculated for the
space group Pmc21 to study the bonding between the atoms.
ELF is associated with the probability density of finding two
electrons in the same spin-state close to each other. It is a
position-dependent function which varies between 0 and 1.
An ELF value of 0.5 means a gas-electron-like probability.
The ELF calculated here �Fig. 6� shows strong and large
attractors around the H atoms. Hydrogen has no core attrac-
tor, thus this indicates either a shared-electron or a closed-
shell bond. The very low ELF value on the B sites indicates
delocalized electrons, while a spherical shell attractor is seen
around Zn. The very low ELF value between Zn and �BH4�−

complex indicates the low ionic bond. Whereas, a very high
value of ELF within the �BH4�− complex indicates ionoco-
valent bonding. The plotted charge density �Fig. 7� shows
large densities centered around Zn which is segregated from
B and H atoms. Some density is found around the H atom;
however, it is significantly lower than around the Zn atom.
Almost no charge density is seen around B. This also sug-
gests that electrons are transferred to the H atom mostly from
the B atom resulting in a strong B-H bond in the �BH4�−

complex with less polar bonding between the Zn and H at-
oms.

C. Finite temperature reaction enthalpy

In the thermodynamic expression for the finite tempera-
ture enthalpy

H�T� = E�T� + PV , �5a�

E�T� is the total internal energy which includes not only
energies from DFT and ZPE �at 0 K� but also contributions

from rotational, translational, and vibrational �excluding
ZPE� energies given in Eq. �5b�. We assumed that other ro-
tational and translational energies are important for the gas-
eous phase only:

E = EDFT�0 K� + EZPE�0 K� + Evib�T� + Erot�T� + Etran�T� .

�5b�

The enthalpy of formation is now given by Eq. �6a�, as a
sum of the absolute zero temperature part and the finite tem-
perature part. The first part �Eq. �6b�� includes the ground-
state energy and also the zero point vibrational energy which
is independent of temperature. On the other hand, the finite
temperature part �Eq. �6c�� includes all the energies which
are dependent on temperature, and is calculated using statis-
tical mechanical theory:

�Hform�T� = �H0�0 K� + 
�H�T� , �6a�

where

�H0�0 K� = �EDFT�0 K� + �EZPE�0 K� , �6b�

�EDFT�0 K� = �
products

EDFT�0 K� − �
reactants

EDFT�0 K� ,�6b1�

�EZPE�0 K� = �
products

EZPE�0 K� − �
reactants

EZPE�0 K� ,�6b2�

and
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0.99945

FIG. 6. �Color online� Electron localization function �ELF� of
Zn�BH4�2 �100 plane� �Red: Zn, blue: H, and green: B�.

ZnZn

H

H

H

H BB

Scale
2.6295

2951.3

FIG. 7. �Color online� Charge density of Zn�BH4�2 �100
plane�.
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�Etran
g �T� = �

products
Etran

g �T� − �
reactants

Etran
g �T� .�6c3�

For calculating 
�H�T�, as an example for the reaction given
in Eq. �1a�, we write �Eqs. �7�–�9��


�H�T� = Evib
Zn�BH4�2�T� − Evib

Zn �T� − 2Evib
B �T� − 4�Evib

H2�T�

+ Etran
H2 �T� + Erot

H2�T� + PV� , �7�


�H�T� = Evib
Zn�BH4�2�T� − Evib

Zn �T� − 2Evib
B �T� − 4
Evib

H2�T�

+
3

2
kBT + kBT + kBT� , �8�


�H�T� = Evib
Zn�BH4�2�T� − Evib

Zn �T� − 2Evib
B �T� − 4
Evib

H2�T�

+
7

2
kBT� . �9�

Equation �9� shows that we need to calculate the vibrational
energy of the complex material Zn�BH4�2 and its elemental
components to calculate the finite temperature reaction en-
thalpy. Vibrational energies in the above Eq. �9� were calcu-
lated by integrating the phonon density of states over the
Brillion zone. The results for the EZPE and Evib �without
ZPE� for different elements and compounds are given in
Table IV.

The enthalpy of formation of Zn�BH4�2 was found to be
−76.91 kJ /mol of H2 at 0 K �using Eq. �6b1�� without the
zero point energy corrections and −59.90 kJ /mol of H2 in-
cluding ZPE �using Eqs. �6b� and �6b2��. We also found that
the finite temperature reaction enthalpy for the dehydrogena-
tion reaction �1a� by using Eqs. �6a� and �9� was 66.003
kJ /mol H2 at 300 K or 264.012 kJ /mol of Zn�BH4�2. The ab
initio theoretical formation enthalpy value of ZnH2 �reaction
�3�� from zinc and molecular hydrogen varies from 6.464 to
31.57 kJ /mol ZnH2.52 As very little is known about ZnH2,
we calculated the formation enthalpy of the ZnH2 using fluo-
rite type structure and it was found to be 23.66 kJ /mol ZnH2
at 0 K in our calculations for the dehydrogenation reactions
�1c�–�1e�. For reaction �2�, we calculated the formation en-
thalpy of diborane. It was found to be 25.38 kJ /mol of B2H6
at 0 K including zero point energy whereas the experimental

standard enthalpy of formation is 36.00 kJ /mol of B2H6.53

We defined the standard enthalpy of reaction �Hrxn for the
reaction �1b� as given below:

�Hrxn = �Hform
0 �B2H6� − �Hform

0 �Zn�BH4�2� . �10�

Similar expressions were used for other reactions. Using the
standard formation enthalpies of Zn�BH4�2, B2H6, and ZnH2
we found �Hrxn for the reactions �1b�–�1e� to be 300.012,
287.672, 284.440, and 323.672 kJ /mol of Zn�BH4�2, respec-
tively. Although H2 is released from the liquid phase, we
have not included the heat of fusion for the dehydrogenation
reaction enthalpy. So we can expect the enthalpy of forma-
tion values calculated to be overestimated. As the enthalpy of
dehydrogenation of Zn�BH4�2 for the reaction �1a� is the
lowest, this reaction may be expected to start first upon heat-
ing the complex borohydride. So this reaction can be pre-
dicted as the most favorable decomposition reaction. How-
ever, Jeon et al.7 have found some evolution diborane
experimentally, which indicates that reaction �1b� �36.00
kJ /mol higher enthalpy of dehydrogenation than reaction
�1a�� also occurs at the same time. The exact quantification
and identification of the decomposed gaseous components at
the decomposition temperature of Zn�BH4�2 is beyond the
scope of this work. The main objective of the work in this
section was to find the thermodynamically most favorable
decomposition reaction.

IV. CONCLUSIONS

In this work, we have predicted from theory the stability
of the complex zinc borohydride structure. This required in-
vestigation of both the ground-state energy by DFT and the
lattice vibration energy by direct method lattice dynamics.
We have calculated the structural stability of Zn�BH4�2 at
T�0 from structure-optimization calculations starting with
ten different very similar formula units for Zn�BH4�2. These
calculations establish Pmc21 symmetry to be a new thermo-
dynamically most stable structure of Zn�BH4�2 at finite tem-
perature. Our estimated value for the formation enthalpy of
Zn�BH4�2 is −66.003 kJ /mol H2 at 300 K which suggests
that it should be possible to synthesize this phase. This find-
ing suggests that the crystal structure is stable at room tem-
perature and thus Zn�BH4�2 could be considered a potential
candidate for hydrogen storage. The other thermodynami-
cally stable structures in Table II which are I41cd, Pbca,

TABLE IV. Zero point and vibrational energies of Zn�BH4�2 and its primary elements.

Element/ EZPE �kJ/unit formula� EZPE Evib�300 K� Evib�300 K�
compound �literature� �kJ/unit formula� �kJ/unit formula� �kJ/unit formula�

�calculated� �includes ZPE� �actual�
Zn 1.0 �approx.� �Ref. 49� 1.077 7.176 6.099

�-B 12.5 �Ref. 50� 12.478 13.65 1.172

H2 28.29 �Ref. 29�, 27.08 �Ref. 51�, 28.12 �28.12 �0.0

25.7 �Ref. 50�
B2H6 170.96 �Ref. 51� 163.367 173.473 10.106

Zn�BH4�2 206.539 225.404 18.811
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P-3, and Fddd symmetries, turn out to be unstable at finite
temperatures with respect to lattice vibrations. From elec-
tronic structure calculations, ionic interaction between Zn
and �BH4�− and the strong ionocovalent B-H interaction
within the �BH4�− tetrahedral are revealed. Electronic density
of states studies reveal that this phase has wide-band-gap of
3.529 eV which suggests that the Zn�BH4�2 is an insulator.
Standard reaction enthalpy calculations reveal that decompo-
sition to primary elements is the most favorable one. The
findings of our work are in qualitative agreement with ex-
perimental results. Our study has given new insights into the

thermodynamically most stable phase for the complex zinc
borohydride. The methodology outlined in this work can be
extended to studies on other complex hydrogen storage ma-
terials.
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