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1 Introduction

Hydrogen storage capacity, strain-improved
formation enthalpy, desorption temperature, and
high energy harvesting performance of SrGaHs

Samia Shahzadi,® A. Ibrahim® and S. Nazir (2 *@

The study of hydrogen storage (HS) characteristics in complex hydrides has become a compelling goal in
recent times. Therefore, we explore the SrGaHs hydride by focusing on its potential for HS utilization and
various physical aspects via first-principles calculations under hydrostatic strain. The results indicate that
strain has a positive impact on the system’s thermodynamics, which enhances its potential for practical
applications as a HS material. The formation enthalpy and desorption temperature decrease to —42.93/
—45.18 kJ per mol H, and 306.67/322.74 K under —5%/+5% strain from the unstrained values of —48.03
kJd per mol H, and 343.13 K, respectively. These values are nearly ideal, approaching the theoretical
values of —40 kJ per mol H, and 233-333 K, making it a promising candidate for HS uses. Furthermore,
the volumetric hydrogen capacity is enhanced to 17% at —5% and the system exhibits a high gravimetric
hydrogen capacity of 3.10%, which is good enough for practical purposes. Along with this, the system is

G
found to be mechanically stable, where the calculated 3 ratio and Poisson’s ratio further imply the

existence of ionic bonding character in the material. Further, the non-negative phonon frequency curves
validate the dynamical stability of the structure. The electronic structure calculations predicted an
insulating behavior with an indirect energy gap of 3.58-2.43 eV for the considered strain range.
Surprisingly, the thermoelectric performance of the system has been significantly improved under tensile
strain as the figure of merit reaches a high value of 0.61 at 550 K under +5% strain. This is because the
mean free path of phonons is reduced as the temperature rises due to an increase in phonon scattering
driven by greater lattice vibrations, which causes a decrease in lattice thermal conductivity. Hence, the
hydrogen storage capabilities and other aspects of the material indicate that it is an appropriate
candidate for HS and might be crucial in various energy-generating applications.

applications>® due to its abundance and reduces reliance on
imported oil.” However, storing and transporting hydrogen is

Increasing environmental concerns, especially regarding CO,
emissions from fossil fuels, have driven worldwide investiga-
tions into sustainable alternative energy sources to create
a more sustainable future. Recent work has been focused on
new and renewable sources to meet the growing need for
sustainable and affordable energy," where fossil fuels persist
as the primary source of energy globally. However, the rapid
depletion of petroleum resources and the increase in energy
demand highlight the importance of sustainable energy sour-
ces.* They could provide alternative energy sources and be
environmentally friendly for countries that lack natural
resources. In this sense, hydrogen is a cost-effective and non-
toxic energy source that is suitable for mobile and stationary
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critical for large-scale applications. Therefore, new hydrogen
absorption and storage materials are being developed to ensure
long-term safety.®*'* Compounds that are employed for energy
storage must meet certain criteria, including large hydrogen
storage (HS) capacities,"* reversibility,"”* release at ambient
conditions,” and acceptable kinetics."*** Compared to tradi-
tional methods for HS techniques such as gas compression and
liquefaction,'®'” solid-state storage is gaining popularity due to
its lightweight, cost-effective, and safer materials.”*® In
advanced technology, metal and complex metal hydrides,**°
intermetallic hydrides,***** complex chemical hydrides,* nano-
structured carbon materials,® and metalorganic compounds
have been used extensively.**>*

Lately, transition metal (TM)-based perovskite-type hydrides
have attracted greater attention from researchers due to their
potential uses in HS applications.*® Gencer et al.” determined
a hydrogen Tycs. (desorption temperature) of 446.3 K, 419.5 K,
and 367.5 K for LiNiH; NaNiH;, and KNiH; systems,
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respectively. Furthermore, Xiong et al.*' reported that NaRuHj;
and NaRhH; have high gravimetric HS capacities (Cyo0) Of
2.38 wt% and 2.35 wt%, respectively. However, their potassium
analogs (KRuHz/KRhH;) have somewhat lower values (2.11/
2.09 wt%). Interestingly, the Ty4.s. drops from 436.40 K (NaRuH3;)
to 286.37 K (KRhHj;), indicating enhanced reversibility in
potassium-based systems. Along with this, ARH; shows poten-
tial for H, storage applications due to its impressive Cyto, Of
6.042 wt% for LiCaH; and 3.678 wt% for KCaH;. Moreover,
these materials satisfied the criteria for Born stability based on
their mechanical parameters, which are derived from elastic

B
constants, including Pugh’s ratio (5) and the related moduli.

B
The analysis of the G ratio and Cauchy pressure (Cp), indicates

that, unlike other compounds, KCaHj; exhibits a ductile nature
(Poisson’s ratio (v) = 0.29).*> Besides this, alkali metals con-
taining ternary hydrides, such as LiBH, (LBH), LiAlH,, NaBH,,
and NaAlH,, have been intensively explored as prospective HS
materials (HSMs) due to their high Cy,.***® Among them, LBH
is found to be a promising solid-state HSM with a volumetric
capacity (pyo) of 121 kg H, per m® and the highest Cyy, of
18.3 wt% at room temperature.**?”*® In 1997, NaAlH, was
introduced as a lightweight reversible HSM and is regarded as
a promising material for solid-state hydrogen storage due to its
high Cyt,, widespread availability, and low cost.** According to
Vajeeston et al.,* the alkali boron tetrahydrides ABH, (where
A = Li, Na, K, Rb, and Cs) are insulators having an energy gap
(Eg) ranging from 5.5 to 7.0 eV. Recent experimental evidence
indicates that LiAlH, and NaAlH,, processed by mechano-
chemical means under ambient conditions with specific TM
catalysts,** can rapidly release 7.9 and 5.6 wt% of hydrogen,
respectively. The theoretical Cy, of LiAlH, is as high as
10.6 wt%.*" In contrast to other chemical hydrides, which are
simple and stable,** NaBH, is regarded as a potential candidate
for HSMs due to its high hydrogen concentration of 10.6 wt%.

To improve the stability (formation enthalpy (AHy)/Tges.) of
the HSMs, numerous theoretical and experimental studies have
been conducted, where size reduction,”®** alloying,**** doping/
functionalization,*>*” morphological control,**** and strain
engineering are some of the most promising approaches
that accomplish that goal. The calculations conducted by Zhang
et al* indicated that under biaxial compressive and tensile
strains, the AH{/T4.s. and hydrogen diffusion observed for
magnesium hydride (MgH,) decreased simultaneously, thereby
enhancing its potential for HS applications. Similarly, LBH
maintains its high Cyw, (18.3 wt%), while biaxial strain
improves the thermodynamic characteristics as well as hydro-
genation kinetics,*® to make it a superior candidate for energy
transport in mobile applications. Specifically, under compres-
sion of —6%, the AH; changes from —71.30 k] per mol H, in
unstrained MgCoH; to —37.29 kJ per mol H,, and the Ty,
decreases to 285.34 K as opposed to 545.52 K, which are both
near ideal values (—40 kJ per mol H, and 289-393 K) for prac-
tical applications.®® Likewise, the AH; and Ty.s. are observed to
decrease from —67.73 kJ per mol H, and 521 K for unstrained
ZrNiH; to —33.73 kJ per mol H, and 259.5 K under a maximal

50,51
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biaxial compressive strain of —6%, correspondingly.>* Addi-
tionally, for a maximal biaxial tensile strain of +6%, the values
are —50.99 kJ per mol H, and 392.23 K. A similar phenomenon
has also been noted for uniaxial strain, wherein the AH/Ty.s. are
reduced to —39.36 kJ per mol H,/302.78 K for a maximum
uniaxial compressive strain of —12% and to —51.86 kJ per mol
H,/399 K under a maximum uniaxial tensile strain of +12%.%*

The aforementioned considerations clearly illustrate that
strain engineering serves as an effective strategy for optimizing
the HS features and overall physical attributes of materials.
Various ABH;-type hydrides like CaAlH; (a novel member of the
aluminum hydride family, where Ca(AlH,), breaks down to
generate CaAlH;),* BAIH; (B = Ba, Mg)*® (where the experi-
mentally determined crystal structure of BaAlH; is confirmed,
while the MgAIH; structure is computationally predicted),
MgGaH;, CaGaH;, BaGaH;, and SrGaHs (SGH)*” have been
extensively studied via both theoretical and experimental
investigations. Nevertheless, no prior research has looked at the
ability to store hydrogen, despite extensive structural analyses
of SGH. Therefore, we theoretically examine the effects of
hydrostatic strain on the structural, HS, mechanical, dynamical,
electronic, and thermoelectric (TE) performance of SGH in the
context of HS applications. A detailed investigation is per-
formed to assess its structural stabilities and HS aspects,
including AHg, Tges., Cwion, and pyor. The findings offer impor-
tant insights into the strain-dependent behavior of SGH, serving
as a guide for its practical application in HS technologies.
Moreover, under tensile strain, the TE performance is much
improved and a particularly high ZT is achieved at high
temperature.

2 Computational detail

The full-potential linearized augmented plane-wave approach
as implemented in the WIEN2K code®® was used to perform
density-functional-theory-based computations for the current
study. The exchange-correlation functional, which is parame-
terized in terms of a generalized gradient approximation (GGA),
is utilized.” The plane-wave cutoff is set at Ry¢ X Kpax = 5 with
Gmax = 20 for the wave-function expansion inside the atomic
spheres, and a maximum value of /. = 12 is selected. It is
found that a 7 x 7 x 9 k-space grid with 128 points inside the
irreducible Brillouin zone wedge gives effective convergence.
Additionally, in every case, the complete relaxation of the
atomic positions by reducing the atomic forces up to 2 mRy per
a.u. is considered. It is expected that self-consistency occurs
when the total energy (E;) convergence is smaller than 10> Ry.

3 Results and discussion
3.1 Crystal structure

The SGH crystal has an orthorhombic structure with space
group Pna2, (no. 33) and its primitive unit cell is composed of
28 atoms with 4/4/20 ions of Sr/Ga/H, having lattice constants
a = 8.63559, b = 8.79764, and ¢ = 4.71862.” The Wyckoff
positions of the Sr, Ga, H,, H,, Hs, H,, and Hs are 4a (0.9935493,
0.8164696, 0.9540590), 4a (0.8332764, 0.4158104, 0.9539526), 4a

RSC Adv, 2026, 16, 18612-18623 | 18613
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(0.2739413, 0.1710615, 0.2299465), 4a (0.0183018, 0.4022104,
0.9541427), 4a (0.9811656, 0.0881250, 0.9541069), 4a
(0.2259233, 0.6709108, 0.1778099), and 4a (0.7819938,
0.5906299, 0.9539823), respectively.”” The schematic represen-
tation of the crystal structure of SGH in various orientations is
shown in Fig. 1. In any material computation science, opti-
mizing the structural parameters is a crucial phase that yields
important details about the material under study. The goal is to
identify the optimum values for the structural parameters that
are required for an accurate description, where the optimized
unit cell volume and associated ground-state energy (E,) have
been determined. Using the ground-state volume optimization
curve, Birch Murnaghan’s equation of states® was applied to get
optimized lattice constants, the compressibility modulus (B),
and its first derivative (B') for the SGH hydrides as follows:

T (-2 (2 1) W

Fig. 2 illustrates the variance of E, as a function of volume and
presents the results of the optimization process. The curve
generally displays a minimum, indicative of the equilibrium
volume at which the system attains the E, configuration. The
optimized lattice parameters of SGH are a = 8.63567, b =
8.79852, and ¢ = 4.71772 A at the lowest volume, as mentioned
in Table 1 along with the calculated B/B'/E,.

3.2 Thermodynamic stability and desorption temperature

Next, we computed AHy, which serves as a crucial thermody-
namic parameter for the identification and classification of
HSMs. It enables the assessment of the heat generated by the
overall hydration reaction, which subsequently facilitates the
determination of the Tg.s. The following expression is used to
evaluate the AHg®

Fig. 1 Orthorhombic structure of SrGaHs hydride (purple:
tetrahedron).

GaH4
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Fig. 2 Computed total energy (Ey) as a function of volume (V) of the
SrGaHs hydride.
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(2)

EE{E’;‘H JES 1 JES3, JER  and Ng,/Nga/Ny represent the E, of the
SGH/Sr/Ga/H in their bulk stable phases and total number of
atoms of Sr/Ga/H in each case, respectively. Moreover, the
hydrogen reference state used in this work is isolated H,. All
energies were obtained from fully relaxed structures under each
strain condition. Also, the formation enthalpy is reported in
units of kJ per mol H,, which is the standard convention
adopted in previous theoretical and experimental hydrogen
storage studies. Using the same reference state and units allows
direct comparison with previously reported hydrides in the
literature.®>** Thus, compared to the ideal value of —40 k]
per mol H,,**% our calculated AH; of the unstrained SGH
system is —48.03 kJ per mol H,, which is a bit higher and may
reduce the system’s functionality for the HS application. This is
because, due to the substantial energy required for hydrogen
absorption or desorption, a system with a reasonable AH; is
considered the most stable.®” Here, we would like to emphasizes
that the present calculations did not include contributions due
to zero-point energy (ZPE) and finite-temperature contributions
associated with vibrations. All of the AHy are reported to be the
total energies of the ground states of the DFT calculations at 0 K
with no phonon corrections. The ZPE may have a significant
role to play in hydride systems because of the low mass of
hydrogen atoms, and ZPE and vibrational terms can alter the
absolute values of the AH¢ at least modestly and, as a result, the
Tges. calculated can be inaccurate. But, as our work is based on
comparative trends due to applied strain, the relative stability
and strain-dependent behavior should not be qualitatively
affected. Along with this, the hydrogen Tgcs. is also a critical
factor to consider when choosing a HS system, which must be
maintained between 233 and 333 K as stated by Kudiiarov
et al.®® Hence, the accurate determination of Ty, is crucial for
assessing the efficiency and appropriateness of a HSM for many
applications. It can be determined utilizing the conventional
Gibbs equation, as illustrated in the subsequent formula:

AG = AH; — TAS (3)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Computed lattice constants (a, b, ¢) in A, volume (V) in a.u®, bulk modulus (B) in GPa, B’, and ground-state energy (Eo) in Ry for the

SrGaHs hydride

SrGaHs; a b c

1% B B E,

8.63567 8.79852 4.71772

Under normal conditions of pressure and temperature, AG = 0,
enabling us to get Tqes. as follows:

AH;

Tdes. = A_S (4)

here AS represents the change in entropy and its estimated
value of AS falls within the range of 95-140 ] per mol H, (Zhou
et al.*®). For the present work, AS = 140 J per mol H, is used.
Hence, the corresponding Tqes, of SGH is 343.13 K, which does
not fall within the required range (233-333 K).*® Consequently,
the objective of this investigation is to enhance the HS features
of the material by diminishing its stability. To achieve this
objective, we adjusted the hydrostatic strain, ranging from —5%
to +5% along the abc-axes, to enhance the de-hydrogenation
features (AH; and Tges) of the material. The hydrostatic strain
(¢) is defined as:

a/b/c—ayg/bo/co
a()/b()/C()

where a/b/c and ay/bo/c, denote the lattice constants along the x/
y/z-axis of the SGH unit cell with and without deformation,
respectively. Fig. 3(a) depicts the response of the cell parameters
of the SGH system under strain. For an applied compressive
strain of —5%, a/b/c reduces until it attains a minimum value of
8.20381/8.35776/4.48269 A. This signifies a decrease in the unit
cell volume, as presented in Fig. 3(b)(left). Conversely, when
subjected to tensile strain, a/b/c grows until it attains its
maximum value of 9.06737/9.23752/4.95455 A at +5%, which is
accompanied by an augmentation of the cell volume.
Fig. 3(b)(right) will be discussed later. Now, we analyze the
effects of strain on AHy and Tges. It is noteworthy that by
applying strain, AH¢/Tq.s. decreases and we achieve the desired

e(%) = x 100% (5)

90 e

E7sp ‘

= 6.0t@ Toa b

3 45} ————
440 ; 108
400 — . 99 .

> 360} (b) —r 90 o
320 e 3

5 4 3 2 -1 0 1 2 3 4 5
Strain (%)

Fig. 3 Calculated (a) optimized lattice constants (Latt. cons.) in A, (b-
left) unit-cell volume (V) in A% and (b-right) volumetric capacity (pyo)
in g H, per L as a function of 5% hydrostatic strain for the SrGaHs
hydride.
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range at a maximum considered strain range of +£5%, as shown
in Fig. 4(a)/(b). As Fig. 4(a) illustrates, the AH; exhibits
a decrease from —48.03 to —42.93 and —45.18 kJ per mol H, for
—5% compressive and +5% tensile deformations, respectively.
The values presented here are considerably closer to the optimal
AH; of —40 KJ per mol H, when contrasted with the unstrained
structure. These findings are consistent with those presented by
Rkhis et al.,** where the authors found that the thermodynamic
stability of the ZrNiH; perovskite type is diminished under
uniaxial/biaxial tensile and compressive stress. Likewise, Ben-
zidi et al.,>® demonstrated that deformation significantly influ-
ences the thermodynamic properties of LBH as well. They
observed the application of biaxial compressive and tensile
deformation results in a reduction of the material’s stability,
which means hydrogen reversibility is enhanced under strain.
Under —5% compressive strain, the system exhibits maximum
hydrogen reversibility. Further to this, the strain-tuned Tyes.
values are displayed in Fig. 4(b), which shows a decrease from
343.13 K to 306.67/322.74 K for compressive/tensile deforma-
tion of —5%/+5%. Further, compression-induced deformation
diminishes the unit-cell volume and the interatomic distances,
resulting in enhanced atomic interactions and reducing the
material stability. On the other hand, tensile deformation
enhances the volume of the unit cell and the interatomic
distance, resulting in atomic dispersion and a reduction in both
the AHr and Tq.s.. Therefore, the stability of a material appears
to be correlated with its volume, as suggested by Willems et al.,”®

AV
who reported a link between stability and 7%. Similarly, the

AH (see Fig. 5(a)) and Ty, (see Fig. 5(b)) diminish as the AT/V%

~43.2
=448 \\ o
< —46.4 ~— -
—48.0} (a) T——
341t (b) T T
4 330 — \\
= 319 -~
308 e

-5 4 -3 -2-1 0 1 2 3 4 5
Strain (%)
Fig.4 Computed (a) formation enthalpy (AH;) in KJ per mol H, and (b)

desorption temperature (Tyes) in K for the SrGaHs hydride as a function
of 5% hydrostatic strain.
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Fig. 5 Computed (a) formation enthalpy (AH;) in KJ per mol H, and (b)
desorption temperature (Tyes) in K for the SrGaHs hydride as a function
AV,
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of

.

. . AV
increases in the present case as well. Hence, a large 7%

indicates a high material instability.

The estimated AH; and Tg4es. of SGH validate its thermody-
namic stability at 0 K and moderate temperature hydrogen
release. To investigate the structural changes that occur during
desorption, we consider the subsequent thermal decomposition
of the system proceeds via the breakdown of Ga-H and Sr-H
bonds, resulting in the release of hydrogen gas and the creation
of SrH, along with metallic Ga. While subjected to heat, it
undergoes thermal decomposition, as described by the reac-

. 3 . .
tion: SrGaH; =SrH, + Ga + EHZ. Along with this, the reverse

process, specifically rehydrogenation, takes place under
appropriate hydrogen pressure and reduced temperatures as
follows: SrH, + Ga + H, = SrGaH;. This reformation is ther-
modynamically viable and illustrates the reversible character-
istics of SGH, highlighting its promise for practical HS
applications. Now, the influence of bonding on enhancing HS
features under hydrostatic strain of —5%/0%/+5% can be
elucidated through the analysis of electron density distribu-
tions (EDDs; see Fig. 6(a)/(b)/(c)). Distinct responses are noted
for ionic Sr-H and covalent Ga-H bonds. Table 2 illustrates that
Ga-H bond lengths exhibit a consistent increase from —5%
to +5% strain, leading to a decrease in covalent character

(a) -5% (b) 0% (c) +5%

+0.0027
+0.1022
+0.2016
+0.3011
+0.4005
+0.5000

Fig. 6 Computed electron density distribution of the SrGaHs hydride
under (a)—5%, (b) 0%, and (c) +5% hydrostatic strain.
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(see Fig. 6) and a slight enhancement in H, mobility. In
contrast, Sr-H bonds exhibit asymmetric elongation, where
—5% compressive strain leads to greater expansion compared
to +5% tensile strain. This phenomenon directly destabilizes
the ionic framework by lowering AH; (see Fig. 4) and signifi-
cantly enhances the reversibility of hydrogen. This specific
behavior elucidates why a —5% strain optimally enhances HS
performance; the reason is that the diminished Sr-H interac-
tions reduce the energy barrier for H, release, while the main-
tained Ga-H covalent network facilitates efficient
rehydrogenation. Thus, the enhanced reversibility arises from
this dual mechanism; weakened ionic bonds promote desorp-
tion, whereas preserved covalent bonds ensure cyclability.

Now, the pyo. and Cyyo, (ref. 71) of SGH are calculated to
predict their future use in HS as follows:”

NuMy

Pyol. = VNA [6)
(i)
Cun = g x 100 7)
(H) MH + MHost

The amount of hydrogen that can be stored in a given volume is
indicated by pyo. (see eqn (6)), where Ny/My/N, represents the
number of hydrogen atoms/mass of hydrogen/Avogadro’s
number. Hence, the computed p,,. of the unstrained system is
93.36787 g H, per L, which increases to 108.89969 g H, per L
under —5% compressive strain and decreases to 80.65468 g H,
per L for +5% tensile strain. The linear trend of p,.. against
strain is illustrated in Fig. 3(b)(right), which offers significant
insights that the HS capacity of the SGH responds to strain,
along with the relationship between modifications in the
material’s structure and the potential for HS. The findings
indicate that careful control of the strain conditions throughout
the HS process is crucial for attaining maximum HS capacity.
For practical hydrogen storage systems, the U.S. Department of
Energy (DOE) has established system-level targets of approxi-
mately 40 g H, per L for py,. These standards have been
commonly used to measure the performance of materials.
Moreover, the Cy, refers to the quantity of hydrogen stored per

. . . H
unit mass of a substance and is calculated in eqn (7), where Vi

denotes the ratio of hydrogen to material atoms, My represents
the molar mass of hydrogen, and My, signifies the molar mass
of the host material. The determined value of Cio, is 3.10%,
which means that the material exhibits a commendable
hydrogen storage capacity, making it a suitable candidate for
HS applications. Along with this, compared to associated high-
energy complex hydrides, BeAlH; has an extremely high gravi-
metric capacity of 12.19 wt%, which is well beyond the DOE’s
ultimate target. CaAlH; attains 6.9 wt%, whereas SrAlH; attains
4.17 wt%, which is well under the practical standard. Likewise,
BeAlH; has a py,), of 74 g H, L, which is much higher than the
DOE 2025 objective of 40 g H, per L.”® Thus, compared to these
systems, SrGaH; has a Cyo, 0f 3.10% and py.;. of 93.36787 g H,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table2 Computed nine independent elastic constants (C;) and the interatomic distances between Sr/Ga and H (Sr—H/Ga—-H) in Afor the SrGaHs

hydride under —5%/0%/+5% hydrostatic strain

Strain Ci1 Ciz Ci3 Coy Cas Cs3 Cyq Css Cee Sr-H Ga-H
—5% 76.19 28.52 27.00 76.33 29.74 103.06 21.12 28.489 24.09 2.69 1.51
0% 47.25 13.07 11.48 50.09 11.14 67.56 14.85 22.96 18.99 2.55 1.59
+5% 35.24 10.13 11.24 34.23 10.02 51.48 9.24 14.10 10.94 2.68 1.67

per L. It has a lower capacity than BeAlH; but is comparable to
CaAlH;.

3.3 Mechanical stability

The elastic constant quantifies the stiffness of a material
against applied strain and is essential for evaluating the mate-
rial’s mechanical behavior. In this context, nine independent
elastic constants (Cy) for the orthorhombic structure of SGH are
computed, utilizing conventional strain and stress relation-
ships”” according to the fundamental Born criteria, expressed
as: Cy1 > 0, C11Cy; > C122, C11C2,C33 + 2C15C13C,3 — C110232 -
C3:C15% > 0,and Cyy > 0; Cs5 > 0; Cg6 > 0.7° The computed values
of C; (see Table 2) can be utilized in determining several
physical parameters, including the Bulk modulus (B), Shear
modulus (G), and Young’s modulus (Y). B quantifies the resis-
tance to volumetric change under applied pressure. The highest
value of B is obtained at —5%, denoting the maximum resis-
tance to compression. Also, it has the maximum G/Y of 25.75/
65.31, enabling it to endure more transverse deformation as
compared to 0% and +5% (see Fig. 7).

Furthermore, the brittleness or ductility of a material may be

. . B . . . B
ascertained using the G ratio. A brittle material possesses a G

below 1.75, whereas a ductile one has a ratio over the threshold
of 1.75.”7 The analyzed material under 0% and +5% strain

o . . B . .
exhibits brittleness, possessing a G below 1.75, and is ductile

G
under —5%, as displayed in Fig. 8(a). Similarly, the 3 ratio (also
known as Pugh’s modulus), as presented in Fig. 8(b), can be
G
utilized to ascertain the bonding aspects of a material. If the 3 is

around 0.6, ionic bonding prevails and conversely with a ratio of

S 3

68— - ——
_ BN Y mm B =W G
S 51 ]
<)
o 34 || .
2D
[a+1
o “m IﬁH'
-« - -

Strain (%)
Fig. 7 Computed Young's modulus (Y), Bulk modulus (B), and Shear

modulus (G) of the SrGaHs hydride under —5%/0%/+5% hydrostatic
strain.

© 2026 The Author(s). Published by the Royal Society of Chemistry

1.1, covalent bonding is dominant.” Now, v can be utilized to
ascertain the bonding features of a material. It quantifies the
expansion or compression in the perpendicular axes relative to
the direction of compression or stretching. If its value is 0.1, the
material exhibits dominantly covalent bonding, whereas at
around 0.25, it demonstrates principally ionic bonding.” From
Fig. 8(b), the analyzed compound for the strain range —5%
to +5% has a v of around 0.25, indicating a dominance of ionic
bonding. Hence, for the examined material under 0% and +5%
strain, the dominance of the ionic bonding is confirmed by the

G .
— ratio and v».
B

Along with this, utilizing the ELATE tool,***' we have calcu-
lated the elastic anisotropy features of the material subjected to
strain. Fig. 9 depicts the fluctuation of anisotropic elastic
aspects, specifically Y, linear compressibility (8), G, and v,
subject to various applied strain values. It is found that Y
demonstrates directional dependence (see Fig. 9(a)), exhibiting
a significant anisotropy under compressive strain and displays
a more uniform distribution under strain, signifying strain-
induced stiffening or softening in certain crystallographic
orientations. Fig. 9(b) shows the directional 8, which exhibits an
increasing amplitude and anisotropy with the application of
tensile strain, indicating that the material becomes more
compressible along certain axes under tension. The G in
Fig. 9(c) displays considerable anisotropy across the strain
range with marked variations in magnitude and distribution,
reflecting the impact of strain on the material resistance to
deformation. Further, v in Fig. 9(d) indicates that directional

2.10
Brittle-ductile border line (1.75)

0 175 e
-8 (]
g 1.40} (a) .
0 01 e A
LoqopCockntendne O R OB |

0.35 Tonic bond border line (0.6)

0.28
.% 0.26 Tonic bond border line (0.25)
=024 u
=
2022 /
£0.20

0.18

-5 0 5

Strain (%)

B
Fig. 8 Computed (a) Pugh's ratio (/7/9> and (b) Poisson'’s ratio (v) of
the SrGaHs hydride under —5%/0%%5% hydrostatic strain.
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Fig. 9 Directionally dependent (a) Young's modulus (Y), (b) linear
compressibility (8), (c) Shear modulus (G), and (d) Poisson'’s ratio (v) for
the SrGaHs hydride under —5% (left column)/0% (middle column)/+5%
(right column) hydrostatic strain.

variations reflect strain-induced alterations in lateral deforma-
tion behavior. Hence, Fig. 9 highlights that strain engineering
not only adjusts the elastic constants but also enhances the
anisotropic mechanical response of the materials (Table 3).

3.4 Dynamical stability

Next, to verify the dynamical stability of the system, phonon
computations were conducted. Fig. 10(a)/(b)/(c) shows a graph
of the computed phonon spectrum under —5%/0%/+5%
hydrostatic strain. The number of phonon branches in a unit
cell is exactly proportional to three times the number of atoms,
with each atom normally contributing three phonon branches.
It exhibits 3 acoustic and 3n — 3 optical modes that make up the

View Article Online
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-
830 — =
g =———=—=——
s =
E 0 R{QH! — =

IT'XTZURTZYTSRIXTZURTZYTSRTXTZURTZYTSR

Fig. 10 Computed phonon dispersion curves of the SrGaHs hydride
under (a) —5%, (b) 0% and (c) +5% hydrostatic strain.

3n total branches.*” The SGH structure includes 84 vibrational
modes, including 3 acoustic and 81 optical modes, and its
fundamental unit cell has 28 atoms. The three calculated
phonon dispersion curves for the —5%/0%/+5% strain (see
Fig. 10) do not contain any negative frequencies, which
confirms that they are dynamically stable as well. Furthermore,
Fig. 11 displays the computed phonon lifetime of the
unstrained motif, which shows a high correlation between the
phonon spectra (see Fig. 10(b)) and the phonon lifetime. The
linear dispersion of the acoustic modes around I", which has
limited scattering phase-space and large group velocities, is the
source of the long lifetime of low-frequency phonons (<0.3 THz).
The flat optical branches, on the other hand, have low group
velocities and high density of states, which encourage rapid
anharmonic decay, and are consistent with the short lifetime of
high-frequency phonons (>0.3 THz).
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"1 g . ;
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-
0.024° - . -0.1
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Phonon Frequency (THz)

Fig. 11 Computed phonon lifetime of the unstrained SrGaHs hydride.

Table 3 Computed minimum/maximum values of Young's modulus (Ymin/Ymax) in GPa, linear compressibility (8min/Bmax) iN TPa~?, Shear
modulus (Gmin/Gmax) in GPa, Poisson'’s ratio (vmin/¥max), and their corresponding anisotropic factors (A) for the SrGaHs hydride under —5%/0%/

+5% hydrostatic strain

Young’s modulus Linear compressibility

Shear modulus Poisson’s ratio

Strain Ymin Ymax A ﬁmin 6max A Gmin Gmax A Vmin Vmax A

—5% 57.14 87.62 1.53 5.23 8.28 1.58 21.12 30.41 1.44 0.17 0.39 2.27
0 39.51 63.40 1.60 9.98 14.90 1.49 14.85 22.96 1.54 0.19 0.35 3.98
+5% 25.60 46.43 1.81 11.34 20.28 1.79 9.24 15.37 1.66 0.14 0.42 2.96
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3.5 Electronic structure

To qualitatively illustrate the variations in the electronic struc-
ture of the system with strain, we depicted the calculated E; as
a function of deformation in Fig. 12. When compressive strain
is altered from 0% to —5%, a linear rise in E, from 2.99 to
3.58 eV is found. In contrast, as the tensile strain is adjusted
from 0% to +5%, E, lowers from 2.99 to 2.43 eV. For a quanti-
tative analysis, Fig. 13(a’)/(b')/(c') demonstrates the spin-
polarized total density of states (TDOS) under varying hydro-
static strain of —5%/0%/+5%. In all three cases, a large E,
between the valence and conduction states is seen, affirming
the material’s insulating aspect. The progressive reduction of
the E; with augmented tensile strain indicates improved carrier
availability around the Fermi level. Along with this, Fig. 13(a)/
(b)/(c) illustrates the corresponding electronic band structures
for —5%/0%/+5% hydrostatic strain, which closely aligns with
the TDOS measurements and further confirms the insulating
behavior of the system. All the band structures indicate that E,
is consistently indirect at each strain level because the
conduction band minima and valence band maxima are situ-
ated at distinct symmetry locations.

3.6 Thermoelectric response
Finally, TE aspects including electrical conductivity per relaxa-

. . o . - .
tion time (7), electronic thermal conductivity per relaxation
T

aS?
b
T
K]

lattice thermal conductivity per relaxation time <—), and figure
T

e

time <K—), Seebeck coefficient (S), power factor (PF =
T

2

of merit (ZT =

E, (eV)
S = N W N

Ke + K|
5
Strain (%)

T
) of the SGH hydride are thoroughly
-5-4-3-2-101 2 3 4
Fig. 12 Computed energy gap (Eg) of the SrGaHs hydride under +£5%

hydrostatic strain.
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examined for a temperature range of 100-800 K with a consis-
tent 7 of 10~ s using the BoltzTraP code® and under various
hydrostatic strains. Here, it is worth mentioning that we per-
formed an extensive literature survey and found that the relax-
ation times for similar materials typically fall within 107** to
10~"® s. Therefore, selecting a constant relaxation time of
10" s represents a reasonable and widely accepted approxi-
mation for comparative ZT calculations, allowing us to capture
the general thermoelectric trends without introducing undue
uncertainty. Thus, a choice of a constant relaxation time of
10 s can be considered a reasonable and generally accepted
approximation to comparative ZT calculations to allow us to
describe the overall trends in thermoelectric behavior with
a minimum amount of uncertainty. Owing to limitations in the

K K
BoltzTraP approach, — can be computed but =L cannot. There-
T T

K
fore, we independently determined the 2 utilizing Slack’s
T

equation as follows:**

_ AM,, 06
M= 23T

(8)

M., n, T, v, 0p, and 6 stand for the average atomic mass,
number of atoms in the unit cell, absolute temperature, Grii-
neisen parameter, Debye temperature, and cubic root of the
average atomic volume, respectively. Using », the Griineisen
parameter () is found as:

3(1+v)
- "/ 9
L T ©)
while A is calculated as:®*
243 x 1078
A= —33514 0% (10)
- —— 4=
Y Y
where 6 can be established as:*®
1
_ h [3n (Nap\]3

wherein &, n, p, M, Ny, kg, and v, serve as Plank’s constant, the
total number of atoms per unit cell, density, molecular weight,
Avogadro’s number, the Boltzmann constant, and sound
velocity, respectively. The average velocity of sound (vy,) is
calculated using:

(12)

o 4 —1 ————

> — a——

(5

~ 2

§ 0 @) — -5% N (b) — 0% © —+5%, | |

&3] — | — — |

| ] — ]

m -2 == == ==
X M T L HF -110 11 X M T L HF 11011 X M T L HF 11011

Fig. 13 Computed spin-polarized band structures/total density of states under (a/a’) —5%, (b/b’) 0%, and (c/c’) +5% hydrostatic strains for the

SrGaHs hydride.
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The longitudinal/transverse velocity is v/v, which can be
calculated as:

G
Vi =4[]— 13
! ﬁ (13)

3B+4G
= 14
v 3 (14)
and the corresponding ZT as:

2

zr= 95T (15)
Ke + K

The material exhibits significant TE capabilities owing to its
considerable E, and degeneracy in electronic states. Fig. 14(a)

. . a . .
illustrates the influence of temperature on —, which increases
T

from 0.21/0.11/0.12 x 10*° 1 Qm * s % at 100 K to 0.37/0.36/0.64

x 10" 1 Qm™" s at 750 K under —5%/0%/+5% hydrostatic

strain. ¢ is reliant upon the quantity of free carriers. Hence, the
rising temperature elevates the quantity of free carriers owing to
bond dissociation, thus providing energy to free conduction

0. s .
electrons. Consequently, — increases with increasing tempera-
T
ture as seen in Fig. 14(a). Among the strain conditions, tensile
. . 4 . I
strain (+5%) provides the greatest — values, which signifies
T

improved charge carrier mobility or concentration. Conversely,
compressive strain (—5%) yields the lowest conductivity, prob-
ably owing to enhanced scattering or a decrease in band
dispersion. To further assess the efficiency of the material, both
k. and k; were examined at different strain values. The two
contributions directly affect the overall thermal conductivity
(k = ke *+ k1) and consequently the dimensionless ZT. The k. (see
Fig. 14(b)) exhibits a monotonic rise with elevated temperature
throughout, at all strain levels. This tendency is predicted due to
the greater mobility of the charge carriers at elevated tempera-
ture. It increases from 0.11/0.08/0.09 x 10'* W mK " s™" at 100
K to 0.39/0.40/1.54 x 10" W mK ' s™' under —5%/0%/+5%
hydrostatic strain. In addition, the computed «; decreases with
increasing temperature due to enhanced phonon-phonon

View Article Online

Paper

scattering at elevated thermal energy (see Fig. 14(c)). It
decreases from 1.76/2.01/0.9 x 10'* W mK ™' s™" at 100 to 0.23/
0.26/0.12 W mK " s~ ' at 750 K and only reduced further with
increasing temperature under —5%/0%/+5% strain. Tensile
strain (+5%) results in a significant decrease of «;, probably due
to enhanced lattice distortion and phonon scattering, which
impede thermal conduction across the lattice, which has
a positive impact on the ZT value. In contrast, compressive
strain (—5%) exhibits marginally elevated values, signifying
a partial restoration of lattice order and decreased phonon
dispersion.

Fig. 14(d) illustrates the dependence of S on temperature,
where its value decreases from 191.03/237.81/219.04 at 100 K to
104.77/97/140 at 750 K. All strained configurations have a posi-
tive S, hence confirming p-type conduction. The magnitude of S
diminishes with increasing temperature, aligning with the
features of degenerate semiconductors. The compressive strain
condition has the greatest S, indicating a beneficial alteration in
the electronic structure that improves thermopower, likely
attributable to a shift in the density of states around the Fermi

2
level. Additionally, Fig. 14(e) displays the PF = g, which
combines both ¢ and S. The value of PF at 100 K is 0.76/0.63/
0.57 x 10" W mK? s™" and increases to 0.40/0.34/1.27 x
10" W mK 2 s™! under —5%/0%/+5% strain. Likewise, the
dimensionless quantity ZT is employed to evaluate the perfor-
mance of a TE material. Elevated ZT yields enhanced TE reli-
ability, indicating that a greater amount of heat is transformed
into electricity. The calculated Z7, as illustrated in Fig. 14(f),
demonstrates a progressive increase with temperature from
0.04/0.03/0.05 at 100 K to 0.48/0.37/0.57 at 750 K. However,
when the system is subjected to +5% tensile strain, it displays
the greatest ZT of 0.61 at 550 K, whereas the unstrained and
—5% compressed system demonstrated lower TE efficiency.
Hence, these findings highlight the beneficial impact of tensile
strain on enhancing TE performance by concurrently aug-
menting electrical transport and preserving an advantageous S.
Finally, it is important to note that a +5% hydrostatic strain is
more like a tensile pressure of roughly 3-5 GPa, assuming that
there is a normal range of B for such materials. Even
though +5% strain is near the upper limit of elasticity of bulk

—=-5% — 0% — 5%

gg; (@) /,//""'"”‘A Lop () <0 wmks ?(5) V\c) x10"* W/mKs
£0.39 A el e e \
e 77 —= 1 o8 P 1.0

026t //~ oal 170

0.13}7 x10" 1/0ms A
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Fig. 14 Various computed thermoelectric parameters under —5%/0%/+5% hydrostatic strain for the SrGaHs hydride.
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systems, +5% strain can be a useful theoretical upper limit to
determine sensitivity and tunability of strain. Thus, the esti-
mation of the improvement under the +5% strain gives a good
insight into the possible practical strain-engineering
approaches.

4 Conclusion

In summary, a first-principles approach utilizing density func-
tional theory was conducted to examine the impact of hydro-
static deformation on the structural, hydrogen storage (HS),
mechanical, dynamical, electronic, and thermoelectric (TE)
characteristics of the complex SrGaH; hydride. In comparison
to the strain-free system, the deformed motif exhibits enhanced
AH; (formation enthalpy) and Tges. (desorption temperature)
due to strain energy contributions. Specifically, under
compressive/tensile tensile strain of —5%/+5%, the AH; reduces
from —48.03 kJ per mol H, to almost close to an ideal value of
—42.93/—45.18 k] per mol H, and the corresponding Ty, varies
from 343.13 K to 306.67/322.74 K, which lies is in the desired
range for HS applications. Additionally, the gravimetric
hydrogen storage capacity of the motif is 3.10% and the volu-
metric hydrogen capacity is 108.89/93.36/80.65 g H, per L under
—5%/0%/+5% strain, further confirming the system’s potential
for utilization in HS. Moreover, the electronic structure calcu-
lations confirm the insulating behavior of the system, having an
indirect band gap of 3.58/2.99/2.43 eV under —5%/0%/+5%
hydrostatic strain. Finally, it is found that the TE performance is
significantly enhanced under tensile strain with a notable figure
of merit of 0.61 achieved at 550 K under +5% strain, indicating
superior heat-to-electricity conversion efficiency and improved
carrier transport in the studied hydride. Hence, present find-
ings suggest that the examined hydride is not only a promising
candidate for HS but also for integration into various energy
conversion systems.
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