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ARTICLE INFO ABSTRACT

Handling Editor: Dr M Mahdi Najafpour This study presents a comprehensive investigation of the electronic, mechanical, and thermodynamic properties
of Zintl phase hydrides XGaSiH (X = Sr, Ca, Ba) using Density Functional Theory (DFT) and the FP-LAPW method
within the WIEN2k package. Our analysis covers the structural stability, electronic properties, and hydrogen
interaction mechanisms in these compounds. The hydrides exhibit narrow band gaps, with values ranging from
0.1 to 0.5 eV using GGA and LDA functionals, and 0.6-1.0 eV with mBJ-GGA and mBJ-LDA. The hydrogen
storage capacities are determined to be 0.34 wt %, 0.47 wt %, and 0.40 wt % for SrGaSiH, CaGaSiH, and
BaGaSiH, respectively, highlighting their potential for energy storage applications. Thermodynamic properties,
evaluated through the quasi-harmonic Debye model, provide insights into the Griineisen parameter, heat ca-
pacity, and thermal expansion coefficient over a range of pressures (0-50 GPa) and temperatures (up to 1000 K).
Elastic constants reveal that these compounds are mechanically stable, with a notable anisotropy in the {100}
plane and varying degrees of compressibility among the different hydrides. Our study further highlights the
slightly ordered hexagonal Ga and Si layers, which contribute to the enhanced hydrogen storage capabilities of
these materials. The compounds demonstrate high structural stability, facilitating effective hydrogen retention
and release at practical temperatures, making them promising candidates for hydrogen storage applications.
Additionally, the analysis of electronic band structures and density of states suggests significant conductivity
potential, with band gaps ranging from 0.1 to 1.0 eV, depending on the computational method used. The unique
combination of structural, electronic, thermodynamic, and mechanical properties in XGaSiH compounds posi-
tions them as valuable materials for renewable energy applications. These findings lay the groundwork for future
research focused on optimizing these materials through structural modifications or doping to enhance perfor-
mance metrics such as hydrogen storage capacity and electrical conductivity.
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1. Introduction

In recent years, there has been an increased demand for research in
sustainable and renewable energy sources due to growing concerns
about the depletion of traditional fossil fuels such as oil, coal, and gas-
oline [1]. The consumption of these resources has led to harmful envi-
ronmental impacts, such as greenhouse gas emissions and climate
change, prompting the global community to seek cleaner and more

sustainable energy alternatives. In this context, hydrogen energy has
emerged as a pivotal solution due to its high abundance, energy content,
and sustainability [2]. When used as a fuel, hydrogen produces only
water as a byproduct, making it an environmentally friendly option.
Parallel to the growing interest in renewable energy, hydrogen
storage technologies have become a major focus due to their critical role
in advancing the transition to sustainable energy sources. Among these
technologies, electrochemical hydrogen storage methods have emerged
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as promising solutions, offering moderate storage conditions and the
ability to meet sustainable storage needs. For instance, CaGaSiH and
SrGaSiH, while exhibiting modest hydrogen storage capacities of 0.47%
and 0.34% wt%, respectively, are notable for their stable structural
properties and ability to release hydrogen efficiently at suitable
desorption temperatures [3]. Additionally, perovskite-based materials
show significant potential for developing efficient hydrogen storage
systems, thanks to their unique structural and electronic properties [4].

Improving hydrogen storage materials requires innovative strategies
based on advanced simulation methods such as the phase-field method,
which has proven effective in guiding the design of new materials and
enhancing their properties [5]. With recent advancements in energy
storage technologies, it has become essential to integrate hydrogen
storage systems with other storage systems, such as calcium-ion batte-
ries, to improve overall performance and reduce costs [6]. These efforts
involve a comprehensive approach aimed at enhancing the efficiency
and safety of hydrogen storage systems by utilizing materials with large
surface areas and active conductive properties, thereby improving their
hydrogen storage capabilities [7].

Zintl phases serve as a blueprint for designing new solid compounds
with multifunctional properties. Named in honor of the German chemist
Eduard Zintl, who first studied a subset of intermetallic compounds in
the 1930s, these phases consist of positively charged metals combined
with elements from groups 13 to 15. Unlike typical intermetallic com-
pounds, Zintl phases exhibit a blend of ionic and covalent bonding and
are usually semiconductors. They offer a range of both equivalent and
nonequivalent exchanges that uniquely contribute to their properties.
Zintl’s electron counting rules can be used to predict structural types and
establish a foundation for structure-property relationships [8,9].

Although storing hydrogen gas by compressing it in tanks has proven
effective, this method has shown limitations in efficiency over prolonged
operation periods. The challenges associated with high-pressure
hydrogen storage include energy losses during compression, safety
concerns, and the need for robust storage infrastructure. As a result,
research has increasingly turned to solid-state hydrogen storage
methods, which offer superior gravimetric and volumetric energy den-
sities [10]. Among solid-state hydrogen storage systems, metal hydrides
and complex hydrides have garnered considerable attention due to their
ability to reversibly store and release hydrogen through chemical
processes.

Recent studies have expanded the understanding of various hydride
materials, such as XVH3 and YCrH3, focusing on their structural, me-
chanical, and hydrogen storage properties [11,12]. For instance, the
gravimetric hydrogen storage capacities of NaVH3, KVH3, RbVH3, and
CsVH3 have been reported to be 3.78, 3.15, 2.12, and 1.59 wt%,
respectively, demonstrating the potential of these materials in hydrogen
storage applications [11]. Similarly, the hydrides CaCrHs, SrCrHs, and
BaCrHj have shown capacities of 3.08, 2.08, and 1.55 wt%, respectively,
further contributing to the body of research focused on hydrogen storage
solutions [12].

Complex hydrides like XGaSiH (where X = Sr, Ca, and Ba) show
promising potential for hydrogen storage due to their ability to form
hydrogen-based conduction bands, enhancing their optoelectronic
properties [13]. Understanding the physical properties of XGaSiH hy-
drides is essential for the advancement of innovative hydrogen storage
compounds and solar materials. While some studies have investigated
the structural and electronic properties of SrGaSiH, comprehensive in-
formation on their thermodynamic and elastic properties, as well as
their potential applications in photovoltaics, remains scarce.

This study, titled "Investigation on the Hydrogen Storage Properties,
Electronic, Elastic, and Thermodynamic Properties of Zintl Phase Hy-
drides XGaSiH (X = Sr, Ca, Ba)," is motivated by the need to advance
hydrogen storage technologies and better understand the materials that
could support this goal. Efficient hydrogen storage is essential for the
practical use of hydrogen as a clean energy source, and improving these
materials involves not only enhancing their hydrogen storage capacities
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but also understanding their mechanical stability and elasticity. Zintl
phase hydrides, specifically XGaSiH (X = Sr, Ca, Ba), present promising
characteristics for hydrogen storage due to their potential high storage
capacities and favorable thermodynamic properties. However, their
practical application also depends on their mechanical stability, which is
crucial for ensuring their durability and performance. By investigating
the elastic properties of these hydrides, we aim to assess their me-
chanical stability and how it relates to their hydrogen storage capabil-
ities. This comprehensive approach provides a valuable contribution to
the development of robust and efficient hydrogen storage materials,
supporting the broader goal of sustainable energy technologies and their
practical implementation.

This study, in Section 2, details the computational methodology
employed using Density Functional Theory (DFT) to investigate the
hydrides XGaSiH (X = Sr, Ca, and Ba). The analysis encompasses ground
state properties, crystal structures, bonding characteristics, and elec-
tronic properties such as band structures and density of states (DOS).
Thermodynamic properties, including entropy, thermal expansion, and
specific heats, are computed via Gibbs energy non-equilibrium methods.
Additionally, elastic constants, bulk modulus, and estimated melting
temperatures are examined to approximate decomposition behaviors
under varying conditions. The study also explores elastic anisotropy and
Debye temperatures, providing comprehensive insights into the poten-
tial applications of these hydrides for hydrogen storage and energy-
related endeavors. Section 4 summarizes the key findings discussed in
the conclusion.

2. Details of computation

Section 2 employed the Full Potential Linearized Augmented Plane
Wave (FP-LAPW) approach, which was implemented using the WIEN2k
code [14]. In order to consider the influence of exchange and correlation
effects, the computations utilized the Local Density Approximation
(LDA) and the Generalized Gradient Approximation (GGA) [15].

The wave functions in the interstitial area were increased by utilizing
plane waves. The cutoff value for these plane waves was set at kpax X R.
M.T = 8.0, where R.M.T denotes the radius of the Muffin-Tin sphere. The
charge density was increased using a Fourier series up to Gpax = 16
(Ryd)l/ 2, and the valence wave functions within Muffin-Tin spheres
were expanded up to Ly,x = 12. The energy gap between the core and
valence states was defined as —6.0 Ry for these computations. Conver-
gence was attained by applying a self-consistent total energy threshold
of 10~* Ry. This was accomplished by using 600 k-points to sample the
first Brillouin zone (BZ).

Given that our system lacks partially filled d or f orbitals crucial for
strong bonding interactions, the Hubbard correction (GGA + U) was not
applicable. The study employed a DFT-based formalism at absolute zero
temperature and pressure, incorporating the (PV) term to account for
pressure effects. Temperature effects were considered through thermal
contributions to the crystal’s free energy. These computational ap-
proaches provide essential insights for optimizing production processes
and predicting material behavior across varying environmental
conditions.

The Gibbs2 code, created by Blanco et al. [16,17], utilises the
quasi-harmonic Debye framework [18] to calculate extensive thermo-
dynamic characteristics of materials, specifically considering tempera-
ture effects that are not taken into account by the Born-Oppenheimer
technique. This computational tool utilises established thermodynamic
equations to determine important parameters, including the Debye
temperature (6p) and the out-of-equilibrium Gibbs function, G*(V, P, T).
The Gibbs function in a state of non-equilibrium is mathematically
represented as:

G*(x,V;P,T) =Equ(x,V) + PV +Fy,,

(¢, Vi T) + Fy(x, V; T) @

Here, x represents a pertinent system parameter such as composition
or concentration, and V denotes the system volume. Eg,(x,V)
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encompasses static energy contributions, including those from chemical
composition and structural arrangement. The term PV accounts for
mechanical work done against external pressure P during volume
changes V. The vibrational term F;; (x, V; T) represents the contribution
from thermal vibrations, while F}(x, V; T) captures electronic contribu-
tions, such as electronic excitations and interactions between electrons
and the crystal lattice.

In this context, V signifies the system volume, while x represents a
relevant system parameter, such as concentration or composition. Static
energy contributions, such as those resulting from chemical formula and
structural arrangement, are included in Egq(x, V). The term "PV" refers to
the mechanical labour that is performed regarding external pressure P
during changes in volume V. The electronic contributions, including
electronic excitations and interactions between electrons and the crystal
lattice, are captured by the term F}(x, V; T), while the vibrational term
F;;(x,V;T) represents the contribution from thermal vibrations. For
semiconductors like XGaSiH (X = Sr, Ca, Ba), electronic contributions to
the Helmholtz free energy are negligible due to fully occupied electron
bands.

Equation (1) offers a complete framework for defining non-
equilibrium Gibbs free energy under different settings by incorpo-
rating these components. The Gibbs function is minimised by expressing
it as:

G'(P,T)=""G (x,V;P,T) @
x,V

Minimizing the Gibbs function with respect to volume V can be

expressed as:

56

5V 027tha+P7Pth

3

Here, Pgys = 0Ega/0V represents the static pressure, and Py, = 0
F;,/0V denotes the thermal pressure. Solving equation (2) provides the
thermal equation of state (EOS). The vibrational energy F;, is charac-
terised by the vibrational state density g (w) in the quasi-harmonic
approximation.

Fp= / B) +kBT> In (1 - eiw/KBTﬂ g(w)ow ©)]
0
F (%, V;T) = Ega (%, V) + F'(x, V; T) )

The Debye model [19], a widely used approximation for phonon
spectra, simplifies the solid as a continuous, isotropic elastic medium. In
this model, acoustic waves propagate without dispersion, with fre-
quencies directly proportional to the wave vector k. The model con-
denses the 3p phonon branches (where p is the number of basis atoms
per unit cell) into three acoustic branches characterized by o = Cpk,
where Cp represents the sound velocity. The total number of vibration
modes is 3 pN, where N is the number of primitive unit cells. As a result,
the phonon density of states follows a quadratic relationship:

9”“)2/ wd sio < op
siw > wp

(6)

gDebye (w) =
0

Here, n represents unit cell density, and op is the Debye frequency
correlated with Debye temperature:

_(1)])_ 1

1
o 6 7°n 30
PRy Kg\ V 0

)

Where vy represents the average velocity of the three acoustic
phonon branches. In the Debye model, the Griineisen coefficient y is
given by:
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-~ din BD

JlnV ®

Y=

Thermodynamic properties determined from gDebye(®) encompass
the Helmholtz free energy (F), entropy (S), heat capacities (specifically
Cy and Cp, and the coefficient of thermal expansion (a):

—0p
F=Es(x,V) +§nKBGD +3nKTln|1-—e /T —nKgTD <%D> 9

—0p
S= —-3nKzgln[1-e /T +4nKBD(eTD>

(10)
9nK;0
Cy = 12nKzD <9D/T> _ O an
O /7
e -1
Cp = Cv(l + (l}/T) (12)
1/0V\ Gy
_ 1oV vGy X
w3 (5) b a3

Here, Bt represents the isothermal compressibility modulus, n de-
notes the number of atoms per cell, and D(x) denotes the Debye integral:

3 [yl
D)= / 13'7 0 as
0

Elastic constants, crucial for understanding material stability and
mechanical behavior, were rigorously determined using the IRELAST
method [20] implemented within the WIEN2k package. This computa-
tional approach involves applying small strains to the crystal lattice and
calculating the resulting stress tensors. By analyzing how the stress re-
sponds to strain, elastic constants such as bulk modulus, shear modulus,
and Young’s modulus were accurately derived. These constants provide
fundamental insights into the material’s resistance to deformation under
external forces and its ability to transmit mechanical energy. The
computational framework ensures precision in characterizing the me-
chanical properties of XGaSiH (X = Sr, Ca, Ba) hydrides, thereby facil-
itating their potential applications in various technological fields.

3. Results and discussion
3.1. Structural properties

In the exploration of materials suitable for hydrogen storage, a va-
riety of compounds within the AByH, series have been studied exten-
sively. Compounds such as SrAl,H,, BaGagHo, and SrGagHy have been
observed experimentally, demonstrating promising hydrogen storage
capacities and stable structural properties. However, other compounds
like BaAlpH, remain undiscovered. This study hypothesizes that
BaAl;H, may adopt a structure similar to its counterparts in the series,
typically stabilizing in a hexagonal P3m1 space group. In this structure,
B atoms form puckered graphitic layers surrounded by three nearest A
neighbors, with hydrogen filling the remaining coordination sites [21,
22].

Departing from traditional oxidation models in chemical entities,
Zintl phases offer intriguing deviations where more electronegative el-
ements act as anions, forming polyanions. These Zintl phases, charac-
terized by their electron-precise polyanionic frameworks balanced by
metal cations, provide a unique approach to material design. The AeTrTt
compounds (Ae = Ca, Sr, Ba; Tr = Al, Ga; Tt = Si, Ge, Sn) represent such
a family. Upon hydrogenation, these compounds transform into polar
semiconductors, exhibiting band gaps ranging from 0.3 to 0.8 electron
volts [15-20,23]. These hydrogenated compounds present exciting
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possibilities for various applications, including optoelectronic devices
and solar energy systems. Their calculated shift current response sur-
passes that of BiFeOs by up to eight times and shows significant re-
sponses even at low photon energies, making them potential candidates
for next-generation photovoltaic devices. With band gaps below 1
electron volt and some members exhibiting stability in air up to 770 K,
these compounds may find utility in solar cell devices, offering a po-
tential alternative to traditional pn-junction solar cells [13]. Their
favorable electronic properties, combined with their stability and high
hydrogen content, position them as strong candidates for practical
hydrogen storage solutions.

The bonding in this group of compounds has been elucidated in two
ways: one posits a formal valence state configuration of (Ae)*T[TrTtH]*
or [AeTth]1+(H_), as discussed in Refs. [22,24,25]. The first model
strictly adheres to the Zintl concept, portraying a layered polyanion
composed of "three-bonded [Tr-H] ™" and three-bonded lone electron pair
Tt~ [25]. This model emphasizes the formal charge separation and the
formation of stable polyanionic structures. Conversely, a recent study
presents an alternative view, indicating through band structure analysis
that H orbital contributions primarily occur approximately 5 eV below
the Fermi level, with minor interaction with Tr and Tt bands closer to the
Fermi level [24]. This perspective suggests a more delocalized bonding
scenario, where hydrogen’s role is less about forming distinct anionic
units and more about contributing to the overall electronic structure.

Understanding these bonding characteristics is crucial for predicting
the behavior and stability of these compounds under various conditions.
This study aims to provide a comprehensive analysis of the electronic,
structural, and thermodynamic properties of these materials, leveraging
advanced computational techniques to predict their potential for prac-
tical hydrogen storage applications.

Building on the understanding of complex hydrides, this study fo-
cuses on the crystalline structure of XGaSiH materials, where X repre-
sents Sr (Strontium), Ca (Calcium), and Ba (Barium). These materials are
anticipated to adopt hexagonal structures, akin to those observed in the
AByHj series, such as SrAl,H; and BaGasHs. The hexagonal lattice
arrangement of XGaSiH compounds is expected to exhibit unique elec-
tronic and bonding characteristics that could influence their hydrogen
storage capabilities.

In the AByH; series, the hexagonal P3ml structure facilitates the
formation of puckered graphitic layers of B atoms surrounded by their
nearest A neighbors, with hydrogen occupying the remaining coordi-
nation sites [21,22]. Similarly, XGaSiH materials are predicted to sta-
bilize in a hexagonal lattice, which may lead to comparable bonding
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environments and electronic properties. Investigating the structural
properties of these hydrides will provide deeper insights into their po-
tential for hydrogen storage applications.

The study will explore various aspects of the XGaSiH crystalline
structure, including the arrangement of metal and hydrogen atoms, the
stability of the hexagonal lattice, and the influence of different metal
cations (Sr, Ca, Ba) on the overall structure. By examining these factors,
the research aims to elucidate how the specific arrangement of atoms
affects the hydrogen storage capacity and stability of these materials.
Understanding the structural characteristics of XGaSiH compounds is
crucial for optimizing their performance in hydrogen storage applica-
tions. The insights gained from this study will contribute to the devel-
opment of advanced hydrogen storage materials with improved
efficiency and practicality, aligning with ongoing efforts to advance
sustainable and renewable energy technologies.

The hexagonal phase of XGaSiH materials, specifically in the P3m1
space group (No. 156), has been thoroughly investigated, as illustrated
in Fig. 1. This phase aligns with theoretical predictions made by
Vajeeston et al. [26] and John et al. [13], which forecasted that XGaSiH
compounds would crystallize in a hexagonal structure at lower tem-
peratures (see Table 1).

To determine the stability and energetics of this phase, total energy
calculations were performed by varying the unit cell volume and
analyzing the results using the Murnaghan equation of state [27]. Fig. 2
presents the relationship between total energy and volume, calculated
using both the Local Density Approximation (LDA) and the Generalized
Gradient Approximation (GGA). The study also measured the equilib-
rium lattice constants a, b, and c, as well as the bulk modulus B and its
pressure derivative B, for the XGaSiH (X = Sr, Ca, Ba) compounds. These
results are detailed in Table 2 and show strong agreement with data
from previous investigations [26].

Notably, the XGaSiH compounds exhibit a discernible trend of
decreasing bulk modulus from CaGaSiH to SrGaSiH to BaGaSiH. The
unit cell volumes, calculated using GGA and LDA approximations, show
a progressive increase: from 66.73 A3t072.62 A3 t0 80.23 A3 (GGA) and
from 64.39 A% to 70.31 A3 to 78.05 A3 (LDA) as the structure transitions
from CaGaSiH to SrGaSiH and ultimately to BaGaSiH. The volume dis-
crepancies calculated using the GGA approximation compared to values
reported by Michael J. and colleagues [28] are 2.76%, 2.30%, and
3.72% for SrGaSiH, CaGaSiH, and BaGaSiH, respectively.

These findings underscore the accuracy of the theoretical models and
highlight the systematic variation in structural properties across the
XGaSiH series. The observed patterns provide valuable insights into the

Fig. 1. Crystal structures of Hexagonal XGaSiH, with X encompassing Strontium (Sr), Calcium (Ca), and Barium (Ba).
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Fig. 2. Changes in total energy relative to unit cell volume, utilizing GGA(a,b,c) and LDA(d,e,f) methods for XGaSiH compounds (X = Sr, Ca, and Ba).
bl bonding interactions between the X-Ga, X-Si, and Ga-Si elements.
Ta N 1 . . . . Despite the flexibility of the Ga—H bonds within the matrix, these bonds
Atomic positions of XGaSiH (X = Sr, Ca, and Ba) determined using LDA and GGA exhibit considerable strength. Table 3 presents the measured inter-
approximations. o X o X . X
atomic distances in SrGaSiH, CaGaSiH, and BaGaSiH. Notably, the dis-
Compounds  Atomic Positions () Other Caleulation tances between Ga and H atoms remain consistently around 1.72 A
(xyz) GGA LDA across the different compounds, irrespective of the specific alkaline-
SrGaSiH Sr(002) 0 0 0 [29] earth metal.
P3m1 Ga(2/31/32) 0.551 0.551 0.542 [291/0.549 [60] The X-Ga-Si-H bond lengths in XGaSiH compounds are closely clus-
Si(1/32/3 2) 0.447 0.447 0.439 [29]/0.444 [60] tered, with measurements of 2.43 A, 2.36 A, and 2.52 A for SrGaSiH,
HE/31/32) 0.910 0-909 0900 [291/0.903 [60] CaGaSiH, and BaGaSiH, respectively. These results are in line with
CaGaSiH Ca(002z) 0 0 0 [60] previous studies [26-32]. Additionally, research by Evans et al. [33]
P3ml 23(52/3 321{3 3 ? g'iig g-izg g'igg F’O} indicates that Ga—H bond lengths in similar hydrides, such as SrGaGeH,
i(1/32/3z . . . 60 - . o
H(2/3 1/312) 0.925 0.925 0.925 [60] BaGaSch, BaGaGe'H', and BaGaSnH, theoretlocally vary fororn 1.7.64 A to
- _ — 1.772 A, and empirically range from 1.711 A to 1.725 A. The distances
Bigansliﬂ 22 ((g/(;Z])/g ) g ss6 g ss6 g ;2397] [201/0.542 [60] between the Ae (Ca, Sr, Ba) atoms in these compounds span from 2.482
z . . B . o o . . . . . .
Si(1/32/372) 0.433 0.433 0.448 [29]/0.455 [60] Ato 2.713 A, as observed in experiments. These variations are primarily
H(2/31/32) 0.925 0.925 0.874 [291/0.875 [60] due to differences in the surrounding atomic environment.

material’s stability and potential applications, particularly in the

context of hydrogen storage and other energy-related technologies.

The examination of the compositions of CaGaSiH, SrGaSiH, and
BaGaSiH reveals intriguing attributes related to their structural and
mechanical properties. As one transitions from calcium to barium, there
is a noticeable increase in cell size, reflecting the differences in ionic
radii and properties between Ca?*, Sr?*, and Ba?*. This variation impacts
the overall lattice dimensions and contributes to the observed differ-
ences in material properties.

The materials under investigation demonstrate a lower bulk modulus
in their initial phase compared to typical metallic hydrides, suggesting
that they are more amenable to shaping and exhibit greater suscepti-
bility to compression. Notably, BaGaSiH shows a markedly lower bulk
modulus compared to SrGaSiH and CaGaSiH, leading to a greater
equilibrium volume and establishing BaGaSiH as the most compressible
among the studied compounds.

The relatively soft properties of the XGaSiH compounds (where X
represents Sr, Ca, and Ba) can be attributed to the comparatively weak

970

XGaSiH compounds exhibit a stable hexagonal crystalline structure
with precisely arranged Ga and Si layers. This stable structure provides a
robust framework that can enhance the compounds’ ability to absorb
and release hydrogen effectively. The stability of the crystalline struc-
ture under varying pressure and temperature conditions further im-
proves the ability of these compounds to retain and release hydrogen as
needed.

3.2. Electronic structure

Fig. 3 presents the energy band structures of XGaSiH compounds (X
= Sr, Ca, Ba) along various high-symmetry paths within the Brillouin
zone. The calculations of these band structures utilized several compu-
tational methods, including Generalized Gradient Approximation
(GGA), Local Density Approximation (LDA), and the modified Becke-
Johnson approximations (mBJ-GGA and mBJ-LDA). These modified
methods build upon traditional Density Functional Theory (DFT) to
enhance the precision of electronic property predictions in semi-
conductors and insulators.

In the hexagonal phases of XGaSiH, the valence band exhibits a peak
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Table 2
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Calculated lattice constants (a, ¢ and c/a) in ;\, bulk modulus (B) in GPa and pressure derivative (B') at equilibrium volume using GGA and LDA compared to

experimental findings of XGaSiH (X = Sr, Ca, and Ba) compound.

Compounds (structure type; space group) Lattice Parameters

Experiment Value Relative error

GGA LDA GGA LDA
SrGaSiH a 4.146 4.100 4.188 [60]/4.194 [26] v‘y —0.009/-0.011 —0.021/-0.022
P3ml alexp
c 4.869 4.802 5.002 [601/4.948 [26] ve ‘ —0.027/-0.016 —0.041/-0.030
Clexp
c/a 1.174 1.171 1.190 [60] V? ‘ —0.013 —0.016
clexp
B(Gpa) 61.859 67.994 58.000 [26]
B’ 4.315 4.449
V(;\S) 72.625 70.317 75.989 [60]/75.388 [26] vV —0.046/-0.038 —0.080/-0.072
"V p
CaGaSiH a 4.045 3.997 4.091 [60] Vt}/ ) —0.011 —0.023
P3ml alExp
c 4.669 4.593 4.762 [60] V? ‘ —0.019 —0.036
Clexp
c/a 1.154 1.149 1.160 [60]
B(Gpa) 67.819 72.709 59.000 [26]
B’ 3.941 4.198
V(AS) 66.732 64.399 69.035 [60] vV —0.034 —0.071
V|5
BaGaSiH a 4.228 4.190 4.301 [60]/4.321 [26] V‘}’ ) —0.017/-0.022 —0.026/-0.031
P3ml alExp
c 5.115 5.133 5.270 [60]/5.190 [26] V? | —0.030/-0.014 —0.026/-0.011
clep
c/a 1.209 1.211 1.220 [60]
B(Gpa) 56.935 62.032 48.000 [26]
B’ 4.472 4.612
V(Ag) 80.231 78.053 84.451 [60]/83.956 [26] vV —0.052/-0.046 —0.081/-0.075
/av Exp
Table 3
The lengths of atomic bonds (A) and angles (°) in in XGaSiH (X = Sr, Ca, Ba) compounds.
SrGaSiH CaGaSiH BaGaSiH
GGA LDA Experimental GGA LDA Experimental GGA LDA Experimental
Ga-Si (x3) 2.447 2.421 2.475 [26] 2.405 2.461 2.481 2.461 2.512 [30]
X-H(x3) 2.433 2.405 2.472 [26] 2.361 2.376 2.390 [31] 2.522 2.500 2.532 [30]
X-Si(x3) 3.600 3.554 3.527 3.477 3.105 [31] 3.703 3.692 3.485 [61]
X-Ga(x3) 3.239 3.192 3.279 [26] 3.120 3.077 3.382 3.363 3.363 [62]
Ga-H(x1) 1.745 1.712 1.771 [26] 1.719 1.719 1.706 [31] 1.706 1.703 1.726 [22]
Ga-Si-Ga(x3) 115.833 115.696 114.476 114.476 116.870 116.694
Si-Ga-Si(x 3) 115.833 115.696 114.476 114.476 116.870 116.694
Si-Ga-H(x3) 101.943 102.145 103.827 103.827 100.308 100.600

at the M point of the Brillouin zone, while the conduction band reaches
its minimum along the 6-K direction. This observation indicates an in-
direct band gap between the M point and the 6-K direction. Despite some
variations in the precise values, the band structures of these compounds
display qualitatively similar characteristics, highlighting consistent
electronic behavior across the series.

The bandgap energies of XGaSiH compounds were determined using
various computational approaches. For SrGaSiH, the Generalized
Gradient Approximation (GGA) method yielded a bandgap of 0.380 eV,
while the Local Density Approximation (LDA) method provided a
bandgap of 0.333 eV. Enhanced methods, such as modified Becke-
Johnson GGA (mBJ-GGA) and modified Becke-Johnson LDA (mBJ-
LDA), produced higher bandgaps of 0.942 eV and 0.933 eV, respectively.
Previous Density Functional Theory (DFT) calculations reported
bandgaps of 0.47 eV and 0.6 eV. For CaGaSiH, the GGA method indi-
cated a bandgap of 0.170 eV, while the LDA method yielded a lower
bandgap of 0.100 eV. The mBJ-GGA and mBJ-LDA methods reported
bandgaps of 0.702 eV and 0.635 eV, respectively, whereas DFT calcu-
lations showed bandgaps of 0.28 eV and 0.3 eV. For BaGaSiH, the
bandgap values were 0.478 eV for GGA, 0.542 eV for LDA, 0.980 eV for
mBJ-GGA, and 0.974 eV for mBJ-LDA. DFT methods reported bandgaps
of 0.53 eV and 0.6 eV.

These variations in bandgap values highlight the influence of the
computational method used, with DFT methods typically under-
estimating bandgaps due to discontinuities in the exchange-correlation
potential. Analysis of the band structures indicates that the conduction
and valence bands in XGaSiH compounds are separated by bandgap
energies ranging from 0.1 eV to 0.9 eV. This suggests that these com-
pounds exhibit significant conductivity, attributed to their very small
bandgaps.

Table 4 summarizes the energy gap values obtained using various
approximations. These bandgap values align with previous research
conducted by P. Vajeeston et al. [34], who calculated bandgaps using
the DFT method with the GGA-PBE functional. It is well recognized that
the GGA-PBE functional systematically underestimates bandgap values
due to inherent discontinuities in the exchange-correlation potential.
For example, Vajeeston et al. reported bandgaps for SrGaSiH, CaGaSiH,
and BaGaSiH as 0.6 eV, 0.3 eV, and 0.6 eV, respectively. In comparison,
John A. et al. [13]reported bandgap values of 0.47 eV, 0.28 eV, and 0.53
eV for these compounds using the Quantum Espresso package with the
GGA approximation. Additionally, the bandgap energies observed in this
study are in reasonable agreement with those reported for XAISiH hy-
dride compounds (X = Sr, Ca, Ba) [35].

Fig. 4 presents the density of states (DOS) curves for the ground-state
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Table 4
The energy gap Eg calculated in different approximations.

Compounds Bandgap (eV)
GGA LDA MBJ- MBJ- DFT
GGA LDA
SrGalSiH 0.380 0.333 0.942 0.933 0.47 [13]/0.6
(P3m1) [34]
CaGalSiH 0.170 0,100  0.702 0.635 0,28 [13]/0,3
(P3m1) [34]
BaGaSiH 0.478 0.542 0.980 0.974 0.5 3[13]/0.6
(P3m1) [34]

phases of XGaSiH compounds (where X = Sr, Ca, and Ba) at their
equilibrium volumes. The DOS curves were generated using GGA, LDA,
mBJ-GGA, and mBJ-LDA approximations. For SrGaSiH, the total DOS
curve reveals a valence band extending from —10 eV to the Fermi level
(0 eV), with two distinct regions. The first region, from —10.25 eV to
—4.54 eV, is predominantly influenced by the s-states of Ga, Si, and H,
which shape the electronic configuration. The second region, extending
from —4.34 eV to the Fermi level, is dominated by the p-states of Ga and
Si, alongside the s-states of H. The DOS distribution for the XGaSiH-LDA
approximation mirrors this pattern with minor variations in state con-
tributions, while the XGaSiH-mBJ-GGA and SrGaSiH-mBJ-LDA approx-
imations exhibit a broadened valence band and improved accuracy in
the electronic structure calculations.

For CaGaSiH, the total DOS curve displays a valence band spanning
from —11 eV to 0 eV, delineated into two regions. The first region, from
—11 eV to —8 eV, is prominently influenced by the s-states of Si. The
second region, from —7.36 eV to Ep, is characterized by the s-states of Si
and H, with significant contributions from Si p-states. The BaGaSiH
material has a total density of states (DOS) curve that encompasses a
valence band spanning from —9 eV to 0 eV. This valence band can be
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further categorized into two separate sections. The initial range, span-
ning from —9 eV to —4.25 eV, is notably influenced by the s-orbitals of
Ga, Si, and H. The second zone, ranging from —3.54 eV to the Fermi
energy (Eg), is primarily characterized by the s-states of hydrogen (H)
and the p-states of gallium (Ga), with significant contributions from
silicon (Si) p-states. It is worth mentioning that the interaction between
hydrogen states and the s and p orbitals of silicon, as well as the s and p
orbitals of gallium, can be observed. The characteristics of the valence
bands around the Fermi level are mostly influenced by the silicon p-
orbitals and hydrogen states.

A notable trend observed in SrGaSiH, CaGaSiH, and BaGaSiH is the
clear reduction in the energy difference between the lowest and highest
valence bands. This reduction could significantly influence their elec-
trical properties. Each of these hydrides exhibits a relatively narrow
energy gap between the valence and conduction bands, indicating
semiconductor-like behavior, which is consistent with the characteris-
tics observed in the previously studied SrAlSiH system.

Although the DOS trends across SrGaSiH, CaGaSiH, and BaGaSiH
show general similarities, there are notable variations in state contri-
butions among these compounds. The mBJ approximations enhance the
precision of these calculations by broadening the energy ranges and
providing a more accurate depiction of the electronic structure. This
improvement allows for a deeper and more comprehensive under-
standing of the electrical properties of these hydrides.

XGaSiH compounds possess small energy gaps ranging from 0.1 to
0.9 electron volts, indicating the potential for high conductivity. This
suggests that these compounds can quickly respond to changes in elec-
trical charges during the absorption or release of hydrogen, facilitating
the storage and release process. The narrow gaps increase the likelihood
of forming effective bonds between hydrogen and the compounds,
thereby enhancing storage performance.
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Fig. 4. The total and partial Density of States (DOS) for XGaSiH systems (X = Sr, Ca, Ba), derived from mBJ-GGA (a,b,c), and mBJ-LDA (d,e,f)computational

approximations.
3.3. Thermodynamic properties

Fig. 5 illustrates the predicted equilibrium volumes of the com-
pounds SrGaSiH, CaGaSiH, and BaGaSiH under varying pressure levels
and temperatures. As the temperature increases, there is a notable
expansion in the overall volume of these crystals. This behavior is
consistent with the observed changes in volume for related compounds
such as SrAlSiH, CaAlSiH, and BaAlSiH. Notably, the equilibrium vol-
ume of these materials increases with rising temperature, particularly at
a pressure of 0 GPa. This trend highlights the inherent flexibility of these
compounds, as they exhibit significant volumetric expansion in response
to thermal changes.

Understanding the thermodynamic properties of materials is essen-
tial for assessing their stability and suitability for various applications,

particularly those involving fluctuating environmental conditions.
Thermodynamic analysis provides insights into how materials respond
to changes in temperature and pressure, which is crucial for predicting
their performance and reliability in real-world scenarios.

To thoroughly evaluate these properties, ab-initio calculations using
the quasiharmonic approximation are employed. This advanced
computational approach allows for an accurate assessment of phonon
effects—quantum mechanical descriptions of lattice vibrations—across
a broad temperature range from 0 to 1000 K. By incorporating these
vibrational effects, the quasiharmonic approximation accounts for
temperature-induced changes in the material’s properties, such as
thermal expansion and heat capacity.

Moreover, the quasiharmonic approximation is also applied under
varying pressure conditions, up to 50 GPa, which enables the
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Fig. 5. Variation of the volume cell as a function of the temperature for SrGaSiH, CaGaSiH and BaGaSiH, respectively. (a), (b) and (c).at different pressures,

using GGA.
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exploration of how materials behave under extreme compression. This
pressure range is particularly relevant for understanding the material’s
stability and phase transitions under high-pressure environments, which
are often encountered in practical applications or experimental settings.

By integrating these factors, the quasiharmonic approximation pro-
vides a comprehensive view of the material’s thermal behavior,
including how its lattice structure adapts to thermal and pressure-
induced stresses. This approach ensures a detailed understanding of
the material’s stability, enabling the prediction of its performance and
durability in various conditions.

Such detailed thermodynamic analysis is invaluable for designing
materials for specific applications, such as high-temperature or high-
pressure environments, and for ensuring their reliability and efficiency
in practical use. The insights gained from these calculations support the
development of advanced materials with tailored properties, enhancing
their functionality and expanding their potential applications in fields
such as energy storage, catalysis, and materials science.

The bulk modulus, which measures a material’s resistance to uniform
compression, exhibits stability within the temperature range of 0-200 K,
but then decreases linearly with increasing temperature. This trend in-
dicates that as temperature rises, the material becomes more
compressible, as illustrated in Fig. 6. For instance, at 0 K, the bulk
modulus values obtained are 66.31 GPa for CaGaSiH, which aligns
closely with the GGA results of 67.81 GPa. Similarly, SrGaSiH has a
calculated bulk modulus of 60.36 GPa, nearly matching the value of
61.85 GPa, and BaGaSiH shows a bulk modulus of 55.64 GPa, close to
56.93 GPa. These results suggest that CaGaSiH is the most compressible
of the three, with the bulk modulus consistently decreasing as temper-
ature increases, reflecting a direct relationship between temperature and
compressibility.

The Debye temperature (0p) is crucial for understanding how a
crystal behaves at different temperature regimes. It represents a
threshold above which vibrational modes reach thermal equilibrium.
Fig. 7 shows the temperature-dependent Debye temperature for XGaSiH
compounds (X = Sr, Ca, Ba) under varying pressures. The Debye tem-
perature, which reflects the strength of interatomic bonds and the ma-
terial’s hardness, is 361.15 K for SrGaSiH, 432.62 K for CaGaSiH, and
313.54 K for BaGaSiH at 0 K. Generally, higher Debye temperatures
indicate greater hardness. However, the hardness of XGaSiH crystals
decreases under low pressure, though this effect can be mitigated by
applying pressure, highlighting the flexibility and response of these
compounds to external conditions.

Figs. 8 and 9 show the specific heat capacities at constant pressure
(Cp) and constant volume (C,), respectively. Unfortunately, there are no
previous results available for direct comparison. The heat capacity of a
material can be assessed by examining its vibrational properties through
thermodynamic measurements. These measurements are essential for
understanding how the material’s thermal characteristics vary with
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pressure and temperature. At low temperatures, C, correlates directly
with T3, consistent with classical mechanics’ equipartition theory,
which posits that the kinetic energy of each atom is proportional to its
degrees of freedom. This correlation indicates that as temperature in-
creases, the available energy for atomic motion increases, resulting in a
cubic increase in Cy. Fig. 8 clearly demonstrates that temperature has a
more pronounced effect on C, compared to pressure, with C, heat ca-
pacity curves following the classical Dulong and Petit law at higher
temperatures. Quantum oscillators, or phonons, exhibit activation of
low-energy acoustic modes at low temperatures. At standard tempera-
ture and pressure, the specific heat capacities (C, and C,) for BaGaSiH,
CaGaSiH, and SrGaSiH are approximately 98.55 (107.65), 96.82
(102.86), and 97.67 (105.87) J mol‘lK‘l, respectively. Temperatures
above 500 K, where C,, exceeds Cy, indicate thermodynamic stability.

Entropy (S), representing disorder or randomness in a material, in-
creases with temperature and pressure. At room temperature and stan-
dard conditions, the entropy values for SrGaSiH, CaGaSiH, and BaGaSiH
are 173.11, 153.90, and 187.86, respectively. As illustrated in Fig. 10,
entropy increases with temperature, reflecting the material’s tendency
towards greater disorder with rising thermal energy.

The thermal expansion coefficient (a), which measures a material’s
volume change in response to temperature changes, becomes chal-
lenging to measure accurately at high temperatures due to significant
volume adjustments. Accurate measurements at these conditions require
precise and analytical techniques, given the unique challenges involved.
Real materials exhibit anharmonic interactions where phonons respond
to temperature changes with increased activation, leading to lattice
expansion. This anharmonicity causes the thermal expansion coefficient
to vary with temperature, illustrating the complex interplay between
anharmonic interactions and thermal expansion. Fig. 11 illustrates how
temperature and pressure influence the coefficients of thermal expan-
sion for XGaSiH compounds (X = Sr, Ca, Ba). The data show a direct
correlation between temperature and expansion coefficients from 400 to
1000 K, with a notable increase up to 400 K. Additionally, the coefficient
decreases with increasing pressure, suggesting that temperature effects
become less significant at high pressures, highlighting the role of
anharmonic effects in these materials’ thermal expansion. At 0 GPa and
room temperature, the thermal expansion coefficients for SrGaSiH,
CaGaSiH, and BaGaSiH are approximately 9.45 x 1075 K-, 7.85 x 107
K‘l, and 10.14 x 10 K-, respectively, showing notable similarities
among these materials.

As for the impact of thermodynamic properties on the hydrogen
storage mechanism, the results of the thermal expansion coefficient
indicate that XGaSiH compounds expand significantly with increasing
temperature, particularly at low pressure. This expansion facilitates
more effective hydrogen storage under high thermal conditions, where
the crystal structure can accommodate hydrogen atoms without losing
structural stability. Additionally, the results showed that the heat
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Fig. 6. Variation of the bulk modulus as a function of the temperature for SrGaSiH, CaGaSiH and BaGaSiH, respectively. (a), (b) and (c). at different pressures,

using GGA.
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capacity of the compounds increases with temperature, indicating their
ability to absorb large amounts of heat during hydrogen absorption. This
thermal absorption is crucial for facilitating the processes of hydrogen
absorption and release at various temperatures, making these com-
pounds suitable for hydrogen storage in diverse operational conditions.
Furthermore, the Debye temperature is an important indicator of the
stability of atomic bonds in the compounds at different temperatures.
The high Debye temperature values in XGaSiH compounds indicate
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strong atomic bonds and their ability to withstand the thermal vibra-
tions caused by hydrogen interaction with the material, ensuring that
the compounds can store hydrogen safely and stably even at elevated
temperatures. The Gibbs free energy variation results over a wide range
of temperatures and pressures suggest that XGaSiH compounds maintain
their thermodynamic stability, ensuring that hydrogen remains trapped
within the crystal structure until significant changes in thermal and
pressure conditions occur, allowing controlled hydrogen release when
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needed. Finally, the values of Helmholtz free energy and the Griineisen the material’s weight that is attributable to stored hydrogen, providing a
parameter provide additional indicators of the compounds’ stability crucial metric for evaluating the effectiveness of these compounds in
under the influence of heat and pressure, where positive values indicate hydrogen storage applications.

the compounds’ ability to maintain their structural integrity during The term 'H/M’ is used to denote the hydrogen-to-material atom
hydrogen storage in various operational environments. ratio. This ratio measures the proportion of hydrogen atoms relative to

the total number of atoms in the material, offering insight into the
material’s capacity to host hydrogen relative to its atomic composition.
In the context of hydrogen storage, 'H’ represents the mass of hydrogen
that is absorbed or stored within the material, while "M’ refers to the
total mass, which is the sum of the masses of both the hydrogen and the
host material.

To clarify further, My denotes the molar mass of hydrogen, which is
used to convert between the mass of hydrogen and the number of
hydrogen atoms.

MHost, on the other hand, refers to the molar mass of the host ma-
terial, excluding hydrogen. By using these parameters, we can accu-
rately determine how much hydrogen is stored per unit weight of the
material, providing valuable information about the efficiency of the
(ﬂ) M material as a hydrogen storage medium. This detailed understanding of

M) H 100 gravimetric hydrogen storage capacities and the hydrogen-to-material

3.4. Properties of hydrogen storage

The gravimetric hydrogen storage capacity (Cw %) measures how
much hydrogen a material can store relative to its mass. This metric is
important for assessing a material’s ability to absorb hydrogen and is
usually reported as weight percent (wt %). It is crucial for evaluating the
material’s suitability for hydrogen storage systems in applications like
fuel cells or hydrogen vehicles. A recent study examined the hydrogen
storage capacities of various hydrides, including XGaSiH (where X is Sr,
Ca, and Ba), using equation (15) from Ref. [36] to calculate these ca-
pacities from experimental data.

CW% = % (15)

Mo + (E) My, ratio is essgntie.ll for assessing t}.le Practicality and performance of

M these materials in real-world applications, such as fuel cells and other

hydrogen storage technologies. Evaluating these parameters helps in

optimizing material selection and enhancing the design of systems that
rely on efficient hydrogen storage solutions.

Furthermore, the desorption temperature, Tp, is a critical parameter

in evaluating materials for hydrogen storage. This temperature

Based on the results derived from Equation (15), we can accurately
compute the weight percentage of hydrogen stored within each mate-
rial. This computation reveals the gravimetric hydrogen storage capac-
ities for SrGaSiH, CaGaSiH, and BaGaSiH to be 0.34 wt %, 0.47 wt %,
and 0.40 wt %, respectively. These values represent the percentage of
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represents the threshold at which hydrogen is released from the material
when subjected to heating. It is a key factor in assessing the practicality
of the material for hydrogen storage applications, as it affects the effi-
ciency and safety of hydrogen release. The desorption temperature can
be calculated using the Gibbs-Helmholtz equation, which relates the
temperature to the enthalpy and entropy changes of the desorption
process. This equation is detailed in Equation (16) from Ref. [37], and
provides a quantitative measure of how temperature influences the
release of hydrogen from the material.

AH — AG
AS="C 2
T

1e6)

AG represents the standard Gibbs free energy change for the
hydrogen dehydrogenation reaction, AH denotes the enthalpy change
(specifically, the enthalpy of formation), and AS signifies the entropy
change associated with the reaction. At equilibrium, the change in Gibbs
free energy (AG) is zero, which indicates that there is no net change in
the system’s free energy, and the reaction has reached its equilibrium
state.

To calculate the desorption temperature (Tp), the formula used is
given by Ref. [38]:

_AH

Ty =——
PTAS

an

This formula derives from the Gibbs-Helmholtz equation, which
connects the desorption temperature to the enthalpy and entropy
changes of the dehydrogenation reaction. By applying this formula, one
can determine the temperature at which hydrogen is released from the
material, thus providing a key parameter for evaluating the material’s
suitability for hydrogen storage applications.

Here, AH in the context of hydrogen dehydrogenation reactions
typically represents a positive value, as these reactions are often endo-
thermic, meaning they require heat input to proceed. This AH should not
be confused with the enthalpy of formation, which is generally negative
as it refers to the energy released when the material is formed from its
elements. AS represents the entropy change associated with the dehy-
drogenation reaction. The formula, derived from the Gibbs-Helmholtz
equation, relates the desorption temperature to the enthalpy and en-
tropy changes of the reaction, providing a crucial parameter for evalu-
ating the material’s performance in hydrogen storage applications.

Specific values for Tp and AS were calculated for the compounds
CaGaSiH (AS =143.18 J/mol.K, Tp = 587.39 K), BaGaSiH (AS = 174.82
J/molK,Tp = 346.50 K), and SrGaSiH (AS = 161.02 J/molK, Tp =
457.62 K). These values are critical for assessing the efficiency and
suitability of these materials for hydrogen storage applications. The
desorption temperature (Tp) indicates the temperature at which
hydrogen is released from the material, which is a key parameter for
practical applications. Higher Tp values, such as that for CaGaSiH
(587.39 K), suggest that the material requires higher temperatures to
release hydrogen, which may affect the efficiency of hydrogen storage
and release processes. In contrast, materials with lower Tp, values, like
BaGaSiH (346.50 K), release hydrogen at lower temperatures, poten-
tially making them more suitable for applications requiring easier and
more energy-efficient hydrogen release.

The entropy change (AS) provides insight into the disorder or
randomness associated with the hydrogen release process. Larger AS
values indicate a greater increase in entropy during hydrogen release,
which often corresponds to more favorable thermodynamic conditions
for the dehydrogenation reaction. For instance, BaGaSiH with the
highest AS (174.82 J/mol-K) may demonstrate a more significant in-
crease in disorder, potentially enhancing its efficiency as a hydrogen
storage material under certain conditions.

Overall, understanding these specific values allows researchers to
better evaluate the potential of these materials in hydrogen storage
applications, particularly in the context of sustainable and clean energy
technologies. Materials with suitable desorption temperatures and
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entropy changes are essential for optimizing hydrogen storage systems
to meet the energy demands of future clean energy solutions.

3.5. Elastic properties

Elastic constants are fundamental for understanding the mechanical
and dynamic properties of solids. They offer crucial insights into the
internal forces present within crystals, as well as the rigidity and
strength of crystalline materials. These constants are vital for charac-
terizing how materials respond to external forces, determining their
stability, and predicting their behavior under various conditions. Spe-
cifically, elastic constants help in understanding the material’s resis-
tance to deformation, its ability to return to its original shape after stress
is applied, and its overall structural integrity.

To accurately determine these constants, potential functions of both
first and second orders are often utilized. These functions describe the
interactions between atoms within the crystal lattice and are essential
for computational methods that predict elastic properties from first
principles. Ab initio computations, which are based on fundamental
physical theories without empirical parameters, are frequently
employed to calculate these constants. These computations require
precise methodologies to ensure accuracy and reliability [39]. Despite
significant advancements in theoretical calculations, obtaining experi-
mental data for monocrystalline elastic constants remains a challenge,
often due to the complexity of measurements and the precision required.

For materials with hexagonal crystal structures, such as our com-
pounds XGaSiH, there are six distinct elastic constants: C;1, C12, C13, C33,
Cy4, and Cgg. These constants describe different types of deformation
responses in the crystal lattice. For example, C;; and Cgg relate to the
compressibility along the principal axes, Ci2 and C;3 describe the
coupling between different directions, and C44 and Cge are related to
shear deformations. Accurate determination of these constants involves
understanding how energy changes with applied stress during specific
deformations. This requires a comprehensive analysis of the crystal’s
response to applied forces and stresses, which can be complex and
computationally intensive.

The WIEN2K package is a valuable tool in this regard. It provides
advanced computational capabilities to optimize the internal cell
structure of crystals using force-driven optimization methodologies.
This software facilitates the calculation of elastic constants by allowing
precise modeling of the crystal lattice and its interactions. By leveraging
WIEN2K’s capabilities, researchers can achieve a more accurate and
detailed understanding of the mechanical properties of hexagonal
crystal structures, contributing to the development and application of
advanced materials in various fields.

The stress-strain approach is a technique used to determine the
elastic constants of a material by applying known stresses and measuring
the resulting strains. This method involves imposing various types of
stress on the material and quantifying how it deforms in response. The
elastic constants Cij are essential parameters that quantify the stiffness
of a material, reflecting its resistance to deformation. These constants
are crucial for understanding the mechanical properties of materials and
are typically calculated using the Generalized Gradient Approximation
(GGA) approach in computational simulations.

In Table 5, the elastic constants for the hexagonal crystalline forms of
XGaSiH (where X = Sr, Ca, and Ba) are presented. The positive values of
these elastic constants confirm the mechanical stability of the com-
pounds. Specifically, positive elastic constants indicate that the mate-
rials can withstand deformation and return to their original shape,
demonstrating both stability and flexibility under stress [40].

C4q4 > 0,Ce6 > 0,Cp1 > [Cyy|
C11Cs3 > C?g,
(Cn + C]z)C33 — 2C§3 >0

18

The satisfaction of these stability criteria underscores that the



H. Ammi et al.

Table 5
Elastic constants of XGaSiH (X = Sr, Ca, Ba) calculated using GGA, along with
the melting temperature (Tm) in Kelvin (K).

SrGalSiH CaGaSiH BaGalSiH
P3ml P3m1 P3m1l
Cnn 169.649 185.640 149.224
Cs3 93.523 101.594 99.568
Cas 51.482 48.619 51.260
Ces 69.194 72.119 62.269
Ci2 31.260 41.402 24.685
Ci3 25.644 29.231 31.872
Tm 1176.457 + 300 1240.953 + 300 1185.850 + 300
Ay 0.971 0.850 1.108
A, 1 1 1

XGaSiH compounds are both structurally stable and mechanically flex-
ible. This makes them promising candidates for various applications that
require robust and reliable material performance, including in energy
storage and conversion technologies. The positive values of the elastic
constants and adherence to the stability criteria affirm the potential of
these materials in advanced technological applications.

Table 5 displays the elastic constants of the XGaSiH compounds
(where X = Sr, Ca, and Ba) in ascending order based on their magnitude:
Cj (CaGaSiH) > G;j (SrGaSiH) > Cj; (BaGaSiH). This ordering indicates
that CaGaSiH is the most rigid and least compressible among the three
compounds, followed by SrGaSiH and BaGaSiH.

The elastic constant C;; is notably the highest compared to other
constants, reflecting a significant resistance to changes in shape and
volume along the directions associated with Cy;. This high value implies
that these compounds exhibit substantial resistance to deformations in
the directions involving changes in length and volume. This resistance is
due to the high packing density in these directions, where atoms are
tightly packed, making deformation more challenging.

Conversely, the compounds show greater compressibility along the
c-axis compared to the a-axis. This is evident from the smaller value of
the elastic constant Cgg relative to Cq1. The larger value of C;; compared
to C33 indicates that the compounds are more resistant to deformation in
the a-direction than in the c-direction. Essentially, the material is stiffer
and less prone to compression along the a-axis, while it is more
compressible along the c-axis.

Additionally, the comparison between C44 and Cgg reveals that shear
deformation is more easily achieved in the (001) plane compared to the
(100) plane. The smaller value of C44 suggests that shear deformation
within the (001) plane requires less energy compared to shear defor-
mation in the (100) plane, where Cgg is larger. This implies that the
material exhibits greater shear resistance along the (100) plane, making
it less deformable in this direction.

These insights into the elastic constants provide a deeper under-
standing of the mechanical properties of XGaSiH compounds, high-
lighting their varying degrees of rigidity, compressibility, and shear
resistance. This information is crucial for evaluating the materials’
performance and stability in practical applications, particularly in sce-
narios where mechanical properties play a significant role.

The melting points and bulk modulus can be used to predict the
hydrogen decomposition temperatures in XGaSiH materials. The
hydrogen decomposition temperatures for these materials (X = Si, Ca, or
Ba) can be estimated using their melting points. The equation Ty, = 607
+ 9.3 x B where Ty, is expressed in K, and B is expressed in GPa [41],
indicates the relationship between the melting temperatures and the
bulk modulus. This equation shows that the melting temperature de-
pends on the bulk modulus, which is an indicator of the strength of the
crystal bonds in the material. The results indicate a similar relationship
to that found by Fine between elastic constants and melting points for
metals and non-metallic materials [42]. The melting points of the
compounds are as follows: CaGaSiH (T, = 1240.95 K) > BaGaSiH (T, =
1185.85 K) > SrGaSiH (T, = 1176.45 K). The bulk modulus order for
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the compounds is CaGaSiH (B = 68.16 GPa) > BaGaSiH (B = 62.24 GPa)
> SrGaSiH (B = 61.23 GPa). Based on this order of melting points and
bulk modulus, BaGaSiH is expected to decompose at a lower tempera-
ture than CaGaSiH and SrGaSiH.

The shear modulus G and bulk modulus B were calculated using the
Hill model [43,44], which averages the results from the Voigt model
[45] and the Reuss model [46]. Specifically, for hexagonal systems, we
determined the following values: The Voigt shear modulus (Gy), the
Voigt bulk modulus (By), the Reuss shear modulus (Gg), the Reuss bulk
modulus (Bg), as well as the Hill shear modulus (Gyg) and the Hill bulk
modulus (By).

:2C11 +2Ci2 +4C13 + Cs3

By 5 19
(Ci1 + Ci12)Cs3 — 2C%3
Br= 20
R Ci1 + Ci2 — 4Cy3 + 2C33 20)
Gy = 4Cy; + 2C33 — 4Cy3 — 2C1p + 12C44 + 6Ceg 1)
30
-1
G =15 4Cy; +4C12+8C13+§C33 6 i+i ©22)
(C11 + C12)Cs3 — 2G5, Ci1 —Ciz Cus GCee
1
By =3 (Bv +Bg) (23)
1
Gu =5 (Gv +Gg) 24)

The Voigt and Reuss models are foundational approaches used to
understand and characterize the elastic behavior of composite materials.
Each model offers a distinct perspective based on different assumptions
about the material’s internal structure and response to applied stresses.
The Voigt Model operates under the assumption of material homoge-
neity. This model presumes that the composite material behaves as if it
were a single, uniform substance with consistent elastic properties
throughout. In other words, it treats the material as though all its phases
are perfectly aligned and share the same mechanical response to stress.
This approach is often used to estimate the upper bound of the material’s
elastic moduli, reflecting the maximum stiffness and resistance to
deformation that the composite could exhibit if it were uniformly
stressed. The Reuss Model, on the other hand, adopts a different
perspective by considering the composite material as an aggregate of
distinct phases, each with its own specific elastic properties. According
to this model, the composite is viewed as a collection of separate ma-
terials, each contributing to the overall mechanical behavior in a way
that reflects their individual characteristics. The Reuss model provides
an estimate of the lower bound of the material’s elastic moduli, repre-
senting the minimum stiffness and deformation resistance of the com-
posite when accounting for the variations in phase properties.

Together, these models offer a range of elastic moduli for the com-
posite material—Voigt providing an upper bound and Reuss providing a
lower bound. However, real-world composites often exhibit elastic be-
haviors that lie between these extremes due to the complex interactions
and distributions of different phases within the material.

To address this intermediate behavior, the Hill Model is frequently
employed. The Hill model combines the assumptions of both the Voigt
and Reuss models by averaging the upper and lower bounds obtained
from each approach. This method provides a more balanced estimate of
the composite’s elastic properties, reflecting a more realistic scenario
where the material’s response to stress is neither perfectly homogeneous
nor entirely phase-separated. By integrating the Voigt and Reuss pre-
dictions, the Hill model offers a practical means to estimate the effective
elastic moduli of composite materials in a way that accounts for both the
idealized extremes.

These models provide theoretical bounds for the bulk and shear
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moduli of composite materials, with the Voigt model offering upper
limits and the Reuss model providing lower limits. In practice, however,
the behavior of real composite materials often falls between these ex-
tremes. To address this, the Hill model is utilized. The Hill model
combines the predictions of both the Voigt and Reuss models by aver-
aging their results. This approach accounts for the constraints imposed
by both extreme cases and provides a more realistic estimate of the
overall elastic properties of composite materials.

The Hill model effectively integrates the Voigt model’s assumption of
homogeneity with the Reuss model’s consideration of heterogeneous
phases, offering a balanced perspective. It calculates the average elastic
properties, which are useful for understanding the material’s overall
behavior. This model is instrumental in deriving the bulk modulus (By)
and shear modulus (Gy), as outlined in Equations (23) and (24),
respectively. By averaging the Voigt and Reuss estimates, the Hill model
provides a practical method for evaluating the effective elastic proper-
ties of composite materials. The equations used to compute the Young’s
modulus E and the Poisson’s ratio ¢ are as follows [47]:

_ 9BG
~ (G+3B)
(25)
s_3B-26 1/ E
~ 2(3B+G) 2 3B

Research findings reported in Ref. [48] demonstrate that XGaSiH
materials (where X represents Sr, Ca, and Ba) exhibit notably high
compressibility. This characteristic indicates that these materials are
able to undergo substantial compression when subjected to applied
stress. The study also reveals that the elastic moduli of XGaSiH mate-
rials, including Young’s modulus and bulk modulus, are significantly
lower compared to those typically observed in common metals [49] and
intermetallic compounds [50].

This lower elastic modulus suggests that XGaSiH materials are less
resistant to deformation under stress, which is consistent with their high
compressibility. Despite their lower modulus values, these materials
share a common high compressibility property, making them unique in
their mechanical behavior.

These insights are important for assessing the suitability of XGaSiH
materials for various applications, particularly in hydrogen storage
systems. In such applications, materials must possess both compressive
strength and flexibility to effectively manage and contain hydrogen. The
high compressibility of XGaSiH materials suggests they can accommo-
date significant deformation, which could be beneficial in contexts
where material flexibility and adaptability are critical. Pugh proposed
that the ratio of the bulk modulus to the shear modulus can be used to
determine the ductility of a material and its ability to deform under
stress without breaking [51]. The shear modulus reflects the material’s
resistance to deformation when a large force is applied, while the bulk
modulus indicates the material’s resistance to fracture. The compound
CaGaSiH has a higher bulk modulus than BaGaSiH and SrGaSiH. For
example, By(CaGaSiH) = 74.73 GPa > By(SrGaSiH) = 66.43 GPa >
By(BaGaSiH) = 63.87 GPa, indicating that CaGaSiH has stronger
bonding compared to SrGaSiH and BaGaSiH (see Table 6).

Regarding the B/G ratio, if this ratio is higher than 1.75, it means the
material has high ductility and can withstand deformation without
breaking. All the studied XGaSiH exhibit brittleness, meaning their B/G
ratio is less than 1.75, and therefore, they tend to fracture rather than
deform under stress.

Young’s modulus E is a measure of material hardness, determining
its resistance to deformation under uniaxial stress or compression. When
force is applied to a material, Young’s modulus measures the relation-
ship between stress (applied force) and strain (change in length).

In transitioning from CaGaSiH to SrGaSiH and then to BaGaSiH, a
consistent decrease in material hardness is observed. This means that as
we move from Ca to Sr and then to Ba, the materials become less hard.
This trend is evident in Table 6 where Ey (CaGaSiH) = 135.43 GPa, Ey
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Table 6
Modules of elasticity for XGaSiH (X = Sr, Ca, Ba) using GGA.
SrGaSiH CaGaSiH BaGaSiH
By (GPa) 66.435 74.733 63.874
Br (GPa) 61.232 68.167 62.242
By (GPa) 63.833 71.450 63.058
Gy (GPa) 57.782 58.738 53.596
Ggr(GPa) 55.209 55.639 51.969
Gy (GPa) 56.495 57.188 52.782
Ey (GPa) 134.385 139.631 125.645
Er (GPa) 127.351 131.216 121.962
Ey (GPa) 130.874 135.431 123.803
oy 0.162 0.185 0.172
O R 0.153 0.175 0.173
6u 0.158 0.180 0.172
Bu/Gu 1.129 1.249 1.194
Ag % 4.075 4.594 3.294
Ag % 2.277 2.709 1.541
A" 0.317 0.374 0.182

(SrGaSiH) = 130.87 GPa, and Ey (BaGaSiH) = 123.80 GPa. CaGaSiH
exhibits greater resistance to deformation under pressure and tension
compared to SrGaSiH and BaGaSiH. This indicates that CaGaSiH is
harder and less prone to deformation under stress or tension than the
other materials.

When a material undergoes uniaxial deformation, Poisson’s ratio ¢
determines how its volume changes. When ¢ is less than 0.5, the material
does not experience a permanent volume change during elastic defor-
mation, meaning it returns to its original state after the load is removed.
For XGaSiH (X = Sr, Ca, or Ba), a significant volume change during
deformation has been observed due to the low ¢ values. The oy value for
BaGaSiH is 0.172, for SrGaSiH it is 0.158, and these values are lower
than the oy value for CaGaSiH, which is 0.180. This indicates that
BaGaSiH and SrGaSiH undergo more noticeable volume changes during
deformation.Poisson’s ratio ¢ is very important as it provides insight
into the bonding forces within the material [52]. In solids with central
forces that attract particles towards their center, the minimum value for
o is 0.25 and the maximum is 0.5 [53]. The calculated ¢ values for
XGaSiH show that they have strong central bonding since their ¢ values
fall within this range. Comparing the bulk modulus values obtained from
Cjj (elastic constants) and those derived from the equation of state (EOS)
using the GGA approximation, we find a good agreement. This agree-
ment confirms the accuracy of the Gj; calculations as the B values ob-
tained from both Cj; and EOS match.

Thermal conductivity experiments can be employed to anticipate
phase transitions [54]. The Debye model is predicated on a direct
connection between thermal conductivity coefficients and specific heat,
that can be determined by utilizing the Debye temperature. The Debye
temperature [47] is intricately connected to a variety of physical prop-
erties of materials, including melting points, elastic constants, and spe-
cific heat. Vibrational excitation at low temperatures is primarily driven
by acoustic vibrations. The Debye temperature can be estimated by
employing elastic constants rather than determining the
low-temperature specific heat. The Debye temperature 0p is found by
calculating the average sound velocity, vy, which is derived by calcu-
lating the longitudinal v, and transverse v; elastic wave velocities. In
order to determine the variables of XGaSiH (X = Sr, Ca, or Ba) at zero
pressure, the GGA method was implemented. Table 7 illustrates these
figures. Compared to transverse elastic shear waves, longitudinal elastic

Table 7
Longitudinal, transversal, and average sound velocity values (v},vy, vy, in m/s),
temperature of Debye (6p in K) for XGaSiH (X = Sr, Ca, Ba) using GGA.

Compounds v (m/s) v (m/s) Vm (m/s) 6p(K)

SrGaSiH 3637.65 5709.17 3998.62 453.17
CaGaSiH 4050.51 6509.51 4464.17 521.62
BaGaSiH 3265.41 5191.93 3594.70 395.56
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compression waves propagate at a faster rate. The average sound ve-
locity, vy, can be used to calculate the Debye temperature (6p) as follows

[55]:
1
3n (Nap)\3
(5 (3))

Equation (27) [52] provides the average sound velocity of the
polycrystalline material, where h is Planck’s constant, kg is Boltzmann’s
constant, n is the number of atoms in the unit cell, Ny is Avogadro’s
number, p is the density, and M is the molecular weight of the solid.

BN E
S EANZRE

3
The shear modulus and bulk modulus from Navier’s equation (28)
[52] are employed to determine the longitudinal v; and transverse v;
sound velocities.

G
v=4/—andy = Br4/3 4/3G
p p

Based on the results obtained, it is clear that the theoretical Debye
temperature of CaGaSiH(521.62 K) is higher compared to compounds
SrGaSiH (453.17 K)and BaGaSiH (395.56 K), indicating increased
resistance relative to XGaSiH (where X = Sr or Ba). This discrepancy in
temperatures also implies that the fracture toughness of CaGaSiH is
greater than that of SrGaSiH and BaGaSiH. In solids, 6p serves as an
indicator of atomic bond strength, with its higher values pointing to
strong bonds between CaGaSiH and BaGaSiH, as well as similar com-
pounds. Research indicates that 6p shows an inverse correlation with
molecular weight and functions as a measure of covalent bond strength
in materials [56]. We observe consistency between the calculated 6p
values derived from elastic constants (C;) and those estimated using the
Gibbs2 code, and these calculated values are in the hydrogen storage
properties section using equation (17). This alignment strengthens our
confidence in the accuracy of the obtained results.

The elasticity variations within crystals have a substantial impact on
a variety of physical processes, such as heterogeneous plastic deforma-
tion, fracture behavior, and elastic instability. However, in order to
improve the mechanical flexibility of structural hydrides in mobile ap-
plications, such as hydrogen storage, it is imperative to calculate their
elastic variability [47]. One approach to assessing this variability is to
calculate heterogeneous shear moduli, which are used to measure the
extent of property differences in atomic bonds across different levels.
Equations can be employed to express these parameters for hexagonal
materials [57].

h

:KB

Op (26)

27)

(28)

Al :4C44 / (Cll +C33 - 2C13) (29)

Ay =2Cgs / (C11 — C12) (30)

The shear anisotropy factors, denoted as A; for the {100} plane and
A, for the {001} plane, are detailed in Table 5. Elastic anisotropy is
indicated by deviations of these factors from unity. Specifically, for
SrGaSiH, BaGaSiH, and CaGaSiH using the GGA approximation, the
values of A; are approximately 0.97, 0.85, and 1.10, respectively.
Conversely, A, is consistently equal to 1 across all three compounds,
indicating isotropic shear modulus within the {001} plane. This suggests
significant shear anisotropy in XGaSiH compounds within the {100}
plane compared to isotropic behavior in the {001} plane for the com-
pounds studied.

The second method entails the calculation of the percentage of
elastic anisotropy in compression (Ap) and shear (Ag), as defined in
Ref. [57]:

Ap=(By —Bgr) / (By+Bg) x 100 (31)
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Ag=(Gy — Gg) / (Gy + Gg) x 100 (32)

The elastic anisotropy is quantified as follows: The elastic properties
of a material are quantified by AB and Ag in relation to various di-
rections. Ap contrasts the bulk moduli calculated using the Voigt and
Reuss models, thereby revealing the anisotropy of the material’s bulk
modulus. In the same vein, Ag compares the shear moduli derived from
these models, which indicates the anisotropy of the material’s shear
modulus. These measures aid in comprehending the material’s intrinsic
anisotropic behavior, which is a result of its crystal structure and
microstructural configuration.

Anisotropy in bulk and shear moduli arises from directional varia-
tions in stiffness resulting from the presence of preferred bonding di-
rections or crystal orientations. For instance, in anisotropic materials,
the stiffness and compliance vary depending on the crystallographic
directions due to the uneven distribution of atomic bonds or variations
in the crystal lattice. Ag and Ag provide critical insights into the extent
and nature of these deviations from isotropy, offering a valuable un-
derstanding of the material’s mechanical behavior and its response to
applied forces. Such insights are crucial for predicting how the material
will perform under different stress conditions and for designing appli-
cations where directional properties are significant [47].

The bulk modulus, which quantifies a material’s resistance to uni-
form compression, often reflects isotropic behavior in homogeneous
materials. However, in anisotropic materials, the bulk modulus can vary
depending on the direction of applied pressure due to the directional
dependence of stiffness. This anisotropy is often influenced by the ma-
terial’s microstructural organization and crystalline structure, such as
the alignment of grain boundaries, the presence of defects, or the
orientation of crystal axes.

Understanding the anisotropy of both bulk and shear moduli is
essential for predicting and optimizing material performance in prac-
tical applications. Materials with significant anisotropy may exhibit
pronounced differences in mechanical responses when subjected to
stress in various directions, which can impact their performance in
structural applications, load-bearing components, or any scenario where
directional mechanical properties are critical. Additionally, the effects of
anisotropy extend to other material properties, including thermal and
electrical conductivities, which are influenced by the material’s elastic
behavior. Therefore, a comprehensive understanding of elastic anisot-
ropy not only aids in assessing mechanical properties but also helps in
tailoring materials to achieve desired performance characteristics in a
wide range of engineering and technological applications. These direc-
tional variations lead to distinct responses to volume changes under
stress along different crystallographic axes, resulting in different bulk
modulus values. This anisotropic behavior reflects the material’s inter-
nal structural alignment and bonding configurations, crucial for un-
derstanding its mechanical properties in diverse loading conditions and
applications.

The values of Ag and Ag for compounds reflect their elasticity vari-
ations: zero values indicate uniform elasticity in all directions, while
high values (Agp = Ag = 100%) indicate significant elasticity differences
among directions, affecting material properties and applications.
Table 6 results using the GGA method show variance rates for volume
and shear variance for XGaSiH compounds (where X = Sr, Ca, Ba). Ap
rates for SrGaSiH, CaGaSiH, and BaGaSiH are approximately 4.0754%,
4.5948%, and 3.2940%, respectively. Ag rates for SrGaSiH, CaGaSiH,
and BaGaSiH are about 2.2771%, 2.7094%, and 1.5412%, respectively.
These compounds exhibit moderate variance in shear and volume
moduli under pressure conditions. Additionally, CaGaSiH shows signif-
icantly varied shear and volume moduli compared to SrGaSiH and
BaGaSiH, suggesting CaGaSiH may be more influenced by crystalline
directions and microscopic arrangements in materials.

The universal index in the third method is calculated by Ref. [57]:
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AU:5@+B—‘CG

33
Gx ' Ba (33)

AU measures the degree of elasticity anisotropy in materials: AY =
0 indicates isotropic elasticity, while non-zero AU values indicate
anisotropic elasticity. According to data from Table 6, using the GGA
method, AU values are approximately 0.3179, 0.3748, and 0.1827 for
SrGaSiH, CaGaSiH, and BaGaSiH respectively. These values signify sig-
nificant directional variations in elasticity across the materials. Elastic
anisotropy is primarily influenced by variations in bulk and shear
moduli [58].

The research mentioned is insufficient in depth to precisely deter-
mine the elastic characteristics of crystals. Existing studies may not fully
capture the nuanced variations in elastic properties across different
crystallographic directions, leaving gaps in understanding the complete
elastic behavior of materials. To address these limitations, it is recom-
mended to incorporate additional metrics, such as linear compressibility
and the inverse of Young’s modulus, when evaluating elastic properties,
particularly for surface structures.

Linear compressibility provides insight into the material’s response
to pressure along different crystallographic directions, reflecting how
the material’s volume changes under uniform compression. This mea-
sure is particularly useful for understanding the anisotropic nature of
materials, as it can reveal variations in compressibility that are direc-
tionally dependent. Similarly, the inverse of Young’s modulus—often
referred to as the compliance—can provide additional clarity regarding
how materials deform under applied stresses in different orientations.
These metrics offer complementary perspectives to the bulk and shear
moduli, helping to build a more comprehensive picture of the material’s
elastic behavior.

Hexagonal systems, in particular, exhibit varying linear compress-
ibility profiles depending on the crystallographic orientation. In hex-
agonal crystals, the elastic properties can differ significantly along
different axes due to the inherent anisotropy of the hexagonal lattice
structure. For example, the compressibility may be greater along one
axis compared to another, reflecting the directional dependence of the
material’s stiffness. This orientation-dependent behavior underscores
the importance of considering multiple directions when evaluating
elastic properties.

Incorporating these additional metrics and acknowledging the
orientation-dependent nature of hexagonal systems can lead to more
accurate and detailed assessments of elastic characteristics. This
approach allows for a better understanding of how materials will behave
in real-world applications, where directional properties and surface in-
teractions play a crucial role in determining performance and stability.
By addressing these aspects, researchers and engineers can optimize
material selection and design for applications requiring precise control
over mechanical properties.

B=(S11 +S12 +S13) — n3(S11 4+ S12 — S13 — S33) (34)

Equation (34) describes B, which is the linear compressibility, de-
tailing how materials respond to volume changes due to applied stress. B
is linked to components of the compliance tensor, Sjj, and the direction
n3. S;; represents the elastic constants related to deformability, while ny,
ny, and ng are directional cosines corresponding to the x, y, and z axes in
spherical coordinates. The relationship between S;j and the elastic con-
stants Cjj describes how these deformability constants influence and are
influenced by the elastic constants Cj,in the hexagonal system S;
equations are written as follows [59]:

S11=1/Cn
S33 =1/Cs3
S12 = S21 = —C12/(C11Ca2)
S13 = S31 = —Ci3/(C11Cs3)
S4q =1/Cyq4

(35)

The directional dependence of Young’s modulus for a hexagonal
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crystal along the direction of the unit vector n;, can be determined by the
following equation [60]:

1
(1 — Tl%)ZSll + Tlg533 + Tl% (1 — Tlg) (2813 + S44)

(36)

The equation for Young’s modulus in the hexagonal structure is
essential for assessing a material’s resistance to deformations caused by
mechanical pressures and for comprehending its behavioral traits. This
equation is dependent on the compliance tensor and directional
parameters.

Fig. 12 displays the computed linear compressibility values for the
XGaSiH compounds (X = Sr, Ca, and Ba) based on their theoretical
elastic constants. Linear compressibility refers to how much a material
compresses under applied stress in a specific direction. The values are
represented in a three-dimensional surface plot, where the distance from
the coordinate center to the surface indicates the magnitude of linear
compressibility in that direction.

In isotropic materials, linear compressibility is uniform in all di-
rections, resulting in a spherical representation of compressibility in
such cases. However, the absence of spherical forms in Fig. 12 indicates
that the XGaSiH compounds exhibit non-isotropic linear compress-
ibility, meaning their compressibility varies with direction. Specifically,
the (XY) plane shows a lower variation in elastic properties compared to
the (X =), (XZ), and (YZ) planes. This observation suggests that while
compressibility in the (XY) plane exhibits isotropic characteristics
(uniform in all directions within the plane), the other planes experience
varying degrees of compressibility depending on their orientation.

Fig. 13 presents the Young’s modulus tensor components for SrGa-
SiH, CaGaSiH, and BaGaSiH compounds, derived from elastic compli-
ance constants. Young’s modulus measures a material’s stiffness and is
direction-dependent in anisotropic materials. The figure illustrates a
closed three-dimensional surface representing Young’s modulus tensor
components originating from a specific direction. In materials exhibiting
full symmetry, this surface would be spherical.

For the XGaSiH compounds, which are orthorhombic, the surface
appears nearly spherical, indicating minimal asymmetry in their elastic
response. This near-spherical shape suggests that while there is some
degree of anisotropy, it is relatively small. Elastic anisotropy is more
pronounced on the (X =Y), (XZ), and (YZ) surfaces compared to the (XY)
surface. On the (XY) surface, the Young’s modulus tensor component
shows isotropic behavior, meaning its stiffness is consistent in all di-
rections within this plane.

These observations provide a detailed understanding of how XGaSiH
materials respond to applied stresses and strains in different directions.
The non-isotropic nature of their linear compressibility and the near-
isotropic Young’s modulus behavior highlight their directional de-
pendencies and potential applications where specific mechanical re-
sponses are required.

The elastic properties of XGaSiH compounds, such as C;1, Cs3, and
Cy4, are crucial in determining the effectiveness of these materials in
hydrogen storage applications. These properties are directly related to
the material’s ability to withstand mechanical stresses and changes that
occur during hydrogen absorption and desorption. Values of the elastic
properties for compounds like CaGaSiH, SrGaSiH, and BaGaSiH illus-
trate how they handle deformations caused by hydrogen pressures. For
example, XGaSiH compounds with high elasticity and positive elastic
moduli are better able to withstand stresses without failure, meaning
they can absorb larger amounts of hydrogen while maintaining struc-
tural stability.

The high flexibility of these materials allows them to expand and
contract under hydrogen pressure without losing their structural integ-
rity. Materials with good elastic properties can return to their original
shape after pressure is removed, enhancing their stability and effec-
tiveness as hydrogen storage materials. High elasticity also means that
the material can handle the stresses associated with absorbed hydrogen,
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Fig. 13. (a), (b) and (c) represent the orientation-dependent linear compressibility for SrGaSiH, CaGaSiH and BaGaSiH, respectively. (d), (e) and (f) represent linear
compressibility projections in different planes for SrGaSiH, CaGaSiH and BaGaSiH respectively.

reducing the likelihood of cracks or structural failures. Studying the
elastic properties is particularly important because it affects the mate-
rial’s ability to store hydrogen safely and efficiently. Materials with high
flexibility will perform better in storing larger amounts of hydrogen,
making them more suitable for future energy applications. Additionally,
good elastic properties help mitigate damage caused by changes in
operational conditions, making the material more reliable and effective
in industrial applications.

Based on the elastic properties of XGaSiH compounds, such as
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deformation strengths and elasticity, their ability to provide reliable and
sustainable performance in hydrogen storage applications can be pre-
dicted. These properties contribute to understanding how materials
respond to environmental and mechanical changes, thereby enhancing
their capability to meet future hydrogen storage requirements.

4. Conclusion

Our study delivers a thorough examination of the structural,
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electronic, thermodynamic, and mechanical properties of XGaSiH
compounds (where X = Sr, Ca, Ba), revealing significant insights into
their potential for hydrogen storage applications.

Structural Properties: The XGaSiH compounds exhibit a robust
hexagonal arrangement of Ga and Si layers, which is crucial for their
hydrogen storage capabilities. This stable structural configuration al-
lows the materials to absorb and release hydrogen effectively at
appropriate temperatures. The resilience of these materials under
various conditions ensures reliable hydrogen cycling without degrada-
tion, positioning them as promising candidates for practical hydrogen
storage systems where durability is essential.

Electronic Properties: Analysis using GGA, LDA, mBJ-GGA, and
mBJ-LDA methods shows that these compounds have band gaps ranging
from 0.1 eV to 0.9 eV, indicating significant conductivity potential. The
proximity of these bands to the Fermi level enhances electronic in-
teractions, which are critical for efficient hydrogen adsorption and
release. This electronic behavior underlines the suitability of these ma-
terials for applications requiring high electronic performance, such as
semiconductor devices.

Thermodynamic Properties: Our study reveals considerable vol-
ume expansion of XGaSiH compounds under heating, with detailed
analyses of heat capacity, thermal conductivity, thermal expansion, and
the Griineisen parameter. These properties indicate that the materials
maintain their structural integrity despite thermal fluctuations, making
them suitable for environments with variable temperatures. Their high
thermal stability ensures effective operation in diverse conditions,
which is crucial for reliable hydrogen storage.

Mechanical Properties: Anisotropy analysis indicates significant
differences in shear modulus between the {100} and {001} planes,
affecting the materials’ ability to handle mechanical stresses during
hydrogen cycling. Specifically, CaGaSiH shows the highest compress-
ibility, followed by SrGaSiH and BaGaSiH. The ability of these materials
to accommodate volumetric changes without compromising structural
integrity is essential for long-term hydrogen storage applications.

Implications and Future Research: The combination of high
compressibility, notable conductivity potential, and robust thermal
stability makes XGaSiH compounds valuable for renewable energy ap-
plications, especially in developing efficient hydrogen storage solutions.
Future research should focus on enhancing these materials through
structural modifications or doping to improve hydrogen storage capacity
and electrical conductivity. Additionally, studying their behavior under
varying environmental conditions and exploring their scalability for
industrial applications will be crucial for advancing their practical use in
renewable energy technologies.
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