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A B S T R A C T

Hydrogen is a promising clean energy carrier due to its high gravimetric energy density and decarbonization 
potential. This study investigates the structural, mechanical, electronic, and hydrogen storage properties of 
XCuH3 (X = Al, Ga, In) hydrides using first-principles calculations. The optimized lattice constants are 3.50, 3.56, 
and 3.69 Å, corresponding to hydrogen storage capacities of 3.23, 2.22, and 1.67 wt% for AlCuH3, GaCuH3, and 
InCuH3, respectively. AlCuH3 demonstrates superior mechanical strength, thermal stability, and strong inter
atomic bonding, supported by its highest Debye temperature, bulk, shear, and Young’s moduli. In contrast, 
InCuH3 exhibits the greatest ductility with high Pugh’s ratio, and pronounced elastic anisotropy, while GaCuH3 
shows intermediate properties. Band structure and density of states confirm metallic behavior, whereas Poisson’s 
ratio highlights the ionic bonding contribution. Overall, these insights enhance the understanding of XCuH3 
hydrides, guiding their potential applications in hydrogen storage and energy technologies.

1. Introduction

Fossil fuels have long dominated global energy sources, but their 
environmental impact, among others contributions to climate change 
and global warming, has raised noteworthy concerns [1–4]. They are not 
only non-renewable and costly but also release harmful gases, chem
icals, and heat upon combustion, exacerbating environmental degra
dation [5–7]. With the continuous rise in global energy demand and the 
simultaneous depletion of fossil fuel reserves, the need for sustainable 
alternatives has become urgent [8]. This challenge has stimulated 
research into clean energy options, including renewables, hydrogen 
power, and nuclear energy [9]. Among these alternatives, hydrogen 
energy stands out as a particularly promising candidate due to its high 
energy density and clean combustion profile, producing only water as a 
byproduct. It is not only toxicity free element, but also operates inde
pendently of weather conditions, unlike some renewables, and origi
nates no nuclear waste [10,11]. For these advantages, it has potential as 
a fuel for households, vehicles, and portable electronic devices [12]. 
Though it has several advantages over other fuels in particular in
dustries, there are many obstacles if we try to implement it as a notable 
energy source [13–15]. A major challenge stands in creating effective 

ways to store hydrogen, which is crucial for its real-world use and re
quires substantial technological advancements [16,17]. Most ongoing 
research is focused on designing compact and efficient hydrogen storage 
systems suitable for applications in industry, homes, transportation, and 
energy production [18–20]. For scientific applications, the stability of a 
material is one of the most significant parameters. Material stability can 
be evaluated by calculating elastic constants, either through computa
tional methods or using the empirical pseudopotential approach within 
the virtual crystal approximation [21–25]. Research has been carried 
out for quite a while to evaluate the feasibility of various materials, 
including metals, complex hydrides, metal-organic frameworks (MOFs), 
carbonaceous materials, and zeolites, for hydrogen storage applications 
[26–32]. At present, hydrogen is primarily stored using three main 
techniques: as a gas, as a liquid, or in solid-state form [16]. Cubic 
perovskite hydrides (ABH3) are currently being explored as promising 
candidates for solid-state hydrogen storage [33]. Scientific interest in 
ABH3 perovskite-type hydrides has grown significantly, with research 
increasingly relying on both experimental and theoretical approaches 
[34–36]. ABH3 compounds generally exhibit gravimetric hydrogen 
densities ranging between 1.2 wt% and 6 wt% [37,38]. Recently, ABH3 
compounds containing alkali and alkaline earth metals have been 
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investigated for their potential in hydrogen storage applications [39,
40]. Metal hydride perovskite gives us several advantages over tradi
tional methods of hydrogen storage, such as liquid tanks and compressed 
gas cylinders. Materials that cannot only acquire high hydrogen content 
but also remain stable in high concentration are particularly exciting for 
both theoretical and applied researchers, as this offers a stable solution 
to hydrogen fuel storage and potential carbon-based fuel replacement 
[41]. Metallic hydrides are considered favorable for hydrogen storage 
due to their simple structures, high gravimetric hydrogen capacity, and 
superior volumetric storage density [42,43]. These hydrides have strong 
thermodynamic stability along with better kinetics [44]. Also, metal 
hydride perovskites are considered a safer option for storing hydrogen 
fuel compared to compressed gas or liquid hydrogen [45]. Discovering 
new materials with the right combination of crystal structures is 
essential to reach that goal. Currently, first-principles calculations based 
on Density Functional Theory (DFT) are a powerful tool to study the 
physical properties of new materials [46] exhibiting potential for 
hydrogen storage applications [47]. Recent DFT studies on LiBH3 (B =
Cu, Zn, Cd) [36], GaXH3(X = Si, Ge) [7], NaBH3 (B = Cu, Zn, Cd) [11], 
and XLiH3 (X = Mg, Ca, Sr, and Ba) [25] reveal hydrogen storage ca
pacities of 2.03–8.76 wt%. The Cu-based hydrides XCuH3 (X = Ca and 
Sr) were investigated by Bilal Ahmed and his co-workers for hydrogen 
storage applications [48]. The detailed analysis shows that the gravi
metric hydrogen storage capacity for CaCuH3 is 2.85 % and SrCuH3 is 
1.97 %. By first principal calculation the gravimetric hydrogen storage 
for KSrH3 (2.33 %), RbSrH3 (1.71 %), RbGaH3 (2.5 %), CsGaH3 (2.0 %), 
FrGaH3 (2.1 %), CoCuH3 (2.28 %), NiCuH3 (3.0 %), ZnCuH3 (2.7 %), 
CsBH3 (2.19 %), RbBH3 (3.01 %) also been calculated in literature. From 
these, we have been inspired for our work to investigate the hydrides for 
their identical unique characteristics. We investigated the structural, 
mechanical, electrical, optical, and hydrogen storage capacity charac
teristics of XCuH3 (X = Al, Ga, In) in this article. This represents the first 
comprehensive study of perovskite-type hydrides to the best of the au
thors’ knowledge. There are no theoretical or experimental in
vestigations related to different physical properties presented in this 
study. The information presented in this article can be useful for future 
studies and serve as a reference, aiding in synthesis. Four sections make 
up this research paper. In the second section, the computational meth
odology of this research is summarized. The third section describes the 
full results and discussion of all properties, and the conclusion 
throughout the research is summarized in section four.

2. Methodology

The density functional theory (DFT) architecture built within the 
Wien2k program is used to carry out the calculation procedures [49]. 
Computation details: The unit cell geometry of the Cu–Group 13 hydride 
gradient series was optimized using the GGA-PBE functional. By creating 
the crystal arrangement in Wien2k, we laid the foundation for a thor
ough investigation of physical properties using the Kohn-Sham equa
tion. In order to provide a solid foundation for further research, the 
fundamental state variables were first carefully determined using the 
Generalized Gradient Approximation (GGA) Perdew–Burke–Ernzerhof 
(PBE) technique. As the structural basis, we used the full-potential 
linearized augmented plane wave (FP-LAPW) method with all geo
metric characteristics fine-tuned within the third-order 
Birch–Murnaghan equation, as well as the TB-mBJ (Tran–
Blaha–modified Becke–Johnson) method to systematically tailor 
opto-electronic bandgap, ensuring adherence to experimental data 
while maintaining mathematical rigor. The lattice of 1000 k-points was 
artistically arranged in a 10 × 10 × 10 matrix, the RMT × KMax value was 
set at 6.5, the charge convergence was adjusted to a strict 10− 5 Ry, the 
energy merging was meticulously balanced at 0.001 eV, and the GMAX 
creating was raised to 10, creating a unique the basis to begin the 
mathematical voyage [50]. We used the electron valence configurations 
s-p for Al, s for H, s-p-d for Cu, and a flexible s-p-d arrangement for both 

Ga and In for this computation. By consistently applying these carefully 
chosen selection criteria in our computer model, we significantly 
improve the clarity and effectiveness of the identified material proper
ties of our molecules.

3. Results and discussion

3.1. Structural properties

The metal hydrides XCuH3 (X = Al, Ga, In) are simple cubic with a 
space group of Pm3m (221 no). The unit cell of XCuH3 contains five 
atoms. In the crystal structure, Al, Ga, and In atoms are positioned at (0, 
0, 0), Cu at (0.5, 0.5, 0.5), and three Hydrogen atoms at (0.5, 0.5, 0), (0, 
0.5, 0.5), (0.5, 0, 0.5). The energy-volume optimization curves of XCuH3 
are obtained by the Birch–Murnaghan equation of state. The lattice 
constant for the XCuH3 compounds is given as follows: AlCuH3 (3.50 Å), 
GaCuH3 (3.56 Å), and InCuH3 (3.69 Å). The unit cell configurations of 
XCuH3 for the individual cation substitutions are shown in Fig. 1. We 
can see that with the increase of atomic number of X, the lattice constant 
of XCuH3 adventures a progressive increase. Al, Ga, and In are elements 
of group 13 and In has a higher atomic mass than Al and Ga whereas the 
atomic mass of Ga > Al. Therefore, it is clear that the lattice constant 
increases with their atomic mass.

The tolerance factor (tG) can be calculated by the following formula, 
which has a crucial rule for understanding structural stability [51]. 

tG =
(RX + RH)

√2(RCu + RH)
(1) 

In this equation, RX, RCu, and RH mean the ionic radius of X (Al, Ga, In), 
Cu, and H atoms. The tolerance factor stability for a cubic structure is 
0.75 and 1.05 [52]. From this equation, we can find the tolerance factors 
of AlCuH3, GaCuH3, and InCuH3 perovskites are 0.98, 1.00, and 1.02, 
respectively. From these values, we can say that XCuH3 compounds meet 
the conditions for structural stability and for forming cubic perovskites. 
Stable cubic perovskite structure provides a robust host scheme, 
avoiding phase decomposition and ensuring consistent performance.

To know that our material is thermodynamically stable, we need to 
calculate the formation energy. Thermodynamic stability describes the 
energy state of a compound relative to its constituent elements and any 
alternative products or reactants it could form. For thermodynamic 
stability, a material formation energy value needs to be negative, indi
cating that the compound energetically prefers to remain intact rather 
than break down into its elemental components or react with other 
materials. This formation energy can be calculated by the following 
formula [53–58]: 

ΔEF =

(

EF(XCuH3) − E(X) − E(Cu) −
3
2

E(H2)

)

(2) 

Here in this equation, EF (XCuH3) is the total energy of XCuH3. E(X), 
E(Cu), and E(H2) indicate the total individual energy of X (Al, Ga, and 
In), Copper (Cu), and H2 (Hydrogen). From Table 1, we see that the 
formation energy of AlCuH3, GaCuH3, and InCuH3 is − 1.62, − 1.68, and 
− 1.76 eV/atom, respectively. As we find the value of formation energies 
is all negative, these materials are thermodynamically stable. Impor
tantly, formation energies are relatively moderate, so hydrogen 
desorption may be a low-energy process, which places these materials as 
promising candidates for reversible hydrogen storage at intermediate 
temperatures.

3.2. Phonon properties

The number of vibrational modes in phonons is directly related to the 
number of atoms in a crystal’s cell. This results for the investigated 
hydrogen compounds with a quintet of atoms per cell in a total of 15 
modes, derived of the mater constraint 3 times atom number [59,60]. 
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Among these, three of the modes are acoustic phonons and 3N− 3 modes 
are optical phonons [61,62]. Phonon dispersion curves along the 
high-symmetry directions X–R–M–Γ–R in the Brillouin zone. The 
calculated phonon dispersion relations AlCuH3, GaCuH3, and InCuH3 
are illustrated in Fig. 2(a–c). The absence of significant imaginary fre
quencies in the Brillouin zone, confirms their dynamical stability 
[63–65]. A very small imaginary frequency (<− 2 cm− 1) in the AlCuH3 
phonon spectrum, however we note that this can generally be ignored as 
it falls within numerical uncertainty.

3.3. Electronic properties

The band structure and density of states are essentially the main 

features when we look at the electronic properties of a material [66]. 
Total density of states (TDOS) and partial density of states (PDOS) are 
helpful descriptors of electronic band structure, providing insight into 
how atomic exchange and relaxation may influence band structure for a 
given compound [67]. Fig. 3 displays the electronic band structure of 
AlCuH3, GaCuH3, and InCuH3.

From the three-band structure, at 0 eV, the red line represents the 
Fermi level. The lower part of Fermi level is valence band, and the upper 
part of fermi level is conduction band. The band gap (or energy gap in 
terms of the electronic band structure of a solid) is the range of energies 
in a solid, semiconductor, or insulator, where no electronic states can 
exist, or equivalently, the energy difference between the top of the 
valence band and the bottom of the conduction band. But in these three 
materials, no such state exists, hence there is no band gap between them 
since there is no band gap between the valence band and the conduction 
band, which is usually seen in semiconductors and insulators; these 
materials are metallic. So, we can say that XCuH3 has very good elec
trical conductivity and increases the efficient charge transfer in hydrides 
during hydrogen storage and release. In Table 2, the band gaps of XCuH3 
are summarized and compared against representative literature data.

The density of states describes how many energy states are available 
that an electron can occupy within a system. In Fig. 4, the total DOS and 

Fig. 1. (a) Unit cell and (b) Energy-Volume optimization curve of XCuH3 (X = Al, Ga, and In).

Table 1 
The optimized cubic lattice constant (a0), volume (V0), tolerance factor (tG), and 
formation energy (ΔEF) of XCuH3.

Hydrides a0 (Å) V0 (bohr3) tg ΔEF (eV/atom)

AlCuH3 3.50 290.08 0.98 − 1.62
GaCuH3 3.56 305.53 1.00 − 1.68
InCuH3 3.69 340.16 1.02 − 1.76

Fig. 2. Calculated phonon dispersion curves of (a) AlCuH3 (b) GaCuH3 and (c) InCuH3.
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partial DOS (TDOS and PDOS) are illustrated for various orbitals in 
XCuH3. It is an effective way to assess how each state contributes to the 
overall electronic band structure by analyzing the density of states 
(DOS) curves. The highest TDOS values of AlCuH3, GaCuH3, and InCuH3 
at the Fermi level, are 0.92 electrons/eV, 1.00 electrons/eV, and1.15 
electrons/eV. Though the peak value of AlCuH3 shows a value of 9.79 
electrons/eV at − 3.75 eV, while GaCuH3 indicates the peak value of 
8.59 electrons/eV at − 3.45 eV, and InCuH3 shows the peak value of 9.73 
electrons/eV at − 3.18 eV. TDOS provides an overview of the electronic 
states available at each energy level, but PDOS allows the decomposition 
of the total DOS into atomic and orbital contributions (e.g., s, p, and 
d orbitals from specific elements) in AlCuH3, between − 8 and − 3 eV, Cu 
d-state and H s-state contributes significantly to the valence band, 
whereas from − 3 to 0 eV Al s-state contribute significantly to the valence 
band. In the conduction band p-states of Al dominant contributor. Al and 
H s-state has minimal contribution in this range. In GaCuH3, between − 8 
and − 3 eV, the Cu d and H s-state contribute significantly on the valence 
band, and Ga d-state contribute little range. Ga d-state has the greatest 
influence to the valence band, which ranges from − 3 to 0 eV. In the 
conduction band p-states of Ga clearly the primary contributor, and Ga 
d-state and H s-state contributes little to the conduction band. In InCuH3, 
between − 8 and − 3 eV, the Cu d-state and H s-state are heavily involved 
in the formation of the valence band, and In d-state contributes signif
icantly to the valence band. While the H s-state plays a very small role in 
this energy range, the p-states of In contribute more, the d-states of In, 

Fig. 3. (a) Band structure of AlCuH3, (b) GaCuH3 and (c) InCuH3.

Table 2 
Band Gap, and lattice Parameters for XCuH3 (X = Al, Ga, In) and other Hydride 
materials.

Compounds Lattice Parameter Eg (eV) References

AlCuH3 3.50 0.00 Present study
GaCuH3 3.56 0.00 Present study
InCuH3 3.69 0.00 Present study
NaCrH3 3.54 0.00 [68]
KCrH3 3.74 0.00 [68]
KGaH3 – 0.00 [69]
LiGaH3 – 0.00 [69]
CaNiH3 3.55 0.00 [70]
CaMnH3 3.60 0.00 [71]
CaCoH3 3.48 0.00 [71]
CaFeH3 3.50 0.00 [71]
KScH3 4.19 0.00 [72]

NaScH3 4.07 0.00 [72]
MgCrH3 3.46 0.00 [73]
CrRuH3 4.00 0.00 [74]
VRuH3 3.92 0.00 [74]
NiRuH3 3.99 0.00 [74]
MgSiH3 3.98 0.00 [75]
MgCoH3 3.32 0.00 [76]
MgNiH3 3.36 0.00 [76]
MgCuH3 3.49 0.00 [76]

Fig. 4. TDOS and PDOS of (a) AlCuH3, (b) GaCuH3 and (c) InCuH3 hydrides.
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and the s-state of H contribute little in this conduction band. Finally, we 
said that the TDOS for AlCuH3, GaCuH3, and InCuH3 cross EF, providing 
evidence of their metallic properties.

3.4. Optical properties

Optical properties of a material are extremely necessary for gaining 
knowledge into their behavior when they are exposed to light, basically 
how it absorbs, reflects, refracts, or scatters electromagnetic radiation 
(especially in the visible, infrared, or ultraviolet ranges). Materials with 
specific optical absorption characteristics are crucial in photochemical 
hydrogen storage systems, where exposure to light triggers the uptake or 
release of hydrogen [77]. Furthermore, analyzing the optical response of 
these materials helps forecast how they will behave under various 
lighting conditions, which is especially important for managing heat 
during hydrogen storage, particularly when sunlight is involved. To 
determine the optical properties of the studied materials, the dielectric 
function and other frequency-dependent optical properties are calcu
lated. From the various properties of a material, the dielectric function 
should be considered first, and it is essential. The dielectric function has 
two parts: the Real dielectric and the Imaginary dielectric. The equation 
for the dielectric function is [78]: 

ε1(ω)= ε1(ω) + iε2(ω) (3) 

For incoming electromagnetic radiation in the material, there is 
some dispersion and polarization processes occur, which can be inves
tigated by the fundamental component of the dielectric function and the 
imaginary component of the dielectric function. We can determine the 
absorption of the material’s internal structure [79,80].

Fig. 5(a) shows the graph for the real part of the dielectric function, 
which is determined by the following equations [81]: 

ε1(ω)=1 +
2p
π

∫ ∞

0

ωʹε2(ωʹ)
ωʹ2 − ω2

dω (4) 

From this graph, it is clear that AlCuH3, GaCuH3, and InCuH3 have 
static values of 30.08, 24.06, and 48.92, respectively. The value of real 
dielectric function goes to the negative zone at 3.06 eV for AlCuH3, 0.97 

eV for GaCuH3 and 3.96 eV for InCuH3, respectively. A negative value in 
ε1(ω) response signifies strong surface reflection at the material, which 
leads to reduced light transmission [82] and the peak values of ε1(ω) for 
studied materials are 31.51, 28.09, and 48.92, respectively. At high 
energy levels, there is a noticeable difference in energy for the differ
ences in ε1(ω) values for three compounds.

Fig. 5(b) shows a graph of the imaginary dielectric function by which 
we can know the absorbing capabilities of these three compounds. The 
static values of Imaginary dielectric ε2(ω) for AlCuH3, GaCuH3, and 
InCuH3 are 3.41, 1.96, and 26.26, respectively. For that particular spot, 
the static value is not zero, hence they have contact between the ma
terial surface and the electromagnetic radiation [82]. For AlCuH3, 
GaCuH3, and InCuH3, the highest values of ε2(ω) are 22.56, 25.56, and 
33.64, respectively and these values are found at 0.37, 0.8, and 0.1 eV.

This imaginary part can be calculated by, 

ε2(ω)=
(h ʹ e2)

πω2m2

∑

v,c

∫ ∞

BZ

[

Mcv(k)]2δ

[

ωcv(k) − ω
]

d3k (5) 

The way a material reacts to light photon exposure can be interpreted 
by using its absorption characteristics [79]. By this, we can find out how 
efficiently a material can absorb photons or energy packets. Fig. 5(c) 
displays the absorption properties of these three studied materials. Ab
sorption peak located at 9.95 eV, 10.14 eV, and 9.76 eV for AlCuH3, 
GaCuH3 and InCuH3, respectively. The absorption values of those energy 
levels are 138.8 × 104, 145.5 × 104, and 144.5 × 104 cm− 1, respectively. 
These three materials exhibits, respectively, the best (GaCuH3) and the 
worst (AlCuH3) absorption values. The absorption coefficient is the ratio 
of the total optical power absorbed to the total optical power incident on 
the cell surface and low resistivity. Thus, materials can absorb UV light; 
therefore, they can be attractive for hydrogen storage applications. This 
absorption coefficient can be calculated by, α(ω) [83]: 

α(ω)=4πK(ω)
λ

(6) 

Absorption coefficient having higher value means the electron has a 
higher energy level above from valence band to the conduction band. 

Fig. 5. (a) ε1(ω) : Real Dielectric (b) ε2(ω) : Imaginary dielectric function, (c) α(ω): Absorption coefficient and (d) R(ω): Reflectivity.

R.M. Tanvir et al.                                                                                                                                                                                                                               Computational Condensed Matter 45 (2025) e01175 

5 



The existence of the highest absorption peak in ultraviolet region con
firms that these materials are optically active with high absorption in
tensity. Fig. 5(d) depicts the reflectivity of the AlCuH3, GaCuH3, and 
InCuH3. Reflectivity describes how much incoming electromagnetic 
radiation is reflected off the surface of a material [84]. By examining the 
graph, we can see that the static values are 0.48, 0.44, and 0.59, 
respectively. InCuH3 show the peak value of reflectivity at 0.4 eV, and 
the value is 0.594. The reflectivity value of these three materials 
continuously increases and decreases from start to end. We can find the 
reflectivity value by using the formula [85]: 

R(ω)=K2 + (1 − n)2

K2 + (1 + n)2 (7) 

In Fig. 6(a), the refractive index is shown by n(ω), which is a dimen
sionless number that is directly related to the speed of light moving 
through a material and indicates how fast light will propagate through a 
medium; that is, the amount by which the speed of light is reduced in the 
medium used. The refractive index can be calculated by: 

n(ω)=
(

ε1(ω)
2

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ε2

1(ω) + ε2
1(ω)

√

2

)1
2

(8) 

The static values for AlCuH3, GaCuH3, and InCuH3 are found as 5.49, 
4.95, and 7.23, respectively. The greatest refractive values for materials 
are 5.7, 5.43, and 7.23, respectively, and these highest values are found 
at 0.2 eV, 0.64 eV, and 0.2 eV. After the highest value of refractive index, 
n(ω) decreases sharply and then again increases for all three compounds, 
but after some energy level, it decreases gradually till the end. This 
larger refractive index leads to a higher degree of polarization, thus 
improving the hydrogen storage capacity of the material [86,87]. The 
extinction coefficient k(ω) is related to the absorption and scattering. It 
describes how strongly a material can absorb or reflect light at a 
particular wavelength. This extinction coefficient is given as [88]: 

k(ω)=
(

−
ε1(ω)

2
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ε2

1(ω) + ε2
1(ω)

√

2

)1
2

(9) 

The k(ω) for AlCuH3, GaCuH3, and InCuH3 is depicted in Fig. 6(b). At 
the energy of 0 eV, the k(ω) values are 0.3, 0.16, and 1.82 for the studied 
materials, respectively. For AlCuH3, 2.96 is the highest extinction value 
at this energy levels of 2.98 eV, GaCuH3 and InCuH3, 3.21 and 2.92 are 
the highest extinction values at the energy level of 1.07 eV and 0.39 eV, 
respectively. The higher extinction coefficient value indicates a stronger 
absorption tendency [89]. Hence, from these three materials, GaCuH3 
has stronger absorption tendency. Fig. 6(c) represents the optical con
ductivity of the investigated compounds. The optical conductivity is a 
property of a material by which we can know how the material responds 
when it’s exposed to light in terms of charge movement. It is totally 
revealed by how much it absorbs photons. This parameter can be 
calculated by the following formula: 

σ(ω)= n(ω)α(ω) ω
2π (10) 

The first peak of absorption σ(ω) value for AlCuH3, GaCuH3, and 
InCuH3 are 1231.68 Ω− 1cm− 1, 2828.59 Ω− 1cm− 1, and 866.53 Ω− 1cm− 1 

at 0.48, 0.86, and 0.29 eV energy levels, respectively. For the studied 
materials, the greatest conductivity values are 8131.29 Ω− 1cm− 1, 
9914.13 Ω− 1cm− 1, and 9143.49 Ω− 1cm− 1 at the photon energy of 
2.898, 3.77, and 3.796 eV, respectively. From XCuH3, we have found 
that great optical conductivity across the 3–4.5 eV spectral region. The 
GaCuH3 material has higher conductivity than AlCuH3 and InCuH3.

The electron loss function is a property of a material that occurs 
when energy dissipation occurs due to electrons moving rapidly or 
quickly, which is often referred to as plasmon losses. The loss function is 
often directly related to the scattering of incoming electrons. The peak of 
the loss function is related to the plasma frequency. We can calculate the 
loss function of a material using the following formula [90,91]: 

L(ω)= ε2(ω)

ε2
1 (ω) + ε2

2(ω)
(11) 

Fig. 6(d) plots the loss function L(ω) for AlCuH3, GaCuH3, and 
InCuH3. From this, we can find the peak loss function in the UV region. 
The highest values of loss function are 0.70, 0.73, and 1.08 in the photon 
energy of 12 eV, these loss function values are particularly small that 

Fig. 6. (a) n(ω): Refractive index, (b) k(ω): Extinction coefficient, (c) σ(ω): Conductivity, and (d) L(ω): Loss function.
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indicates we can use these materials in a hydrogen storage system.

3.5. Mechanical properties

Continuum mechanics is a valuable theory for understanding the 
physical response and intrinsic characteristics of solid matter. By Den
sity functional theory (DFT), we can assess the accuracy of the result and 
conduct a comprehensive comparison between empirical and theoretical 
research. The elastic properties of a material can be calculated by this 
method [92]. In terms of continuum, considering the energy and stress 
methodology, the elastic constant can be calculated.

This approach employs a series of deformation tensors to modify the 
structure under the applied strain [93]. The strain iteration method 
determines elastic constants by analyzing the change in energy of a 
material when it is stretched or compressed, utilizing calculations from 
density functional theory (DFT). The material’s mechanical behavior 
can be determined by the elastic constant, which is denoted by Cij [93].

For hydrogen storage, a compound’s mechanical stability is essen
tial. To determine the mechanical stability, it needs to calculate the 
mechanical properties of the selected compound. For calculating the 
stability, the elastic constants, mainly C11, C12, and C44, are critical 
parameters used in the Born-Huang criteria [94]. There are some con
ditions that needs to be satisfied for mechanical stability: 

C11 > 0, C44 > 0, (C11 - C12) > 0, (C11 + 2C12) > 0, C12 < B < C11       

The data in Figs. 7 and 8 demonstrate the elastic coefficients and 
parameters for predicting the nature and mechanically stable 
compounds. 

A=
2C44

C11 − C12
(12) 

B=
C11 + 2C12

3
(13) 

Gv =
C11 − C12 + 3C44

5
(14) 

GR =
5C44(C11 − C12)

4C44 + 3(C11 − C12)
(15) 

G=
Gv + GR

2
(16) 

CP =C12 − C44 (17) 

The bulk modulus, denoted by B, is the mechanical characteristics 
that express a material resistance to compression. From investigated 
three materials, AlCuH3 has the highest bulk modulus (79.38) followed 
by the GaCuH3 (69.37), and InCuH3 (64.52) which shown in Fig. 8(a). 
Hence, AlCuH3 has better resistance to compression than GaCuH3 and 
InCuH3. The value of Shear modulus G is calculated by the values of 
Gvand GR, is considered by the median of their average. This shear 
modulus value describes a material’s stability to the shear forces, 
AlCuH3 has the highest shear modulus (28.15) among GaCuH3 (23.48) 
and InCuH3 (10.99), shown in Fig. 8(b).

Young modulus is represented by E and it is defined by: 

E=
9BG

3B + G
(18) 

Young modulus is a mechanical property that defines a material’s 
hardness. By analyzing Fig. 8(c), it is clear that AlCuH3 is harder than 
GaCuH3 and InCuH3. Because AlCuH3 has a higher Young modulus 
(75.54) value than GaCuH3 (63.30) and InCuH3 (31.22).

To know whether a material has a covalent bond or an ionic bond, 
the Poisson ratio is used, and it is denoted by v. This Poisson is calculated 
by: 

v=
(3B − 2G)
2(2B + G)

(19) 

If the Poisson ratio value is greater than 0.25, the material is 
generally considered to have ionic bonding [82] and also considered as 
ductile [95], and if this value is less than 0.25, then the material is 
considered to have covalent bonding and brittle. From Fig. 8(d), we 
observe that all three materials have a Poisson ratio greater than 0.25. 
Hence, this indicates that these materials exhibit ionic bonding and also 
display ductile characteristics. The Pugh ratio can be known by the ratio 
of B to G. A material is brittle or ductile, which can be known by the 
Pugh ratio. If the Pugh ratio is less than 1.75, the material exhibits brittle 
characteristics; if neither Pugh ratio is greater than 1.75, the material 
displays ductile characteristics. In Fig. 8(e), we investigated that all 
three materials show ductile characteristics as their Pugh ratio is less 
than 1.75.

The Cauchy pressure is another standard that can determine a ma
terial’s brittleness or ductility. To find the Cauchy pressure, the value of 
C12 must be reduced by the value of C44. For ductile characteristics, this 
value should be positive, and the value of AlCuH3, GaCuH3, and InCuH3 
is positive as shown in Fig. 8(f), and this value provides support for the 
conclusion that all three materials have ductile characteristics. The 
ductile nature and mechanical stability indicate the material’s ability to 
withstand the internal stresses and volumetric changes during hydrogen 
cycling without fracturing, a critical property for long-term durability in 
a storage system.

If the anisotropic factor of a material equals 1, it is classified as 
isotropic; otherwise, it is considered anisotropic [96,97]. From Table 3, 
we observe that the three investigated materials do not equal 1; there
fore, they exhibit anisotropic characteristics. There are relations be
tween the average velocity of the wave and the Debye temperature, 
which means we need an effective wave velocity for the Debye tem
perature. By using these values, we can obtain average information 
about the states of the material, specifically its inter-atomic bonding 
state. Stronger interatomic bonding may be inferred from a higher 
average wave velocity and Debye temperature; it is evident that the 
interatomic bonding decreases.

3.6. Hydrogen storage

Metal hydrides have become an emerging material for hydrogen 
storage applications these days. However, to store hydrogen, there exists 
a requirement for sufficient gravimetric ability of matter; this is absent 
of high gravimetric capacity, which is the initial cause that limits the all- 
new use of hydrogen as a fuel. For using hydrogen as fuel, we need to Fig. 7. Computed elastic constant (Cij) of AlCuH3, GaCuH3, and InCuH3.
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solve this so that our materials can store hydrogen molecules at a higher 
volume. There are various systems, like gas state storage, liquid state 
storage or solid-state storage technology. Scientists have been finding 
different kinds of materials, including metal hydride perovskites, to 
overcome this barrier of low gravimetric capacity. The gravimetric 
hydrogen storage capacity is the most reliable metric in approaching the 
maximal hydrogen storage capacity of a material; however, the actual 
gravimetric hydrogen storage capacity can be obtained via the following 
equation [80,98]: 

Cgwt %=

⎛

⎜
⎝

(
H
M

)

mH

(
H
M

)

mH + mHost

⎞

⎟
⎠× 100 (20) 

Where H/M is the atomic ratio of hydrogen to material, mH is the molar 
mass of hydrogen, and mHost is the molar mass of the material. From this 
equation, we find the gravimetric capacity of AlCuH3, GaCuH3, and 
InCuH3 and the values are 3.23 %, 2.22 %, and 1.67 %, respectively. To 
be familiar with the hydrogen storage characteristics of our practiced 
structure and their applications in hydrogen storage use, we have also 
computed the desorption temperature (Td) further. In terms of termi
nology, the desorption temperature refers to the temperature at which 
the hydrogen leaves the material; this is a critical parameter for evalu
ating the efficiency and practicality of storage materials in energy ap
plications. The following reaction is used for the calculating Enthalpy of 
reactions 

X+Cu+
3
2

H2 →XCuH3 (20) 

For calculating desorption temperature, we use the following 
expression [99,100]: 

ΔG=ΔH − TdΔS (21) 

Considering ΔG = 0, under normal conditions (Temperature, Pressure), 
then we get 

Td =
− ΔH
ΔS

(22) 

Fig. 8. Elastic Parameters of (a) Bulk Modulus, (b) Shear Modulus, (c) Young Modulus, (d) Poisson Ratio, (e) Pugh Ratio, and (f) Cauchy Pressure obtained 
for XCuH3.

Table 3 
Calculated elastic parameters of XCuH3 (X = Al, Ga, In).

Parameters AlCuH3 GaCuH3 InCuH3

Anisotropy factor A 1.30 2.30 27.40
Voigt Modulus (Voigt) Gv 28.391 25.382 19.279
Reuss Modulus (Reuss) GR 27.918 21.58 2.713

Average wave velocity Vm (m s− 1) 3130.022 2433.912 1537.190
Debye temperature θD (K) 455.328 347.863 212.082
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Where, ΔH is the calculated formation enthalpy, the entropy change of 
hydrogen is denoted by ΔS, the value of entropy change of hydrogen is 
− 130.7 J/mol ⋅ K [103]. The hydrogen desorption temperatures for 
AlCuH3, GaCuH3, and InCuH3 are 800.24 K, 829.88 K, and 868.40 K, 
respectively. These values are physically reasonable and align well with 
the desorption temperatures reported for other ternary hydrides with 
similar structures, such as LiRhH3 (804.71K), CsPtH3 (826.8K), FrPtH3 
(923.5K), BeSnH3 (842.9K) [104–106]. If the desorption temperature is 
lower, it means this material releases hydrogen easily, and if the 
desorption temperature is higher, it means this material releases 
hydrogen with more thermal energy. Table 4 shows hydrogen capacity 
level of different hydride metal compounds compared with the present 
results of AlCuH3, GaCuH3 and InCuH3 and reported data from the 
literature. The data set emphasizes the compositional effect on the 
hydrogen holding capacity for various perovskite-type hydrides. 
Therefore, all three materials can be suitable for hydrogen storage 
application but practical application is currently hindered by low 
gravimetric capacity and prohibitively high desorption temperatures, 
both consequences of excessive thermodynamic stability. Although 
these properties may be less attractive for mobile hydrogen applications, 
they could be suitable for stationary hydrogen storage, high operational 
temperature could be managed using waste industrial heat or concen
trated solar thermal energy.

4. Conclusion

We analyze three perovskite type hydrides AlCuH3, GaCuH3, and 
InCuH3, for hydrogen storage and also analyze their structural, me
chanical, electronic, and optical properties in detail, by using the 
Wien2k code for accuracy and efficiency. For our investigated three 
materials, we found their optimized lattice parameter of 3.50 Å, 3.56 Å, 
and 3.69 Å, respectively. From the calculated value of tolerance factor 
and octahedral factor, we had known that these materials are structur
ally stable. The thermo-dynamical stability is confirmed by the negative 
value of formation energy for all three materials. By Born-Huang sta
bility criteria, the mechanical stability is evaluated; from this analysis, it 
is visible that all these materials are ductile. We had previously exam
ined these three metals, where band structure indicated metallic 
behavior with zero band gaps. The anisotropic nature of these three 
materials can be realized from anisotropic factor. Lastly, we found the 
gravimetric hydrogen storage capacity for AlCuH3, GaCuH3, and InCuH3 
are 3.23 %, 2.22 % and 1.67 %, respectively. From the overall analysis of 
these three materials, we can say all three materials can be useful for 
stationary hydrogen storage capacity is significantly strengthen. Future 
work will investigate elemental doping to destabilize the hydride phase 
and reduce the decomposition temperature, and nano-structuring to 
facilitate kinetics and possibly increase capacity.
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