
International Journal of Hydrogen Energy 81 (2024) 391–404

Available online 24 July 2024
0360-3199/© 2024 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and
similar technologies.

Ab initio study of the structural, mechanical, optoelectronic and
thermo-physical properties of XGaH5 (X=Ba, Ca, and Mg) compounds for
hydrogen storage applications
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A B S T R A C T

The structural, mechanical, optical, thermo-physical, and electronic properties of the monoclinic XGaH5 (X = Ba,
Ca, and Mg) used as hydrogen storage material were investigated in detail using the ab initio technique.
Gravimetric hydrogen densities (5.1 wt % for the MgGaH5, 4.4 wt % for the CaGaH5, and 2.38 wt % for the
BaGaH5), hydrogen desorption temperatures (29.05 K for the MgGaH5, 175.56 K for the CaGaH5, and 218.36 K
for the BaGaH5) and enthalpies of formation (− 0.039 eV/atom for the MgGaH5, -0.237 eV/atom for the CaGaH5
and -0.296 eV/atom for the BaGaH5) of these compounds were also calculated. As a result of electronic band
structure calculations, band gap values for BaGaH5, CaGaH5, and MgGaH5 were obtained as 3.08 eV, 4.05 eV,
and 3.61 eV, respectively. It is clear from the high band gap values that all three materials have insulator
character. The second-order independent elastic constant values, which provide information about the hardness
and mechanical stability of the materials, were calculated. The elastic constant values showed that XGaH5 is
mechanically stable. Hardness parameters such as bulk modulus, shear modulus, B/G ratio (1.19 for the MgGaH5,
1.11 for the CaGaH5, and 1.68 for the BaGaH5), Young’s modulus, and Poisson’s ratio were also calculated using
elastic constant values. According to the B/G ratio, all three structures were found to be brittle materials. From
Poisson’s ratio (0.17 for the MgGaH5, 0.15 for the CaGaH5, and 0.25 for the BaGaH5), the atoms in XGaH5
compounds are connected by covalent bonds. Besides, the formation enthalpies of the materials were calculated,
and it was concluded that all three compounds could be synthesized in the laboratory. In addition, some optical
properties of XGaH5 such as dielectric function, conductivity, reflectivity, and absorption were also calculated.
Finally, thermo-physical properties were calculated for XGaH5 compounds.

1. Introduction

The increasing population and energy need for daily requirements
have caused concern among global policymakers, governments, and
scientists. The exhaustion of oil reserves, fluctuating prices, and envi-
ronmental damage resulting from production and consumption are
major issues that require immediate focus and financial support. An
urgent need exists to investigate energy sources that are plentiful, cost-
effective, and environmentally sustainable [1–3]. Hydrogen energy is
proposed and deemed crucial for tackling these concerns. Hydrogen can
serve as an energy carrier in stationary power plants, fuel cells, and
portable electronics [4].

One of the most important steps toward building the clean energy

system of the future is finding materials that can store hydrogen [5–8].
Many people think that making more Pure Electric Vehicles (PEVs) and
Hybrid Electric Vehicles (HEVs) is a good way to deal with these prob-
lems. Still, electric cars will only become popular if their battery systems
work well and don’t cost too much. The nickel-metal hydride (Ni/MH)
secondary battery is a potential on-board battery system for long-term
use. It has many benefits, such as the ability to handle overcharging
and over-discharging, a high rate capacity, a high energy density, a long
cycle life, and being environmentally friendly [9–12].

Different metals have been used to make materials better at
absorbing and releasing hydrogen [13–17].

Various materials have been studied recently for their capacity to
store hydrogen. Understanding the diverse attributes of hydrogen
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storage materials is essential since each material displays unique hy-
drogenation/dehydrogenation processes. Thoroughly studying the
physical properties of materials, such as crystal structures, hydrogena-
tion capabilities, electronic characteristics, elastic properties, aniso-
tropic properties, and thermodynamic properties, is essential to fully
utilize the potential of hydrogen energy [18–20].

For example, we can get a sense of how the material would respond
to hydrogen storage pressure by simulating how it acts under pressure.
Using reversible hydrogen storage materials could make a big difference
in how hydrogen is stored and how it is used in everyday life. It can also
help lower the normal temperature around the world, which lessens the
effects of global warming. Because of this, we still need to find new types
of products.

According to the band gap values obtained as a result of electronic
band structure calculations, XGaH5 compounds have insulating prop-
erties. Insulating materials have some advantages when used in
hydrogen storage. Compared to traditional methods, some insulators
might boast higher energy density. This translates to storing more
hydrogen in a smaller volume, making transportation and storage more
efficient. Insulators generally weigh less thanmetals. This makes it much
easier to transport and store hydrogen, especially crucial in weight-
sensitive applications like aerospace. Certain insulators are relatively
inexpensive, leading to a more budget-friendly storage option. Cost is a
major factor, particularly for large-scale hydrogen storage systems. In-
sulators can potentially offer improved safety compared to traditional
methods. Some insulators might not carry the risk of explosion or fire,
leading to safer working environments. Insulators can be manufactured
in various shapes and sizes. This flexibility allows them to be tailored to
different hydrogen storage systems. Some insulators can be recycled and
are environmentally friendly. This makes them an attractive option for
sustainable hydrogen storage solutions. In essence, insulators offer a
range of potential benefits for hydrogen storage, including higher en-
ergy density, lighter weight, lower costs, improved safety, design flexi-
bility, and environmental friendliness. Research in this area is ongoing,
and insulators could play a significant role in the future of hydrogen
storage.

Moreover, dehydrogenation with MgGaH5, BaGaH5, and CaGaH5 is
also possible for portable applications. Dehydrogenation refers to the
process of releasing hydrogen from a material. All three compounds
mentioned (MgGaH5, BaGaH5, and CaGaH5) have the potential to
release hydrogen through dehydrogenation. This makes them candi-
dates for hydrogen storage in portable applications.

There are studies on many different types of materials in this field
[18,19,21]. In this study, density functional theory calculations have
been used to look into the features of XGaH5 compounds. This study
aims to show that the use of insulation materials as hydrogen storage
materials may be important. In addition, the comprehensive physical
properties such as structural, elastic, electronic, dynamic, thermody-
namic, and optic of the studied materials were calculated for the first
time in this study. Besides, the calculated materials can also be used in
portable applications. Moreover, it has also been calculated the en-
thalpies of formation, the temperatures at which hydrogen desorption,
and the gravimetric hydrogen densities for the first time in this study.

Klaveness et al. [22] carried out a study titled "Coordination Pref-
erence of Ga in Hydrides" using the Vasp program. In their study, they
mentioned some physical properties such as structural and electronic
properties of MGaH5 (M= Be, Mg, Ca, Sr, and Ba) compounds. There are
no experimental and detailed theoretical studies on these compounds.
For this reason, we carried out this study to learn the physical properties
of BaGaH5, CaGaH5, and MgGaH5 in detail and to pioneer future
experimental studies. In light of this, this study will contribute greatly to
the existing literature on solid-state hydrogen storage.

In Section 2, we talk about the ab initio method for computing. The
structural properties of the XGaH5, including its electronic band struc-
ture, density of states, mechanic properties, elastic anisotropy proper-
ties, thermo-physical properties, and optical properties, were

determined and are shown in Sec.3. In Sec. 4, the conclusions are given.

2. Methods

The Siesta Package Program [23] was used to look at different
physical properties of the XGaH5 compounds, such as their structural,
electronic properties, elastic, and optical properties. The Density Func-
tional Theory was used to guide this research. The
Perdew-Burke-Ernzerhof (PBE) function in the Generalized Gradient
Approximation (GGA) [24] was used as exchange-correlation energy.
Optimizations of the geometry were made before the calculations began.
For the simulation study, the buildings that were the most stable and had
the least amount of energy were chosen. All the calculations were done
on these models as well. For the calculations, norm-conserving pseu-
dopotentials of the Troullier Martins type were used for the Ba, Ca, Mg,
Ga, and H atoms [25]. The valence electron configurations of theMg, Ca,
Ba, Ga, and H atoms in the mentioned systems are as follows:
3s2,4s2, 6s2,4s23d104p1, 1s1, respectively.

The calculations were also done using the double zeta polarized basis
set. The mesh cut-off energy value was found to be 300 Raydberg after
the optimization process. A k-point mesh and the Monkhorst-Pack
method [26] were used to separate the Brillouin zones (BZ) for
XGaH5. For BaGaH5, CaGaH5, and MgGaH5, the k-point meshes were
used as 8x10x6, 6 × 8 × 6, and 10 × 8 × 6, respectively. It was used the
conjugate-gradient (CG) method to improve the structure until the
leftover force acting on all the atoms was less than 0.01 eV/Å

− 1
. The

maximum atomic displacements and maximum force were set to 1.0 Å
and 10–5 eV/atom, respectively. We used the Vesta program [27],
which gives us a lot of information about the compounds we are
studying, including their space group, lattice parameter values, and
atomic positions. The volume conserving method and the Siesta pro-
gram were used to find XGaH5’s second-order independent elastic con-
stant values [28].

3. Results and discussion

3.1. Structural properties

Fig. 1 shows the crystal structures of MgGaH5, CaGaH5, and BaGaH5
compounds, respectively. MgGaH5 crystallizes in a monoclinic structure
with space group P21/c (No. 14). The compounds CaGaH5 and BaGaH5
crystallize with space group P21 in the monoclinic structure (No. 4).
CaGaH5 and BaGaH5 compounds have 14 atoms in the unit cell, while
MgGaH5 compound has 28 atoms in the unit cell. The fully relaxed
structures for compound XGaH5 (X = Mg, Ca, Ba) are achieved by
optimizing the geometry, including lattice constants and atomic loca-
tions. Table 1 displays the lattice constants a, b, and c, angles α, β, and γ,
equilibrium unit cell volume V, formation energy ΔHf, and cohesive
energy Ecoh for XGaH5 (X = Mg, Ca, Ba) under ambient pressure. In
Tables 1 and it is seen that the results obtained are highly compatible
with the previously theoretically performed studies in the literature [29,
30]. Formation energy, which is an important parameter for hydrogen
storage materials, is calculated from Equation (1) [4,31].

ΔHf =Etot(XGaH5) − Etot(X) − Etot(Ga) −
5
2

Etot(H2) (1)

In equation (1), the total energy of the compounds Etot(XGaH5), Etot(X),
Etot(Ga) and Etot(H2) represent the total energies of X (Mg, Ca, Ba), Ga,
and H2, respectively. The formation enthalpies for MgGaH5, CaGaH5,
and BaGaH5 were obtained to be − 0.039, − 0.237, and − 0.296 eV/atom,
respectively. The negative value of the enthalpy of formation is an
indication that the calculated materials can be experimentally synthe-
sized and are thermodynamically stable [32–35]. The fact that all
calculated compounds have negative formation enthalpies indicates that
these materials can be synthesized experimentally and are
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thermodynamically stable. BaGaH5 was determined to be more stable
because it had a greater negative formation enthalpy energy.

The cohesive energy (Ecoh) is crucial for evaluating the stability of
the system. This value indicates the strength of atomic bonds and rep-
resents the energy needed to separate a crystal into its components. The
positive value of Ecoh is an indication of the stability of the crystal. The
cohesive energy formula for the XGaH5 compound is shown in Equation
(2) below.

Ecoh = −
1
7

[

Etot(XGaH5)− Etot(X) − Etot(Ga) −
5
2

Etot(H2)

]

(2)

Etot(XGaH5) represents the overall energy of XGaH5, while Etot(X),
Etot(Ga) and Etot(H2) denote the energy of individual atoms within the
unit cell. The results shown in Table 1 indicate that the heat release
during the process is positive, suggesting a transition from individual
atoms to compounds [36]. The results obtained show the thermody-
namic stability of all materials tested. The bonded materials have higher
cohesive energy, indicating that their thermodynamic stability is higher
than that of the other materials.

3.2. Mechanical properties

Elastic constants are very important to describe the mechanical
properties of materials. Understanding the elastic constants of crystal-
line solids is crucial for connecting the mechanical and dynamical as-
pects of crystals when subjected to various types of external stress. This
knowledge is essential for determining the stability and stiffness of

materials based on the forces at play in solids. There is a correlation
between the elastic constants and the mechanical properties of a mate-
rial, which include the material’s stability, ductility, brittleness, stiff-
ness, and elastic anisotropy. Engineers need to examine the mechanical
characteristics of materials to obtain knowledge regarding the selection
of materials. This information enables engineers to build structures and
devices that can support particular loads and circumstances [37,38]. In
the end, this knowledge allows for improvements in terms of safety,
efficiency, and cost-effectiveness across a variety of applications. On the
other hand, the elastic characteristics were determined by some distinct
parameters, including crystal energy, equilibrium volume, and the
strain-dependent matrix of second-order elastic constants (Cij). All of the
materials that are currently available have a monoclinic phase with a
space group of P21 ve P21/c and possess thirteen elastic stiffness tensors
(C11, C22, C33, C44, C55, C66, C12, C13, C15, C23, C25, C35, and C46). A
monoclinic structure seriously adheres to the Born stability re-
quirements and regards the materials as mechanically stable. Mechani-
cal stability is expressed as [39–41]:

[C11 +C22 +C33 +2(C12 +C13 +C23)] > 0,

C11 > 0,C22 > 0,C33 > 0,C44 > 0,C55 > 0,C66 > 0,

(
C33C55 − C235

)
> 0,C44C66 − C246 >0,

(C22 +C33 − 2C23) > 0,

[
C22
(
C33C55 − C235

)
+ 2
(
C23C25C35 − C223C55 − C225C33

)]
> 0,

Fig. 1. Systematic crystal structures of XGaH5 (X = Mg, Ca, Ba) hydrides with crystal axis directions.

Table 1
Lattice constants a, b, and c (Å), angles α, β, and γ, equilibrium unit cell volume V (Å3), formation energyΔHf (eV/atom), and cohesive energy Ecoh(eV/atom) for XGaH5
(X = Mg, Ca, Ba).

Material a b c Angles V ΔHf Ecoh References

MgGaH5 6.6190 6.9775 10.2796 α = 90.0000 365.04 − 0.039 12.466 This study
β = 129.746
γ = 90.0000

6.6140 6.9948 10.2739 α = 90.0000 365.64 – – [29]
β = 129.710
γ = 90.0000

CaGaH5 6.6995 4.3709 6.7988 α = 90.0000 194.14 − 0.237 6.697 This study
β = 102.805
γ = 90.0000

6.5388 4.3136 6.6558 α = 90.0000 182.94 – – [29]
β = 102.973
γ = 90.0000

BaGaH5 5.0135 4.6059 8.7177 α = 90.0000 201.30 − 0.296 6.807 This study
β = 90.1383
γ = 90.0000

5.0135 4.5869 8.6255 α = 90.0000 198.35 – – [29]
β = 90.1523
γ = 90.0000

5.0230 4.6050 8.6447 α = 90.0000 199.96 – – [30]
β = 90.1310
γ = 90.0000
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{
2[C15C25(C33C12 − C13C23)+C15C35(C22C13 − C12C23)+C25C35(C11C23
− C12C13)] −

[
C215
(
C22C33 − C223

)
+C225

(
C11C33 − C213

)
+C235

(
C11C22

− C212
)]

+C55
(
C11C22C33 − C11C223 − C22C213 − C33C212 +2C12C13C23

)}

> 0

Thus, the examined materials meet the Born stability criterion, as
shown in Table 2. It was discovered that XGaH5 (X = Mg, Ca, Ba) hy-
drides are mechanically stable.

Each elastic constant represents a distinct property; for instance, the
ability to withstand linear compressions in the [100] and [001] orien-
tations can be quantified by the elastic constants C11 and C33, respec-
tively. For the MgCaH5 compound, C22 is larger than both C11 and C33,
indicating that the compressibility of the MgCaH5 compound in terms of
[010] is less. For CaGaH5 and BaGaH5 compounds, C11 is larger than C33
and C22, indicating that these compounds are less compressible than
other directions from [100]. Some elastic constants exhibit negative
values in some non-diagonal elements due to the reduced symmetry
present in the monoclinic phase [41,42]. The elastic constant C44 is used
to indicate the resistance of the compound to shear deformation due to
tangential stress applied in the [010] direction along the (001) plane. If
it is found that C44 of the elastic constants fulfills the criterion of being
smaller than (C11, C22, C33), it can be concluded that sliding along any of
the three crystallographic orientations can deform compounds more
easily than unidirectional compression along the same directions.
Looking at the values in Tables 2 and it can be said that CaGaH5 and
BaGaH5 compounds are more susceptible to shear deformations because
they satisfy this condition. However, the C44 value for the MgGaH5
compound is larger than the C33 value, so it is not sensitive to shear
deformation. The tetragonal shear modulus (C′) is a different measure-
ment of the crystal’s stiffness, and it is determined by the equation that is
presented below:

Cʹ=
(C11 − C12)

2
(3)

This parameter defined in Equation (3) is a measure of the dynamic
stability of materials. A value of the tetragonal shear modulus greater
than zero indicates the dynamic stability of the materials, while a
negative value is an indication of dynamic instability. As can be seen
from Table 2, the tetragonal shear modulus was obtained as 22.50,
17.26, and 16.39 GPa for MgGaH5, CaGaH5, and BaGaH5 compounds,
respectively. The fact that the calculated materials have positive values
shows that they are dynamically stable.

A dimensionless internal strain parameter also referred to as the
Kleinman parameter (ζ), is a measurement that determines the stability

of a compound with stretching and bending. To compute this parameter
for XGaH5 compounds, the equation that is presented below [43] has
been utilized:

ζ=
C11 + 8C12
7C11 + 2C12

(4)

The value of the Kleinman parameter takes values between zero and
one (0 ≤ ζ ≤ 1). The higher limit of ζ represents the substantial
contribution of bond bending to resist external stress, whereas the lower
limit represents the significant contribution of bond stretching to resist
external stress. The predicted ζ values for MgGaH5, CaGaH5, and
BaGaH5 are 0.26, 0.21, and 0.55 respectively. This suggests that the
mechanical strength in MgGaH5 and CaGaH5 is mostly influenced by
bond bending, while in BaGaH5 it is influenced by bond stretching or
shrinkage.

Cauchy pressure (CP) is a significant mechanical characteristic of
solids. The Cauchy pressure of a material is calculated as CP––(C12 - C44).
Ductile materials are characterized by positive Cauchy pressure, while
brittle materials are characterized by negative Cauchy pressure [44].
Cauchy pressure provides additional insight into the angular properties
related to atomic bonding in a material [45]. Per Pettifor’s rule [45], a
material exhibiting a substantial positive Cauchy pressure and high
ductility is characterized by a significant presence of metallic bonding.
On the contrary, a substance exhibiting negative Cauchy pressure con-
tains a higher proportion of angular bonds, resulting in increased brit-
tleness and a significant presence of covalent bonding. Therefore, the
negative Cauchy pressure values suggest that MgCaH5, CaGaH5, and
BaGaH5 exhibit brittleness and possess covalent bonding.

The bulk modulus (B) and shear modulus (G) of polycrystalline
materials are determined using the Voigt-Reuss-Hill approximations
[46–48]. The upper limits for the parameters expressed in terms of
elastic coefficients (Cij), which assume uniform stress in crystalline
structures, are provided by the Voight approximation [47]. The Reuss
[48] approximation assumes a uniform stress distribution, establishing
the lower limit using the elastic compliance tensor Sij. Reuss and Voigt’s
estimations of bulk and shear moduli closely approximate the lower and
upper boundaries of real polycrystalline bulk and shear moduli. The Hill
[46] approximation, which is the average of these two limits, offers a
realistic description of polycrystalline bulk properties. The bulk
modulus (B) and shear modulus (G) calculated using the Hill approach
are defined from the following relationships [49].

BH =
BV + BR

2
(5)

GH =
GV + GR

2
(6)

Young’s modulus (E) and poison ratio (ν), which can be calculated
using the bulk modulus and shear modulus, are defined from the
following equations.

E=
9GB

(3B + G)
(7)

ν=(3B − 2G)
2(3B + G)

(8)

Table 3 provides a summary of our mechanical property results. The
mechanical properties of crystals can be assessed using the bulk and
shear modulus. The bulk modulus B evaluates the crystals’ resistance to
volume deformation. The shear modulus G can forecast the resistance to
plastic deformation. According to the low values of bulk and shear
modulus in Table 3, XGaH5 compounds ought to be soft, machinable
materials. Therefore, the hardness values of these materials are expected
to be low as well. Young’s modulus quantifies the resistance of an elastic
material to deformation in response to an applied force. As the Young’s
modulus of a material grows, its covalent nature also increases. CaGaH5

Table 2
Computed elastic constants (Cij in GPa), Cauchy pressure (Cp in GPa), tetragonal
shear constant (C′ in GPa), and Kleinman parameter (ζ) of XGaH5 (X = Mg, Ca,
Ba).

Parameters MgGaH5 CaGaH5 BaGaH5

C11 49.60 36.67 47.80
C22 56.36 23.41 46.15
C33 11.62 31.63 29.87
C44 12.77 13.27 16.34
C55 8.17 6.60 8.67
C66 8.21 5.58 17.57
C12 4.62 2.15 15.01
C13 3.88 4.30 13.16
C15 0.57 0.00 0.00
C23 6.11 − 1.12 13.94
C25 0.35 0.00 0.00
C35 0.12 0.00 0.00
C46 − 0.16 0.00 0.00
CP(C12–C44) − 8.20 − 11.11 − 1.33
C’ 22.50 17.26 16.39
ζ 0.26 0.21 0.55
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has a lower bulk modulus and Young’s modulus compared to MgGaH5
and BaGaH5, respectively. CaGaH5 has a lower Young’s modulus value
compared to MgGaH5 and BaGaH5, indicating that CaGaH5 is less stiff
than MgGaH5 and BaGaH5.

Pugh [50] introduced a well-known modulus ratio between bulk
modulus, B, and shear modulus, G, referred to as Pugh’s ratio, which
distinguishes the failure mode (brittle and ductile) of materials. Pugh
suggested a numerical method to differentiate between the brittleness
and ductility of materials. The Pugh’s ratio, B/G, indicates the ductility
or brittleness of a material by comparing the bulk and shear moduli. A
material exhibits ductile behavior when the Pugh’s ratio value exceeds
1.75 and brittle behavior when the Pugh’s ratio value is below 1.75. The
(B/G) ratios for MgGaH5, CaGaH5, and BaGaH5 are 1.19, 1.11, and 1.69,
indicating that the compounds are probable to display brittle behavior.
BaGaH5 is anticipated to have a significantly higher level of brittleness.

Poisson’s ratio (ν) is a parameter that quantifies the extent to which a
material deforms (either expands or contracts) in response to the di-
rection of loading. This metric is also used to measure the stability of
solids against shear. The Poisson’s ratio of a solid crystal has values
between − 1 and 0.5 (− 1.0 ≤ ν ≤ 0.5) [51]. When ν = 0.5, elastic
deformation does not impact volume [52]. This metric can predict if a
material will exhibit brittleness or ductility based on a critical value of
0.26. If ν < 0.26, the material is brittle; if ν > 0.26, the material is ductile
[53,54]. The Poisson’s ratios for MgGaH5 (0.17), CaGaH5 (0.15), and
BaGaH5 (0.25) are all below 0.26, as shown in Table 3. We can therefore
conclude that MgGaH5, CaGaH5, and BaGaH5 possess brittleness. This
corresponds to the result obtained from Pugh’s ratio. Studying the value
of ν allows for an analysis of the interatomic forces in solids [55,56]. If
this ratio remains between 0.25 and 0.50, the central force interaction
will be dominant. Otherwise, the non-central force will dominate.
Therefore, we can say that for MgGaH5 and CaGaH5 compounds,
non-central forces are dominant in the bonding of atoms.

One of the important parameters for engineering applications of
solids is the machinability index (μM) [57]. Machinability refers to a
solid’s quality that influences the speed and ease with which it can be
created using a cutting instrument. This trait is frequently utilized in
engineering manufacturing and production. Work material, cutting tool,
and cutting parameters each impact machinability differently [58]. The
material’s machinability determines the type of material, form, cutting
force, feed rate, and depth of cut used in the cutting tool. Furthermore, it
impacts the flexibility and dry lubricating properties of the solids [59,
60]. The combination of high bonding strength and low shear resistance
results in increased dry lubricity and good machinability. High plastic
strain values, low feed forces, superior lubricating properties, and low
friction are characteristics of materials with large values of μM. The
following formula has been used to get the machinability index (μM):

μM =
B

C44
(9)

BaGaH5 has a higher μM compared to MgGaH5 and CaGaH5. The
elastic moduli of BaGaH5 are higher than those of MgGaH5 and CaGaH5,
indicating that BaGaH5 is more suited for tool applications thanMgGaH5
and CaGaH5.Among the phases being studied, BaGaH5 has the greatest
μM value of 1.38, whereas CaGaH5 has the lowest value.

3.3. Hardness

Hardness is a crucial characteristic of solids utilized in various
technical applications. Hardness is a material’s capacity to deform,
exhibit plasticity, and demonstrate strength [61]. It is beneficial for
comprehending the mechanical properties of solids. The hardness of a
solid, which is connected to elastic moduli, can be determined using the
following equations [57,62–65].

(HV)miao =
(1 − 2ν)E
6(1+ ν) (10)

(HV)Chen =2

[(
G
B

)2

G

]0.585

− 3 (11)

(HV)Tian =0.92
(

G
/

B

)1.137

G0.708 (12)

(HV)Teter =0.151G (13)

(HV)Mazhnik = γ0χ(σ)E (14)

χ(σ) Equation (14) is a function of the poison ratio and is calculated
as follows:

χ(σ)= 1 − 8.5σ + 19.5σ2
1 − 7.5σ + 12.2σ2 + 19.6σ3

Also γ0 is a dimensionless constant with a value of 0.096.
The (HV)miao, (HV)Chen, (HV)Tian, (HV)Teter, and (HV)Mazhnik values

obtained for the XGaH5 (X = Mg, Ca, Ba) compounds are presented in
Table 4.

The hardness values obtained by various methods vary. The varia-
tions are anticipated due to the variable construction of the formulas,
which are based on various elastic moduli (G, B, E) and Poisson’s ratio.
Mazhnik et al. [65] reported that hardness ratings might vary signifi-
cantly depending on the calculation method using the elastic moduli of
materials. We calculated the average hardness values of XGaH5 (X=Mg,
Ca, Ba) compounds to forecast their hardness. The average values for
XGaH5 (X = Mg, Ca, Ba) compounds are predicted to be 2.71 GPa, 2.67
GPa, and 2.14 GPa, respectively. The ranking of these compounds from
lowest to highest in terms of their values is BaGaH5 < CaGaH5 <

MgGaH5. The calculated hardness values are in the range of 1.50–4.09
GPa, which suggests that all compounds under study are somewhat soft.

3.4. Elastic anisotropy

Material anisotropy refers to the direction-dependent qualities of a
system when subjected to external stress, either elastic or mechanical,
and is quantitatively measured. Most crystalline solid materials exhibit
anisotropy. Various physical processes, such as plastic deformation
growth in solids, crack propagation and development, internal friction,
microscale cracking in ceramics, and phase transformations, are greatly
influenced by the elastic anisotropy of crystalline materials [66,67].
Thus, from the perspective of practical applications, the study of the
anisotropic behavior of solids is of great importance. Calculating the
elastic anisotropy parameters for XGaH5 (X =Mg, Ca, Ba) compounds is
crucial to understanding their adaptability and potential applications

Table 3
Polycrystalline bulk moduli BR, BV, and BH, shear moduli GR, GV, and GH, Young’s modulus E (all in GPa), Pugh’s ratio B/G, Poisson’s ratio υ and machinability index
(μM) of XGaH5 (X = Mg, Ca, Ba).

Compound BR BV BH GR GV GH E B/G υ μM

MgGaH5 10.11 16.31 13.21 9.57 12.70 11.13 26.08 1.19 0.17 1.03
CaGaH5 10.66 11.38 11.02 9.04 10.85 9.94 22.93 1.11 0.15 0.83
BaGaH5 21.87 21.87 22.49 12.80 13.96 13.38 33.50 1.68 0.25 1.38
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under various external stress conditions. All compounds being studied
are elastically anisotropic since they show C11 > C33. Monoclinic crystal
systems are linked to three shear anisotropy factors, which can be
determined using the following expressions [41]:

Shear anisotropy factor between 〈011〉 and 〈010〉 directions for shear
plane {100},

A1 =
(C11 + C12 + 2C33 − 4C13)

6C44
(13)

Shear anisotropy factor between 〈101〉 and 〈001〉 directions for shear
plane {010},

A2 =
2C44

C11− C12
(14)

Shear anisotropy factor between 〈110〉 and 〈010〉 directions for shear
plane {001},

A3 =
(C11 + C12 + 2C33 − 4C13)

3(C11− C12)
(15)

The factors A1,2,3 must be equal to one for isotropic crystals. A1,2,3’s
deviation from the non-unity value indicates the level of elastic anisot-
ropy in shear. The A1,2,3 values have been displayed in Table 5 for the
structures under study, all of which exhibit strong anisotropy.

The formulae provided are used to calculate the universal anisotropy
index (AU and dE), Zener anisotropy measure (Aeq), shear anisotropy
(AG), and anisotropy in compressibility of materials with any crystal
symmetry (AB) [66,68–70].

AU =
BV

BR
+ 5

GV

GR
− 6 ≥ 0 (16)

dE =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
AU + 6

√
(17)

Aeq =

(

1+
5
12

AU
)

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

1+
5
12

AU

)2

− 1

√

(18)

AB =
BV − BR

BV + BR
(19)

AG =
GV − GR

GV + GR
(20a)

The Universal Anisotropy Index (AU) is a commonly used metric for

measuring anisotropy in elastic characteristics. It is a unique measure of
anisotropy that is independent of crystal symmetry. AU is the initial
anisotropy parameter that accounts for both shear and bulk contribu-
tions, distinguishing it from all other current anisotropy parameters. An
isotropic material has an AU value of zero, while a value different from
zero indicates different levels of anisotropy. The computed AU values for
MgGaH5, CaGaH5, and BaGaH5 are 2.247, 1.070, and 0.511 respec-
tively, indicating anisotropic characteristics.

The value of Aeq is equal to 1.0 for isotropic crystals. Values of Aeq

other than one indicate the extent of anisotropy. The values of Aeq for the
compounds in the study were obtained as 3.594, 2.490, and 1.900 for
MgGaH5, CaGaH5, and BaGaH5 respectively, and are presented in
Table 5.

AB and AG values have values between 0 and 1. Values of shear
anisotropy and compressibility anisotropy equal to 0 provide the perfect
elastic isotropy (AB = AG = 0), while values of these values equal to 1
provide the maximum elastic anisotropy (AB= AG= 1). For the MgGaH5
compound, the larger value of AB compared to AG indicates that the
anisotropy in compressibility is larger than the anisotropy in shear.
However, for CaGaH5 and BaGaH5, the AG value is larger than the AB
value, indicating that the shear anisotropy is larger than the compress-
ibility anisotropy in these compounds.

The log-Euclidean formula is used to determine the universal log-
Euclidean index [71]:

AL =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[

ln
(

BV

BR

)]2

+ 5

[

ln

(
CV
44

CR
44

)]2
√
√
√
√ (20b)

The constants CR
44 =

5
3

C44(C11 − C12)
3(C11 − C12)+4C44 and CV

44 = 3
5

(C11 − C12 − 2C44)
3(C11 − C12)+4C44 are the

Reuss and Voigt approximations for the elastic constant C44, respec-
tively. Kube and Jong [66,72] reported that the AL value ranges from
0 to 10.26 for inorganic crystals and about ninety percent of the com-
pounds have AL values less than one. Additionally, the majority (78%) of
these inorganic crystalline compounds with high AL values exhibit
layered or lamellar structures [73]. Large values of AL indicate a strong
layered structure, while low values of AL indicate a non-layered struc-
ture. The low AL value indicates that XGaH5 lacks distinct layered
characteristics. When perfect isotropy is present, the value of AL is equal
to zero. Among the MgGaH5, CaGaH5, and BaGaH5 compounds, the
estimated values of AL are 0.674, 0.127, and 0.055, respectively. These
values are all less than 1, which indicates that the anisotropy is
moderate.

To determine linear compressibility along the a and c axes, the
following equation is utilized for the computation [74]:

kc

ka
= f =

C11 + C12 − 2C13

C33 − C13
(21)

The f value is a critical characteristic that dictates whether a material
is isotropic or anisotropic. If the f value equals 1, the material is
considered isotropic. If the f value is not equal to 1, it suggests that the
material is anisotropic. The results in Table 5 show that the XGaH5 (X =

Mg, Ca, Ba) compounds display anisotropic behavior. The data in
Table 5 is distinctive and lacks any preexisting estimates for comparison.

The equations defining the bulk modulus along the a, b, and c axes
and their anisotropies are as follows [71].

Table 4
Calculated hardness (GPa) based on elastic moduli and Poisson’s ratio for XGaH5 (X = Mg, Ca, Ba) hydrides.

Compound (HV)Chen (HV)Tian (HV)Teter (HV)Miao (HV)Mazhnik (HV)Avg

MgGaH5 3.70 4.05 1.68 2.44 1.70 2.71
CaGaH5 3.80 4.09 1.50 2.30 1.65 2.67
BaGaH5 1.97 2.92 2.02 2.21 1.56 2.14

Table 5
Shear anisotropic factors (A1, A2, and A3), anisotropy in compressibility AB,
anisotropy in shear AG, the universal anisotropy index AU and dE, equivalent
Zener anisotropy measure Aeq, universal log-Euclidean index AL and linear
compressibility (Kc/Ka) for XGaH5 (X = Mg, Ca, Ba) hydrides.

Parameters MgGaH5 CaGaH5 BaGaH5

A1 0.808 1.066 0.713
A2 0.568 0.769 0.997
A3 0.459 0.820 0.711
AB 0.235 0.032 0.028
AG 0.140 0.091 0.043
AU 2.247 1.070 0.511
dE 2.872 2.659 2.552
Aeq 3.594 2.490 1.900
AL 0.674 0.127 0.055
Kc/Ka 6.002 1.105 2.185
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Ba = a
dP
da

=
D

1+ α + β
,Bb = b

dP
db

=
Ba

α ,Bc = c
dP
dc

=
Ba

β
(22)

Where D = C11 + 2C12α + C22α2 + 2C13β + C33β2 + 2C23αβ and

α=
{(C11 − C12)(C33 − C13)} − {(C23 − C13)(C11 − C13)

{(C33 − C13)(C22 − C12)} − {(C13 − C23)(C12 − C23)}

β=
{(C22 − C12)(C11 − C13)} − {(C11 − C12)(C23 − C12)}

{(C22 − C12)(C33 − C13)} − {(C12 − C23)(C13 − C23)}

The Bb value for the MgGaH5 compound is considerably higher than
the Ba and Bc values. This means that the compressibility of the MgGaH5
compound in the b direction is more difficult than in the a and c di-
rections. For the CaGaH5 compound, the Ba value is considerably higher
than the Bb and Bc values. This means that the compressibility of the
CaGaH5 compound in a direction is more difficult than in the b and c
directions. For the BaGaH5 compound, the values of Ba and Bb are almost
equal and larger than the value of Bc. This means that the compress-
ibility of the BaGaH5 compound in the a and b directions is more difficult
than in the c direction. The data in Table 6 are novel and lack any
existing comparative data in the literature.

ABa =
Ba

Bb
,ABc =

Bc

Bb
(23)

For MgGaH5 and CaGaH5 compounds, the values of ABa and ABc are
different from 1, indicating the presence of anisotropy in the axial bulk
modulus. Table 6 data shows that the value of ABa is 1 for BaGaH5
compounds, suggesting isotropy in the axial bulk modulus. However, ABc

has a value different from 1, which indicates anisotropy in the axial bulk
modulus.

We used the VELAS [75] code to estimate the direction-dependent
variation of Young’s modulus, shear modulus, bulk modulus, and Pois-
son’s ratio to depict elastic anisotropy in more detail. Fig. 2 displays a 3D
plot showing Young’s modulus, bulk modulus, shear modulus, and
Poisson’s ratio. 3D contour plots should exhibit spherical symmetry for
isotropic crystals; otherwise, they indicate the presence of anisotropy.
Fig. 2 displays deviations from a spherical shape in the 3D representa-
tions of Young’s modulus, bulk modulus, shear modulus, and Poisson’s
ratio indicating anisotropy. Table 7 displays the maximum and mini-
mum values of Young’s modulus, bulk modulus, and shear modulus
along with their corresponding ratios. These ratios are valuable in-
dicators of elastic anisotropy.

3.5. Optical properties

One of the most crucial aspects of solid crystals is their optical
properties, which show how a material responds to incident electro-
magnetic radiation. The ability to respond to visible light is critical in
optoelectronic applications. For example, materials with high trans-
parency and low absorption in the visible spectrum are ideal for appli-
cations such as photovoltaics, displays, and sensors. Additionally, the
ability of a material to efficiently convert light into electrical signals is
essential for devices like photodetectors and solar cells. Therefore, un-
derstanding and optimizing the optical properties of materials is
essential for the development of advanced optoelectronic technologies.
The optical properties of a material, such as the dielectric function,

optical conductivity, absorption coefficient, and reflectivity, which are
dependent on energy and frequency, can fully characterize how the
material reacts to incoming light. These properties are essential in un-
derstanding how materials interact with electromagnetic radiation
across different wavelengths. By analyzing the dielectric function, for
example, researchers can gain insight into the material’s ability to
respond to an applied electric field. The optical conductivity helps to
determine how well a material can conduct electricity when exposed to
light. Additionally, the absorption coefficient and reflectivity provide
information on how much light is absorbed or reflected by the material,
which is crucial for applications in various fields such as solar energy
harvesting and photovoltaics. We have investigated the optical proper-
ties of XGaH5 compounds in various energy ranges along [100] the
polarization direction of the electric field as shown in Fig. 3(a–d).

The relationship between the electronic band structure and the
imaginary component [ε2(ω)] of the dielectric function is direct. This
component can be predicted using a permitted transition from one
electronic state to another in the Brillouin zone and the momentum
matrix element. Kramers-Kronig relations provide the real part [ε2(ω)]
of the dielectric function based on the imaginary part. The real and
imaginary part of the dielectric function is obtained from the following
equations [76–80].

ε1(ω)= 1+
2
π

∫∞

0

ε2(ωʹ)ωʹdωʹ

ωʹ2-ω2
(24)

ε2(ω)=
2e2π
Ωε0

∑

k,v,c

⃒
⃒ψc

k

⃒
⃒u • r

⃒
⃒ψv

k

⃒
⃒2δ
(
ECK − EVK − E

)
(25)

n(ω)= 1
√2

[{
ε1(ω)2 + ε2(ω)2

}1 /2
+ ε1(ω)

]1 /2
(26)

k(ω)= 1
√2

[{
ε1(ω)2 + ε2(ω)2

}1 /2
− ε1(ω)

]1 /2
(27)

R(ω)=

⃒
⃒
⃒
⃒
ñ − 1
ñ + 1

⃒
⃒
⃒
⃒=

(n − 1)2 + k2

(n + 1)2 + k2
(28)

a(ω)=
4πk(ω)

λ
(29)

σ(ω)=2Wcvℏω

E→0
2 (30)

Fig. 3 (a) displays the real (Re) and imaginary (im) components of
the dielectric function for XGaH5 (X =Mg, Ca, Ba). The static dielectric
functions of MgGaH5, CaGaH5, and BaGaH5 are 3.42, 3.40, and 3.98,
respectively, as shown in Fig. 3(a). The BaGaH5 compound has the
highest static dielectric constant, suggesting it exhibits the most polar-
ization when compared to MgGaH5 and CaGaH5. The dielectric function
(real) of XGaH5 (X = Mg, Ca, Ba) hydrides increases gradually as the
incident photon energy value increases. The real part of the dielectric
functions of MgGaH5, CaGaH5, and BaGaH5 hydrides reaches maximum
peak values of 4.83 eV at 6.11, 4.86 eV at 6.50 and 3.87 eV at 6.51,
respectively. MgGaH5, CaGaH5, and BaGaH5 hydrides reached their
minimum values at − 0.68 at 8.61 eV, − 0.55 at 10.54 eV, and − 1.52 at
31.68 eV, respectively. The negative values of XGaH5 (X = Mg, Ca, Ba)
hydrides confirm the plasma response [81]. The fact that the imaginary
part of the dielectric function of XGaH5 (X = Mg, Ca, Ba) hydrides does
not start at 0 eV indicates that these hydrides have a band gap. The
imaginary component of the dielectric function for MgGaH5, CaGaH5,
and BaGaH5 peaks at 6.01, 5.89, and 5.30 eV, respectively. Overall, the
examination of the dielectric function shows that all materials respond
to low photon energy levels.

The optical conductivity, represented by σ(ω), refers to how an

Table 6
Bulk modulus (in GPa) Ba, Bb, and Bc along crystallographic axes a, b, and c,
respectively. The anisotropy of linear bulk moduli (ABa and ABc ) along a and c
axes for XGaH5 (X = Mg, Ca, Ba) hydrides.

Compound Ba Bb Bc α β ABa ABc

MgGaH5 74.08 119.48 12.99 0.62 5.70 0.62 0.11
CaGaH5 48.54 24.45 31.25 1.99 1.55 1.99 1.28
BaGaH5 88.38 88.46 43.73 1.00 2.02 1.00 0.49
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electromagnetic field stimulates electron conduction. Fig. 3 (b) shows
the σ(ω) value derived using the dielectric function. As can be seen from
Fig. 3(b), XGaH5 (X = Mg, Ca, Ba) hydrides do not start at 0 eV; This
shows that it is in agreement with the electronic band structure and
density state calculations. Although the maximum values of the optical
conductivity are observed in the vacuum ultraviolet region at 6.22 and
6.9 eV for MgGaH5 and CaGaH5, respectively, the maximum value for

BaGaH5 is observed in the extreme ultraviolet region at 30.80 eV.
Reflectance is the quantity of light that an object or material reflects

when exposed to light. The value goes from 0 to 1, where 0 indicates
complete absorption of light and 1 indicates complete reflection of light.
Fig. 4 (a) displays the reflectance of XGaH5 (X = Mg, Ca, Ba) hydrides
within the photon energy range of 0–45 eV. The zero-frequency reflec-
tivity R (0) of MgGaH5, CaGaH5, and BaGAH5 is 0.31, 0.27 and 0.91

Fig. 2. 3D directional dependences of Bulk modulus, Shear modulus, Young modulus, and Poisson’s ratio for (a) MgGaH5, (b) CaGaH5, (c) BaGaH5.

Table 7
Maximum, minimum, and anisotropy values of Young’s modulus, linear compressibility, and shear modulus values for XGaH5 (X = Mg, Ca, Ga) compounds.

Compound Emin Emax AE βmin βmax Aβ Gmin Gmax AG

MgGaH5 10.73 53.00 0.46 8.29 77.28 0.53 6.70 24.02 0.24
CaGaH5 15.99 35.78 0.20 7.82 15.75 0.15 5.38 14.81 0.21
BaGaH5 22.92 43.16 0.21 13.93 30.63 0.28 8.67 17.57 0.17
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respectively. The maximum reflectivity of MgGaH5, CaGaH5, and
BaGaH5 is 31% at 7.58 eV, 27% at 10.77 eV, and 91% at 32.87 eV,
respectively. Electromagnetic radiation in the visible area with a po-
larization of [100] has a reflectance of under 40%. XGaH5 can be used as
an anti-reflection material for this polarization.

Optical absorption qualities are crucial to the performance of

optoelectronic and photovoltaic materials because they facilitate the
creation and transmission of charge carriers via light absorption. Fig. 4
(b) shows the XGaH5 hydrides absorption coefficient. XGaH5 hydrides
have peaks in the vacuum ultraviolet and extreme ultraviolet region.
The maximum absorption coefficient for MgGaH5, CaGaH5, and BaGaH5
hydrides is 1.91 × 105 cm− 1 at 7.8 eV, 1.84 × 105 cm− 1 at 10.30 eV and

Fig. 3. (a) Real and imaginary part of the dielectric function and (b) conductivity for XGaH5 (X = Mg, Ca, Ba) hydrides.

Fig. 4. (a) Reflectivity and (b) absorption coefficient for XGaH5 (X = Mg, Ca, Ba) hydrides.
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1.51 × 105 cm− 1 at 7.73 eV in the vacuum ultraviolet region, respec-
tively. The maximum peaks in the extreme ultraviolet region of the
absorption coefficient were obtained as 6.95 × 105 cm− 1 at 60.17 eV,
2.24 × 105 cm− 1 at 26.6 eV, and 6.84 × 105 cm− 1 at 31.42 eV for
MgGaH5, CaGaH5 and BaGaH5 hydrides, respectively. These findings
suggest that XGaH5 exhibits high absorption of vacuum far ultraviolet
radiation, making it a promising optoelectronic material.

3.6. Thermo-physical properties

Debye temperature (θD) is a thermo-physical parameter influencing
physical properties like thermal conductivity, lattice vibration, and
interatomic bonding. Compounds with stronger bonds, lower mass,
higher melting point, and higher mechanical wave velocity have higher
Debye temperature. The Debye temperature can be calculated using the
subsequent equation from the average speed of sound [82].

θD =
h
kB

[(
3N
4π

)
NAρ
M

]1
3
vm (26)

The variables in this equation are Planck’s constant (h), Boltzmann
constant (kB), Avogadro’s number (NA), density (ρ), molecular weight
(M), number of atoms (N), and mean sound velocity (vm). The equation
shows that θD is proportional to the mean sound velocity, which is
determined by a crystal’s elastic properties. The average speed of sound,
vm, in the crystal is determined using the following formula [83]:

vm =

[
1
3

(
2
v3t

+
1
v3l

)]− 13
, vt =

̅̅̅̅
G
ρ

√

, vl =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3B + 4G

3ρ

√

(27)

Here vt and vl are the longitudinal and transverse modes of the sound
velocities which can be calculated from the bulk modulus and shear
modulus. The calculations for ρ, θD, vm, vl and vt for XGaH5 hydrides are
presented in Table 8. Increased Debye temperature values indicate
stronger chemical bonding and greater phonon thermal conductivity.
The Debye temperatures for MgGaH5, CaGaH5, and BaGaH5 are 345.96
K, 306.24 K, and 265.83 K, respectively, as shown in Table 8. MgGaH5
has a higher Debye temperature compared to CaGaH5 and BaGaH5,
indicating stronger chemical bonding and greater phonon thermal
conductivity.

The melting temperature, Tm, is a crucial parameter that determines
the temperature range within which a solid can be utilized. A solid with
a greater melting temperature has more, higher bonding energy, cohe-
sive energy, and a lower coefficient of thermal expansion. The melting
temperature is directly related to the bond strength. Solids can be uti-
lized consistently at temperatures below Tm without experiencing
oxidation, chemical alteration, or severe distortion that could lead to
mechanical breakdown. The melting temperature calculated using
elastic constants can be calculated using the following equation [84].

Tm =354+1.5(2C11 +C33) ± 300K (28)

The melting temperature of XGaH5 remains consistent due to its
identical crystal structure and bonding characteristics. BaGaH5 exhibits
the highest melting temperature compared to the other compounds due
to its superior elastic strength. The calculated melting temperature for
XGaH5 hydrides is quite low, indicating their relatively soft nature.

Thermal conductivity is a crucial attribute that depends on the

acoustic wave velocity of amaterial and describes its capacity to conduct
heat. As temperature rises, thermal conductivity falls until it reaches a
minimum value at high temperatures. The minimal thermal conductiv-
ity, Kmin, of a solid can be determined using the following equation [85].

Kmin = kBvm

(
M

nρNA

)−
2
3

(29)

Theminimal thermal conductivity obtained were 0.68Wm− 1 K− 1 for
MgGaH5, 0.59 Wm− 1 K− 1 for CaGaH5, and 0.51 Wm− 1 K− 1 for BaGaH5.
The result for MgGaH5 exceeded that of CaGaH5 and BaGaH5.

3.7. Electronic properties

To obtain a comprehensive study of the electronic properties of
XGaH5, its band diagram and Partial Density of State (PDOS) were
studied along the axes of high symmetry, as shown in Fig. 5. The Fermi
energy level was set to 0 eV and indicated by the red dashed line.
Electronic properties provide information about whether materials have
metallic, semiconductor, or insulating properties [86,87]. As can be seen
from Fig. 5, BaGaH5, CaGaH5, and MgGaH5 have band gap values of
3.08 eV, 4.05 eV, and 3.61 eV, respectively. Due to these high band gaps,
all three compounds have an insulating character. Fig. 5 also shows the
total and partial densities of states (TDOS and PDOS) for XGaH5
hydrides.

As seen in Fig. 5 a, the largest contribution below the Fermi Energy
level between (0 eV) and (− 8 eV) comes from the H-1s state. Above the
Fermi Energy level, (4 eV)-(5 eV) came from Mg-3s, while (5 eV)-(8 eV)
came from Ga-4p. In Fig. 5 b, the largest contribution below the Fermi
Energy level between (0 eV) and (− 2 eV) comes from the H-1s state.
Above the Fermi Energy level, the largest contribution between (4 eV)
and (8 eV) came mostly from Ga-4p. Finally, in Fig. 5 c, the largest
contribution below the Fermi Energy level between (0 eV) and (− 2 eV)
comes from the H-1s state. Above the Fermi Energy level, the largest
contribution between (3 eV)-(8 eV) came mostly from Ga-4p.

3.8. Hydrogen storage properties

The gravimetric storage capacity (Cwt%) and the desorption tem-
perature (Tdes) of hydrides, or prospective hydrogen storage materials,
are two crucial parameters. Cwt% refers to the amount of hydrogen that
can be stored per unit weight of the material, while Tdes indicates the
temperature at which the hydrogen can be released from the material.
These properties are crucial in determining the efficiency and practi-
cality of a hydride as a hydrogen storage solution. A high Cwt% and a low
Tdes are ideal characteristics for a hydride material, as they allow for a
greater amount of hydrogen to be stored and released at manageable
temperatures. The gravimetric storage capacity is calculated using the
following equation [4,34,55,88].

Cwt% =

⎛

⎜
⎜
⎝

(
H
M

)

MH

MHost +

(
H
M

)

MH

x 100

⎞

⎟
⎟
⎠% (30)

The molecular weight of hydrogen is represented by the symbol MH
in this equation, the molecular weight of the host material is represented
by MHost, and the ratio of hydrogen to metal is indicated by the H/M

Table 8
Calculated crystal density (ρ in g/cm3), longitudinal, transverse, and average sound velocities (vt, vl, and vm in m/s), Debye temperature, θD (K), minimum thermal
conductivity, Kmin (W/mK) for XGaH5 (X = Mg, Ca, Ba) hydrides.

Compound ρ vt vl vm Tm θD Kmin

MgGaH5 1.80 2485.13 3944.91 2735.24 520.26 345.96 0.68
CaGaH5 1.96 2249.56 3515.08 2471.53 511.44 306.24 0.59
BaGaH5 3.50 1955.63 3395.15 2171.56 542.19 265.83 0.51
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Fig. 5. Electronic bant structure with PDOS for (a) MgGaH5, (b) CaGaH5, and (c) BaGaH5 compounds.
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symbol. The MgGaH5 5.1 wt%, CaGaH5 4.4 wt%, and BaGaH5 2.38 wt%
have estimated gravimetric capacities, respectively. In addition, the
volumetric storage capacities of the studied materials were also calcu-
lated. Volumetric storage capacities (gH2l− 1) were obtained as 90.95 for
MgGaH5, 85.51 for CaGaH5, and 82.46 for BaGaH5. US-DOE’s target for
2025 is a gravimetric storage capacity of 5.5 and a volumetric storage
capacity of 40. For practical applications, the obtained value of gravi-
metric storage capacity for MgGaH5 is more close the US Energy De-
partment’s aim of 5.5% [32].

Besides gravimetric storage capability, another important parameter
for hydrogen storage materials is desorption temperature. The temper-
ature can be estimated using the conventional Gibbs formula, as illus-
trated in the equations below:

ΔG=ΔH − TdesΔS (31)

Here ΔH is the enthalpy of the reaction and is calculated as follows Δ
H =

∑

products
E −

∑

reactants
E. Under normal conditions of pressure and tem-

perature, where ΔG = 0, we can determine Tdes using the equation [89]:

Tdes =
ΔS
ΔH

(32)

The entropy change of hydrogen, denoted as ΔS, is reported as
− 130.7 J/mol. K in prior research [90]. The desorption temperature
values for MgGaH5, CaGaH5, and BaGaH5 are 29.05K, 175.56K, and
218.36K, respectively. The desorption temperature results we obtained
are lower than the required Tdes (233–333 K) range determined by the
United States Department of Energy for the year 2025 [6,91].

These materials, which have not been previously reported, can be
used as a reference for future theoretical investigations and as a guide
for practical synthesis and characterization for hydrogen storage and
optoelectronics applications.

4. Conclusions

The goal of this study is to find new and creative compounds that
meet the requirements for hydrogen storage. Getting good at storing
hydrogen is a tough step for real-world uses. As a result, elements with
high kinetics, fast response, and maximum storage capacity are
required. Density Functional Theory is used in ab initio study to explain
the structural, elastic, thermo-physical, optic, and electronic properties
of XGaH5 compounds. The compound’s ductile and anisotropic nature is
demonstrated by its elastic constants and anisotropic properties,
respectively. Band structure investigation of XGaH5 shows insulator
properties. PDOS plots, which helped figure out what the energy bands
were made of, are being used in more detailed analyses. Moreover, the
formation energy of XGaH5 is computed to prove its stability. All com-
pounds are stable because they have a negative enthalpy of formation.
The Debye temperatures for MgGaH5, CaGaH5, and BaGaH5 are 345.96
K, 306.24 K, and 265.83 K, respectively. Optical calculations show that
XGaH5 exhibits high absorption to far ultraviolet radiation from vac-
uum, making it a promising optoelectronic material.

No experimental and detailed theoretical data are available on the
structural, elastic, thermo-physical, electronic, and optical properties of
these compounds. Hence, the results of this study will be beneficial for
future experimental investigations and could make a substantial impact
on research in the field of hydrogen storage applications.
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