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First-principles calculations were carried out to study the electronic structure and mechanical and
hydrogen storage properties of calcium bis(tetrahydridoborate) using density functional theory. The
obtained equilibrium lattice parameters are in good agreement with the available experimental data.
The stability of the structure at zero pressure is determined by the calculation of the elastic coe�cients.
Nevertheless, the existence of elastic anisotropy in the compound demonstrates its lower compressibility
along the c-axis than the a- and b-axes. F2dd-Ca(BH4)2 is nonmetallic with a wide band gap of 5.54 eV.
In this regard, Ca(BH4)2 is promising for hydrogen storage applications at the expense of its high
hydrogen volume density of 130 g/L (more than that of liquid hydrogen) and a hydrogen gravimetric
density of 11.46 wt%, exceeding the U.S. Department of Energy's 2025 goal of 5.5 wt%.
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1. Introduction

Over the past decades, di�erent energy storage
methods have been investigated for di�erent mate-
rials belonging to di�erent compound groups [1�5].
There are various ways to save energy, from su-
perconductivity to supercapacitance, through the
use of thermoelectric, photocatalytic, and photo-
voltaic materials. Moreover, �nding an inexpen-
sive and environmentally friendly procedure to fab-
ricate devices that enable energy storage to the
greatest possible extent for various applications is
the focus of attention of many material science re-
searchers [6�15].
Thermoelectric materials and devices have

undergone considerable development in recent
decades [16�18]. Despite extensive studies, current
state-of-the-art thermoelectric studies are not vi-
able for large-scale commercial applications due to
their low e�ciency or reliance on rare or hazardous
materials like lead and tellurium [17�21]. Addition-
ally, materials with excellent optical properties and
high absorption rates have potential applications in
the �eld of renewable energy since they can serve
as absorbers in photovoltaic (PV) devices. Silicon
(Si) is commonly used as a photovoltaic absorber
due to its abundance, cost-e�ectiveness, and poten-
tial for application in advanced processing technolo-
gies [22].

Hydrides are the most important structures
that can be used for hydrogen storage [23�26].
The archetypical example, i.e., calcium bis(tetra-
hydridoborate) (Ca(BH4)2) decomposes (and reab-
sorbs) hydrogen along three possible decomposition
pathways, which are described in [27�29] as follows

Ca(BH4)2 ←→
2
3 CaH2 +

1
3 CaB6 +

10
3 H2 (1)

(with 9.6 wt% of H2 and ∆H=32 kJ/mol),

Ca(BH4)2 ←→ CaH2 + 2 B + 3 H2 (2)

(with 8.7 wt% of H2 and ∆H=56 kJ/mol),

Ca(BH4)2 ←→
1
6 CaB12H12 +

5
6 CaH2 +

13
6 H2

(3)
(with 6.3 wt% of H2 and ∆H=34�36 kJ/mol).

The enthalpy of reactions (1)�(3) is obtained
by density functional theory (DFT) calcula-
tions [27�29].
Experimentally, about 9.0 mass % of hydro-

gen was released when Ca(BH4)2 was heated to
800 K [30, 31]. Simone Di Cataldo et al. [32] in-
vestigated Ca(BH4)2, and their study shows that
the direct band gap is 5 eV for the given material.
Research on doped metal borohydrides suggests
high-temperature superconductivity, with critical
temperatures up to 110 K [32]. Our motivation
to study this material comes from the fact that
it has already been synthesized among the light
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metal borohydrides M(BH4)n (M = Li, Na, Mg,
Ca). These compounds present interesting proper-
ties, particularly in terms of hydrogen storage ca-
pacity, but also yield promising results pointing
towards the possibility of reversibility during suc-
cessive A/D cycles. With a high storage capacity
of about 10 wt% (actually achievable under exper-
imental conditions) and a relatively low dehydro-
genation temperature, Ca(BH4)2 shows promise as
a viable and reversible hydrogen storage material
under appropriate conditions [33]. Inspired by these
interesting results, the present study focuses on ex-
ploring the electronic structure, mechanics, and hy-
drogen storage properties of Ca(BH4)2. The details
of the calculation will be introduced in the next
section. Additionally, the electronic band structure
behavior, mechanics, desorption temperature, and
volumetric and gravimetric hydrogen storage will
be analyzed in detail.

2. Computational method

The present study used the CASTEP package [34]
with projector-augmented wave potential and den-
sity functional theory (DFT) approach based on
the plane wave pseudo-potential method to per-
form ab initio calculations. The Perdew�Burke�
Ernzerhof (PBE) potential [35] was used to man-
age the correlation of electronic exchanges. The
energy cuto� was set at 520 eV to determine the
structural, electronic, magnetic, and elastic prop-
erties of the Ca(BH4)2 phase. The conjugate gra-
dient method was used to optimize the ionic po-
sitions, with the structural parameters obtained
through Hellmann�Feynman forces showing energy
convergence below 0.001 eV/Å within a criterion
of 10−7 eV. The Brillouin zone was modeled us-
ing a 15 × 15 × 3 Monkhorst�Pack [36] grid, and
Brillouin-zone integrations were performed via the
Methfessel�Paxton [37] smearing method with a
smearing parameter of 0.1 eV.
We used the strain energy�strain curve to calcu-

late the elastic constants. For Ca(BH4)2 with or-
thorhombic structure, there are nine independent
elastic constants: C11, C12, C13, C22, C23, C33, C44,
C55, and C66. To calculate the full elastic constants,
the nine Lagrangian strain tensors in terms of a pa-
rameter γ are listed in Table I.
For each strain, γ varied between −0.02 and 0.02

with a step of 0.002, i.e., we had to calculate the to-
tal strain energies of 21 points for each strain tensor.
The calculated E�γ points were then �tted to the
least-squares polynomial, and the elastic constants
could be inferred from the second-order derivatives
of E with respect to γ. Details of the calculations
were introduced in [38]. Based on the Voigt�Reuss�
Hill approximation, other mechanical parameters
for polycrystalline aggregates, such as bulk mod-
ulus B, shear modulus G, Poisson's ratio ν, and the

TABLE I

The relationship between the Lagrangian deformation
and the corresponding coe�cient.

Strain type
Sumary of

elastic constants

A1 = (γ, 0, 0, 0, 0, 0) C11

A2 = (0, γ, 0, 0, 0, 0) C12

A3 = (0, 0, γ, 0, 0, 0) C33

A4 = (γ, γ, 0, 0, 0, 0) C11 + C22 + 2C12

A5 = (γ, 0, γ, 0, 0, 0) C11 + C33+ 2C13

A6 = (0, γ, γ, 0, 0, 0) C22 + C33+ 2C23

A7 = (γ, 0, 0, 2γ, 0, 0) C11 + 4C44

A8 = (γ, 0, 0, 0, 2γ, 0) C11+ 4C55

A9 = (γ, 0, 0, 0, 0, 2γ) C11+ 4C66

Vickers hardness HV , can be obtained via elastic
constants. According to the Voigt and Reuss ap-
proximation, the bulk modulus and the shear mod-
ulus for orthorhombic crystals can be written in the
form [39]

BV =
1

9
(C11+C12+C33+2C12+2C13+2C23), (4)

BR = ϕ
[
C11(C22+C33−2C23)+C22(C33−2C13)

−2C33C12+C12(2C23−C12)

+C13(2C12−C13) + C23(2C13−C23)
]−1

, (5)

GR = 15

{
3

(
1

C44
+

1

C55
+

1

C66

)
+
4

ϕ

[
C11

(
C22+C33+C23

)
+C22

(
C33+C13+C33C12−C12(C23+C12)

+C13(C12+C13)−C23(C13+C23)
)]}−1

, (6)

with
ϕ = C12(C12C13−C13C22) + C23(C13C12−C23C11)

+C33(C11C22−C2
12), (7)

1

GV
=

1

15

[
5(C11+C22+C33)− (C12+C12+C23)

+
3

15
(C44+C55+C66)

]
, (8)

GH =
1

2
(GV +GR), (9)

BH =
1

2
(BV +BR), (10)
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E =
9BHGH

3BH +GH
, (11)

ν =
3BH − 2GH

2(3BH +GH)
, (12)

Az =
GV −GR

GV +GR
. (13)

The results are discussed and compared in terms
of their suitability for use in hydrogen storage and
other applications.

3. Results and discussion

3.1. Structural properties

Ca(BH4)2 crystallizes in an orthorhombic sys-
tem with the space group (F2dd). The results of
X-ray di�raction (XRD) experiments revealed that
Ca(BH4)2 is a structure (see Fig. 1) with Ca, B,
and H atoms occupying the atomic positions (see
Table II).
Table III lists the calculated structural proper-

ties of Ca(BH4)2, along with other experimental
and theoretical data. The compound Ca(BH4)2 has
structural parameter values of a = 8.7068 Å, b =
13.1080 Å, and c = 7.6815 Å. These values closely
match theoretical results reported in previous stud-
ies [30, 40]. The optimized structures are quite reli-
able because the deviation between the theoretically
predicted lattice parameters and those measured ex-
perimentally [30, 41�43] is less than 0.2 Å.

3.2. Elastic properties

The elastic constants Cij , the volume modulus
B, and the shear modulus G are the key param-
eters of the elastic properties of materials. Under-
standing the elastic properties of materials is use-
ful for their industrial application. The elastic con-
stant Cij re�ects the response of a material to ex-
ternal stress and enables the derivation of impor-
tant mechanical information such as the mechanical
stability, bearing capacity, and bonding character-
istics of the compound. For orthorhombic crystals,
the Born�Huang stability criteria Cii > 0 (i = 1�6),
C11 + C22 − 2C12 > 0, C11 + C33 − 2C13 > 0,
C22 + C33 − 2C23 > 0, C11 + C22 + C33 + 2(C13+
C13+C23) > 0 must be reached [38]. The basic pa-
rameters of the elastic properties of Ca(BH4)2 are
listed in Table IV, and they all satisfy the mechani-
cal stability requirements. Table IV lists the elastic
constants of the compound Ca(BH4)2, which were
obtained at zero temperature and zero pressure.
The value of elastic sti�ness in response to defor-
mations along the (001)(c-axis) and (100)(a-axis)
directions is obtained from the elastic constants C33

Fig. 1. Crystal structure of Ca(BH4)2 [30].

TABLE II

Atomic coordinates of Ca(BH4)2 compound [30].

Atom x y z

Ca 0 0 0
B 0.0056(9) 0.2243(2) 0.0081(11)
H 0.0056(9) 0.2243(2) 0.0081(11)
H 0.0345(19) 0.1817(11) 0.1256(14)
H −0.1180(10) 0.2553(12) 0.012(2)
H 0.0910(15) 0.2922(9) 0.028(2)

and C11, respectively. As C33 exceeds C11, it follows
that the c-axis compressibility is greater than the
a-axis compressibility. Quanti�cation of the elas-
tic constant C12 is used to determine the elasticity
present in the ⟨100⟩ direction in the (110) plane. Pa-
rameters C66 and C44 correlate with the ability to
withstand shear stress in the 100 planes along the
⟨110⟩ orientation and the 010 or 100 planes along
the ⟨001⟩ direction, respectively.
The modulus of elasticity B is a parameter that

characterizes the breaking resistance of materials.
The strain that changes volume without changing
shape is called compression, and the strain that
changes shape without changing volume is called
shear. Both parameters, B and G, are used to
measure the crystal's ability to resist deformation.
The larger the B and G, the stronger the resis-
tance to deformation. The mechanical resistance of
compounds is represented by Young's modulus. A
higher Young's modulus value indicates that the
fracturing tendency of the material is more sophis-
ticated [44]. The calculated values of all these alloy
parameters are presented in Table V.
Prediction of hardness and ductility of materials

can be carried out with high accuracy, with consid-
erable support from various factors such as Pugh
ratio (G/B), Poisson ratio (ν), and Cauchy pres-
sure. These parameters play a crucial role in under-
standing the mechanical behavior of materials. Pois-
son's ratio ν provides valuable information about
the ductility of a material. A material with a Pois-
son's ratio equal to or greater than 0.26 exhibits a
ductile nature, which implies that it can undergo
plastic deformation before fracture. On the other
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TABLE IIILattice constants a [Å], b [Å], and c [Å] with total energy Etot [eV].

Method, work a [Å] b [Å] c [Å] Etot [eV]

PBE 8.7068 13.1080 7.6815 −2572.692

Theor. [30] 8.802 13.244 7.473 �
Theor. [40] 8.745 13.105 7.495 �
Exper. [41] 8.7782(2) 13.129(1) 7.4887(9) �
Exper. [42] 8.7759(3) 13.0234(4) 7.4132(2) �
Exper. [43] 8.7782(2) 13.129(1) 7.4887(9) �

TABLE IV

Calculated elastic constants Cij [GPa] of Ca(BH4)2
material.

Elastic constants Ca(BH4)2

C11 27.34
C12 0.31
C13 10.14
C22 31.09
C23 −5.36

C33 33.18
C44 6.97
C55 18.93
C66 9.52

hand, materials with a Poisson's ratio lower
than 0.26 are considered brittle and prone to frac-
ture without signi�cant deformation [38]. Another
key factor in determining the ductility of a mate-
rial is the G/B ratio. When the G/B ratio is less
than 0.57, it means that the material has ductile
properties and is capable of withstanding signi�cant
deformations under stress. Conversely, a G/B ratio
greater than 0.57 suggests a brittle nature, i.e., that
the material is subject to fracturing without under-
going signi�cant deformation [44]. The Cauchy pres-
sure is an essential parameter in this context. Posi-
tive values of the Cauchy pressure indicate a brittle
nature of the material, meaning that its strength is
in�uenced more by compression than by tension. On
the other hand, negative values of Cauchy pressure
imply a ductile nature, suggesting that the mate-
rial's resistance to fracture is in�uenced more by
tension than compression.
The generation of microcracks during the use of

materials is closely related to elastic anisotropy and
a�ects the service life of materials [45]. Therefore,
we calculated the elastic anisotropy of Ca(BH4)2,
which is usually expressed by the anisotropy index
standard equation (11). If Az = 0 or 1, then the
material is isotropic. Otherwise, it is anisotropic.
To demonstrate elastic anisotropy in more de-

tail, the variation of Young's modulus, compressibil-
ity, shear modulus, and Poisson's ratio in di�erent
crystallographic directions should be considered.
In order to explore this anisotropic nature, we

TABLE V

Calculated values of polycrystalline bulk (B), shear
(G) and Young's (E) moduli, Poisson's ratio (ν), and
compressibility (β) of Ca(BH4)2 compound.

Elastic constants Ca(BH4)2

BV [GPa] 11.30
BR [GPa] 11.02
BH [GPa] 11.16
GV [GPa] 12.85
GR [GPa] 10.85
GH [GPa] 11.85
Ex [GPa] 24.11
Ey [GPa] 30.07
Ez [GPa] 28.45

νxy 0.06
νyx 0.08
νzx 0.37
νyz −0.18

νzy −0.17

νxz 0.316
Az 0.94

β [GPa−1] 0.09070

estimated the 3D and 2D plane-projected variations
of G, E, ν, and B of Ca(BH4)2 using the ELATE
code [46]. The defect-free circle or sphere symbolizes
the quality of being isotropic, while any di�erence
from these shapes implies anisotropy. The lower and
upper limits of the aforementioned parameters are
shown in Table IV (see [33, 47]). The 3D curved
surfaces of G, E, ν, and β are shown, respectively,
in Figs. 2�5 in panel d. The 3D elliptical surface
indicates the elastic isotropy of the material (other-
wise it is anisotropic). To distinguish the behavior
in di�erent planes, 2D plots in three main planes
are also shown in Figs. 2�5 in panels a�c.

3.3. Electronic structure

Band structure is an important parameter in
the application of semiconductors in photovoltaic
and optoelectronic devices, as it a�ects the whole
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Fig. 2. The 2D and 3D plots of Young's modulus (E) of Ca(BH4)2.

Fig. 3. The 2D and 3D plots of Poisson's ratio (ν) of Ca(BH4)2.
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Fig. 4. The 2D and 3D plots of shear modulus (G) of Ca(BH4)2.

Fig. 5. The 2D and 3D plots of linear compressibility (β) of Ca(BH4)2.
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TABLE VIEnergy band gap for Ca(BH4)2.

Reference Eg [eV]

Ca(BH4)2

This work 5.54
[33] 5
[47] 4.9

process of carrier generation, separation, and re-
combination [48, 49]. The band gap value, direct
or indirect band gap, and electronic state disper-
sion re�ect the most important information in elec-
tronics, which usually determines the physical prop-
erties of the materials under study. Therefore, the
electronic band structures of Ca(BH4)2 were cal-
culated and analyzed. The calculated band struc-
ture and total density of states for Ca(BH4)2 are
shown in Fig. 6. A large energy gap of approxi-
mately 5.549 eV in Fig. 6 indicates that Ca(BH4)2
is a wide-gap insulator. We have presented our cal-
culated band gap values in Table VI along with
previously reported theoretical results because we
found no experimental band structure (BS) data of
Ca(BH4)2. A larger band gap generally corresponds
to a higher intrinsic carrier concentration, while a
smaller band gap results in a higher intrinsic carrier
concentration. This relationship is due to the energy
required to promote electrons from the valence band
to the conduction band [50]. These materials enable
the use of smaller and more e�cient power elec-
tronics than their silicon-based counterparts due to
their higher band gaps, melting points, and ther-
mal conductivities [51]. The most studied classes
of wide band gap semiconductors are nitrided ma-
terials (e.g., GaN), carbides (e.g., SiC), and group
VI chalcogenides (Ch = O, S, Se, Te) [52]. Wide
band gap (WBG) semiconductors are a broad class
of materials widely used in commercially produced
electronic devices, as well as in emerging energy ap-
plications, such as photovoltaic (PV) solar cells, en-
ergy separation devices, and photo-electrochemical
(PEC) water-splitting devices [50�54].

3.4. Hydrogen storage properties

The gravimetric density of hydrogen is an impor-
tant parameter in the search for hydrogen storage
materials before studying atomic structure predic-
tion and mechanical stability. The gravimetric den-
sity of hydrogen for Ca(BH4)2 is estimated using
the following equation [55]

C [wt%] =
nMH

nMH +Mcom
× 100%, (14)

where n represents the ratio between hydrogen and
atoms of the material, and MH and Mcom repre-
sent the molar masses of hydrogen and the com-
pound, respectively. The gravimetric density of hy-
drogen for Ca(BH4)2 compounds was calculated to

Fig. 6. The calculated electronic band structure
and total density of states for Ca(BH4)2.

be 11.46 wt%, which is higher than that set by
the US Department of Energy, which is 4.5 wt%
for practical applications [25, 55]. Additionally,
we calculated the volumetric hydrogen storage ca-
pacities (Vsc) of Ca(BH4)2 to better understand
their hydrogen storage potential [53]. It turns out
that Ca(BH4)2 has a gravimetric hydrogen density
(GHD) of 11.46 wt% of H2 and a volumetric ca-
pacity of Vsc = 130 g/L, which corresponds to the
target set by the US-DOE for 2025.
The volumetric hydrogen storage capacity

Vsc [kg H2/m3] is given by the following formula [56]

Vsc =
mH2

−m0
H2

V
, (15)

where mH2
is the total mass of hydrogen present in

the calculated volume, m0
H2

is the mass of hydrogen
in the overall phase, and V is the e�ective volume.
It is found that Ca(BH4)2 has the highest GHD of
11.46 wt% and the highest volumetric capacity of
Vsc = 130 g/L.
In order to use hydrides for solid-state hydrogen

storage purposes, thermodynamic stability is one
of the imperative parameters because it in�uences
both the amount of hydrogen that can be stored and
the duration of its storage. To evaluate the thermo-
dynamic stability of Ca(BH4)2 hydrides, we deter-
mined their formation enthalpies (∆H), which con-
stitute an important quantity and can be used to
evaluate the thermodynamic stability of the stud-
ied hydrides.
This helps to determine the approximate temper-

ature at which hydrogen is released from the hy-
dride. Basically, ∆H is the measure of the energy
required to form a compound with the fusion of the
constituent elements. The value of ∆H is negative
for hydrides because energy is released whenever hy-
drogen is bonded to another element. The most neg-
ative value of∆H results in the most stable hydride.
Generally,∆H < 0 indicates that the hydrides stud-
ied are stable, while ∆H > 0 reveals instability.
The following relationship is used to determine∆H,
which is the di�erence between the total energies of
the products and the reactants, namely
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∆H =
∑

Etot
product −

∑
Etot

reacant. (16)

The formation of Ca(BH4)2 hydride is obtained by
the following relation
∆H = Etot

Ca(BH4)2
− 4Etot

H2
. (17)

The calculated energy value of the H2 molecule
is 31.70 eV, which is equal to 31.70 eV, as reported
by Abdellaoui et al. [57]. The calculated ∆H value
for Ca(BH4)2 hydride is −0.355 eV/atom, which
proves that Ca(BH4)2 hydride is thermodynami-
cally stable.
The use of the standard Gibbs energy (∆G) al-

lows the thermodynamic properties of hydrides to
be evaluated. It can be represented by the following
expression [57]
∆G = ∆H − T ∆S. (18)

Here, formation enthalpies ∆H and the entropy
change∆S of the dehydrogenation reaction are used
to measure the temperature of the dehydrogenation
reaction. When the material is heated, ∆S gradu-
ally prevails over ∆H, and then ∆G becomes zero
at constant decomposition pressure and tempera-
ture. Thus, the dehydrogenation temperature can
be evaluated by the following relationship [57, 58]

Tde = −
∆H

∆S
. (19)

When making a comparison between gases and
solids, it becomes evident that the magnitude of
entropy loss ∆S for solids is much smaller. The
observed discrepancy can be attributed to the in-
creased level of disorder exhibited by gases com-
pared to solids when exposed to thermal energy.
The production of hydrogen gas (H2) is the main
factor in�uencing the change in entropy during
the decomposition process. According to the pre-
vailing view among scienti�c experts, as evidenced
in the scienti�c literature, the entropy ∆S of the
H2 molecule is approximately −130.7 J/(mol K)
when evaluated under standard temperature and
pressure conditions [59]. The calculated desorption
temperature for Ca(BH4)2 is 262.06 K. These cal-
culated desorption temperature values are signi�-
cantly good compared to the critical point of hy-
drogen (33.20 K).

4. Conclusions

In this paper, we conducted a detailed study
of the structural, electronic, elastic, and hydro-
gen storage properties of the compound Ca(BH4)2.
The relaxed unit-cell constants (a = 8.7068 Å,
b = 13.1080 Å, c = 7.6815 Å) agree well with
the experimental data from the PBE functional.
The calculated values of the ground state lattice
parameters are very close to the experimental val-
ues. Our calculated band gap values revealed that
Ca(BH4)2 is a wide band gap insulating material,
which is consistent with previous theoretical results.

Then, the mechanical stability is determined by
the elastic sti�ness constants, which reveal that
Ca(BH4)2 hydrides are mechanically stable because
they meet the Born stability requirements. In this
regard, Ca(BH4)2 has shown promise for hydrogen
storage applications due to its high hydrogen vol-
ume density of 130 g/L and gravimetric hydrogen
density of 11.46 wt%, which exceeds the U.S. De-
partment of Energy's 2025 goal of 5.5 wt%.
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