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A B S T R A C T

This computational study investigates the structure-property relationships in Sr₁₋ₓBaₓLiH₃ (0 ≤ x ≤ 1) inverse
perovskite hydrides using DFT. We demonstrate how controlled Ba substitution systematically tunes formation
energies (− 60.4 to − 58.8 kJ/mol⋅H₂) and hydrogen binding energies (− 1.19 to − 1.24 eV), enabling precise
optimization of hydrogen storage performance. The alloys exhibit an unusual structural evolution from cubic
(Pm3m) to tetragonal (P4/mmm) and back to cubic (Pm3m) symmetry, with the re-entrant cubic phase at x =

0.875 showing exceptional stability (cohesive energy − 17.1 eV). Electronic structure calculations reveal
composition-dependent bandgap transitions (3.45–4.13 eV, mBJ-GGA) that alternate between direct and indirect
character. For hydrogen storage, the materials' key advantage lies in their outstanding volumetric capacity of
188 g H₂/L, which significantly exceeds the capacities of many benchmark storage systems, while they maintain
a moderate gravimetric capacity of 2.1–3.2 wt%. Desorption temperatures (449–462 K) are directly correlated
with the hydrogen binding energy landscape. The study identifies an optimal composition window (x =

0.25–0.5) that balances favorable formation energy (− 59.5 kJ/mol⋅H₂), moderate hydrogen binding (− 1.22 eV),
and robust thermodynamic stability. These findings establish a quantitative framework for designing perovskite
hydrides with tailored hydrogen storage properties through controlled cation substitution, specifically targeting
applications where high volumetric density is a critical requirement.

1. Introduction

Projections indicate that the world's petroleum reserves could be
exhausted within 41 years, while fossil fuel consumption is expected to
increase by 56% by 2040, intensifying concerns over energy security and
the long-term viability of environmental systems [1]. These challenges
are compounded by predictions of a 2.5 ◦C rise in global temperatures by
the century's end [2,3]. The convergence of an escalating global energy
crisis and rising pollution levels significantly hampers efforts to achieve
sustainable development. This underscores the urgent need for cleaner
energy sources and technological advancements to mitigate carbon
emissions and reduce air pollution [4,5]. In response to these growing
demands, the quest for renewable energy alternatives has brought
silicon-based solar cells to the forefront as a promising and viable so-
lution [6]. Research into alternative photovoltaic materials is gaining
momentum due to the challenges associated with the production
complexity and relatively low conversion efficiency of silicon-based
solar cells [7,8]. As the global drive for green energy accelerates,

hydrogen is emerging as a highly promising alternative due to its
abundant supply, superior energy density, and potential for producing
carbon-free energy [6,9]. With current annual hydrogen consumption at
70 million tons, projections suggest a 70% increase in global demand by
2050 [10]. Despite its promise as a clean energy carrier, hydrogen's
widespread adoption is hindered by the challenges related to estab-
lishing safe, efficient, and economically viable storage and distribution
systems [11]. Traditional hydrogen storage methods, such as high-
pressure compression and cryogenic liquefaction, are plagued by high
costs and significant safety risks. In contrast, metal hydrides are
garnering increasing interest as a viable alternative due to their high
hydrogen storage capacity, reversibility, and favorable reactivity prop-
erties [12].

Among the various methods, solid-state hydrogen storage is gaining
recognition as a highly viable, efficient, and secure approach for long-
term energy storage solutions [13]. Storage systems for hydrogen typi-
cally rely on a range of substances, including alloys and hydrides of
metals [14,15], layered two-dimensional materials [16], and highly
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porous frameworks that facilitate efficient gas storage. Notable exam-
ples include carbon-based nanostructures, organic-inorganic hybrid
materials [17,18], and conductive ceramic structures [18,19].

Additionally, liquid organic hydrogen carriers play a key role in the
process [20]. Metal hydrides, which store hydrogen at lower pressures,
provide higher volumetric energy densities and contribute to increased
safety [21]. Hydride perovskites, with their exceptional structural sta-
bility, have captured significant attention due to their promising attri-
butes [22–25]. Moreover, the stability of these materials can be further
enhanced, and desorption temperatures lowered, by introducing metal
vacancies or doping with transition metals [26]. Consequently,
perovskite-type hydrides are emerging as promising candidates for
hydrogen storage, thanks to their low molecular weight, high gravi-
metric hydrogen density, and optimal desorption conditions.

In recent years, the interest in these materials has significantly risen,
as evidenced by a substantial increase in both theoretical and experi-
mental studies [27–29]. A diverse array of metal hydrides has been
thoroughly explored for various technological applications, which are
typically categorized into two principal types: complex multi-hydrides
and simpler binary hydrides. The latter group includes compounds
like lithium hydride (LiH2), magnesium hydride (MgH2), and calcium
hydride (CaH2) [30,31], which are known for their distinct hydrogen
storage properties and potential for energy-related applications.

Extensive research has been conducted on different multi-hydrides,
with specific factors, such as the nature of their components, playing a
key role in determining their properties. For instance, LiBH4 and NaAlH4
have emerged as promising candidates for solid-state hydrogen storage
[32–34]. Furthermore, perovskite materials, renowned for their poten-
tial in photovoltaic and optoelectronic technologies, are being increas-
ingly investigated for their efficacy in solid hydrogen storage when
integrated with metal hydrides. Wu et al. [35] investigated the struc-
tural stability and dynamic behavior of NaMgH3, revealing that its
perovskite crystal structure could enhance hydrogenation kinetics. This
insight may contribute to the development of novel alloy-based hydrides
with superior hydrogen storage capabilities. These materials are regar-
ded as promising candidates for efficient hydrogen storage solutions.

Research has demonstrated that doping strategies can significantly
improve the hydrogen storage capacities of these materials. For
instance, the doped compound LiCaF3-αHα (where α = 0, 1, 2, 3), studied
using CASTEP, showed notable enhancements in both gravimetric and
volumetric hydrogen storage, achieving up to 6.04 wt%, meeting the U.
S. Department of Energy's (DOE) 2050 target [36]. Additionally, a
computational study by Xiao et al. [37] on LixNa1-xMgH3 (x = 0, 0.25,
0.5, 0.75), using VASP, revealed that increasing Li substitution
enhanced thermodynamic stability, along with a near-linear decrease in
dehydrogenation enthalpies for certain pathways, indicating beneficial
modifications for hydrogen storage. In another study, Chami et al. [12]
employedWIEN2K to examine Na1–xKxMgH3 (x= 0, 0.25, 0.5, 0.75) and
found that the hydrogen storage capacities were 5.67, 5.56, 5.18, and
4.85 wt%, respectively. Supporting these findings, Tao et al. [38]
demonstrated experimentally that incorporating potassium instead of
sodium improved the dehydriding capabilities of NaMgH3.

Extensive prior research has highlighted the potential of BaLiH3 and
SrLiH3 as candidates for hydrogen storage applications. Ghebouli et al.
[39] conducted a detailed investigation into the structural, elastic,
electronic, and optical properties of these materials under varying
pressure conditions, revealing key insights into their behavior and
suitability for hydrogen storage. In a similar vein, Bahloul et al. [40]
examined how changes in composition affect the elastic constants and
thermophysical properties, such as the Debye temperature and melting
point, for the Sr1-xBaₓLiH3 perovskite series under ambient pressure.
Their findings suggest that these compounds hold considerable promise
for hydrogen storage, offering potential advantages in energy storage
systems. Despite this, uncertainties regarding the stability of these hy-
drides during experimental synthesis remain, and, as of now, there is a
notable absence of experimental data concerning their physical and

gravimetric hydrogen storage capacities.
This study aims to investigate the dynamic stability and properties of

novel tetragonal Sr1-xBaxLiH3 alloys (where x ranges from 0 to 1 in in-
crements of 0.125) through ab-initio computational methods. The pri-
mary objective is to contribute to the development of sustainable and
reliable hydrogen storage compounds, supporting the broader goal of
advancing hydrogen-powered technologies for a greener energy future.
This article provides a thorough analysis of the Sr1− ₓBaₓLiH3 (x = 0,
0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, 1) alloys, offering an in-
depth exploration of their potential as hydrogen storage materials.
The outcomes of the simulations were thoroughly analyzed, yielding
significant information on the structural and electronic properties of the
alloys. These findings emphasize the alloys' potential to serve as prom-
ising candidates for hydrogen storage in solid-state systems, due to their
favorable characteristics that could enhance storage efficiency and
stability.

2. Details of computation

First-principles calculations were employed to systematically inves-
tigate the structural and electronic properties of the perovskite hydride
alloy Sr1− ₓBaₓLiH3 (x= 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, 1)
using the Full Potential Linearized Augmented Plane Wave (FP-LAPW)
method implemented in the WIEN2k code [41]. The exchange-
correlation energy Exc was approximated using three different func-
tionals: The Local Density Approximation (LDA) [42] and the General-
ized Gradient Approximation (GGA) [43], and the Modified Becke-
Johnson (mBJ) functional [44], which has become the standard for
high-accuracy electronic property predictions. The mBJ functional is
particularly effective in improving band gap predictions, providing
better agreement with experimental results compared to the LDA/GGA
approximations [45,46].

For the computational setup, a cutoff parameter of k max×RMT = 9
was used, where RMT is the Muffin-Tin sphere radius and k max is the
magnitude of the largest k-vector in the plane wave expansion. The
chosen RMT values were 2.5, 2.3, 2.0, and 1.2 Bohr for Ba, Sr, Li, and H,
respectively. The charge density was expanded using Fourier analysis up
to Gmax = 16 (Ryd)1/2 for the alloy system, and Gmax = 12 (Ryd)1/2 for
the parent compounds BaLiH3 and SrLiH3. The valence wave functions
inside the Muffin-Tin spheres were expanded to a maximum angular
momentum of lmax = 10.

To ensure computational accuracy, a core-valence separation energy
of − 6.0 Ry was applied. Self-consistency in total energy calculations was
achieved with a convergence criterion of 10− 4 Ryd. A 9 × 9 × 9 k-point
mesh was utilized to sample the Brillouin zone (BZ) for adequate pre-
cision. Finally, the total energy as a function of the unit cell volume was
fitted to the Murnaghan equation of state (EOS) [47], which provided
the necessary equation of state parameters for evaluating the structural
stability and mechanical properties of the alloys.

3. Results and discussion

3.1. Structural properties of Sr1− ₓBaₓLiH3

To evaluate the suitability of materials for hydrogen storage and
related energy technologies, a thorough investigation of their intrinsic
structural properties is imperative. In this work, we employ first-
principles calculations to systematically explore the structural evolu-
tion of the inverse perovskite alloy system Sr1− ₓBaₓLiH3 across the
complete compositional range (x = 0, 0.125, 0.25, 0.375, 0.5, 0.625,
0.75, 0.875, 1). A strategic substitutional approach within expanded
supercells is used to precisely control the Ba concentration, enabling a
detailed study of how varying the Sr/Ba ratio affects the material's lat-
tice geometry, phase stability, and underlying bonding characteristics.

The structural stability and bonding characteristics of each alloy
configuration were thoroughly examined through full atomic relaxation
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simulations, ensuring that all the alloys reached their most stable con-
figurations. Structural optimizations were carried out for each alloy
using both the LDA and the GGA for the exchange-correlation func-
tional. This dual approach was employed to assess the sensitivity of the
system's properties to different approximations, ensuring the robustness
and accuracy of the results. The final optimized atomic positions for
each composition and structural phase, reflecting the fully relaxed
configurations, are provided in Table 1.

The structural ground states of the parent compounds, SrLiH₃ and
BaLiH₃, were first determined through full atomic relaxation using
density functional theory (DFT) with both GGA and LDA approxima-
tions. These calculations converged to an ideal cubic structure charac-
terized by the space group Pm3m (No. 221). This assignment is
supported by the optimized high-symmetry atomic positions, which
correspond to the Wyckoff sites of this space group: the larger cation
(Sr2+ or Ba2+) resides at the 1a site (0,0,0), the Li+ cation at the 1b site
(0.5, 0.5, 0.5), and the H− anions at the 3c site (0.5, 0, 0.5). The
calculated lattice parameters—3.7537 Å for SrLiH₃ and 3.9388 Å for
BaLiH₃ using GGA—show excellent agreement with available experi-
mental data [48] and established theoretical references [51–53] (see
Table 2), confirming Pm3mas the stable equilibrium structure for the
parent compounds.

This configuration defines an inverse perovskite structure. In a
conventional perovskite (ABX₃), the larger ‘A' cation occupies the
cuboctahedral site, while the smaller ‘B' cation resides at the center of an
anion octahedron. Here, this arrangement is reversed: the small Li+

cation occupies the octahedral site at the unit cell center, forming
corner-sharing LiH₆ octahedra. Conversely, the larger Sr2+ or Ba2+ cat-
ions occupy the cuboctahedral interstices, each coordinated by twelve
H− anions to form SrH₁₂ or BaH₁₂ polyhedra. This inversion is stabilized
by the geometric compatibility between the large ionic radii of Sr2+

(1.26 Å) and Ba2+ (1.42 Å) and the spacious cuboctahedral site.
To thoroughly examine the impact of barium (Ba) substitution on the

structural and electronic properties of the SrLiH3 alloy, we employed a
strategic substitution method within expanded supercells. Initially, we
utilized a 2 × 2 × 1 supercell to model the SrLiH3 structure, which
consists of a unit cell containing four strontium (Sr) atoms. In this
configuration, we systematically substituted one, two, three, and four of
the Sr cation sites with Ba atoms, achieving alloy compositions with x
values of 0.25, 0.5, 0.75, and 1, respectively. For intermediate alloy
compositions with x values of 0.125, 0.375, 0.625, and 0.875, we
introduced Ba atoms at one, three, five, and seven Sr cation sites within a
larger 2 × 2 × 2 supercell, containing a total of eight Sr atoms. This
substitution approach allows for a precise control of Ba concentration,
providing a diverse range of alloy compositions for a comprehensive
study. By exploring these variations, we can investigate how changes in
Ba content affect the material's structural stability, electronic behavior,
and potential for hydrogen storage applications. This method not only
sheds light on the effects of cation substitution but also lays the
groundwork for designing optimized materials for energy storage sys-
tems. This methodology, which systematically adjusts the concentration
of Ba in the alloy, provides a comprehensive means to study the struc-
tural and electronic changes induced by varying the Sr/Ba ratio. The
resulting alloys offer a rich platform for understanding the influence of
cation substitution on the material's hydrogen storage properties, as well
as its stability, electronic behavior, and potential for practical applica-
tions in energy systems.

The evolution of the unit cells in Sr1− ₓBaₓLiH3 (x = 0, 0.125, 0.25,
0.375, 0.5, 0.625, 0.75, 0.875, 1) alloys, as illustrated in Fig. 1, dem-
onstrates a complex interplay between composition, symmetry, and
local coordination environments. At x = 0 (SrLiH₃), the structure crys-
tallizes in the cubic space group Pm3m (No. 221), characterized by a
three-dimensional network of corner-sharing LiH₆ octahedra, with Sr2+

ions occupying the cuboctahedral interstices to form SrH₁₂ units. This
arrangement reflects the geometric flexibility of the perovskite-like

Table 1
Calculated atomic positions of Sr1− ₓBaxLiH3 (x = 0, 0.125, 0.25, 0.375, 0.5,
0.625, 0.75, 0.875, 1) alloys using the GGA and LDA approximations.

Alloys Atomic positions

GGA LDA

SrLiH3 (Pm3m) Sr (0.0, 0.0, 0.0)
Li (0.5, 0.5, 0.5)
H (0.5, 0.0, 0.5)

Sr (0.0, 0.0, 0.0)
Li (0.5, 0.5, 0.5)
H (0.5, 0.0, 0.5)

Ba0.125Sr0.875LiH3
(Pm3m)

Ba1 (0.0, 0.0, 0.0)
Sr1 (0.5, 0.0, 0.0)
Sr2 (0.5, 0.5, 0.0)
Sr3 (0.5, 0.5, 0.5)
Li1 (0.2508, 0.2508,
0.2508)
H1 (0.2512, 0.0, 0.2512)
H2 (0.5, 0.2502, 0.2502)

Ba1 (0.0, 0.0, 0.0)
Sr1 (0.5, 0.0, 0.0)
Sr2 (0.5, 0.5, 0.0)
Sr3 (0.5, 0.5, 0.5)
Li1 (0.2504, 0.2504,
0.2504)
H1 (0.2506, 0.0,
0.2506)
H2 (0.5, 0.2501,
0.2501)

Ba0.25Sr0.75LiH3 (P4/
mmm)

Ba (0.0, 0.0, 0.0)
Sr1 (0.5, 0.0, 0.0)
Sr2 (0.5, 0.5, 0.0)
Sr3 (0.5, 0.5, 0.5)
Li (0.2508, 0.2508,
0.2508)
H1 (0.2512, 0.0, 0.2512)
H2 (0.5, 0.2502, 0.2502)

Ba (0.0, 0.0, 0.0)
Sr1 (0.5, 0.0, 0.0)
Sr2 (0.5, 0.5, 0.0)
Sr3 (0.5, 0.5, 0.5)
Li (0.2504, 0.2504,
0.2504)
H1 (0.2506, 0.0,
0.2506)
H2 (0.5, 0.2501,
0.2501)

Ba0.375Sr0.625LiH3 (P4/
mmm)

Ba1 (0.0, 0.0, 0.0)
Ba2 (0.5, 0.0, 0.0)
Sr1 (0.5, 0.5, 0.0)
Sr2 (0.0, 0.0, 0.5)
Sr3 (0.5, 0.0, 0.5)
Sr4 (0.5, 0.5, 0.5)
Li1 (0.2506, 0.2506,
0.2519)
H1 (0.2501, 0.0, 0.2522)
H2 (0.2511,0.2511, 0.0)
H3 (0.5, 0.2509, 0.2513)
H4 (0.2502, 0.2502, 0.5)

Ba1 (0.0, 0.0, 0.0)
Ba2 (0.5, 0.0, 0.0)
Sr1 (0.5, 0.5, 0.0)
Sr2 (0.0, 0.0, 0.5)
Sr3 (0.5, 0.0, 0.5)
Sr4 (0.5, 0.5, 0.5)
Li1 (0.2506, 0.2506,
0.2519
H1 (0.2501, 0.0,
0.2523)
H2 (0.2511, 0.2511,
0.0)
H3 (0.5, 0.2509,
0.2513)
H4 (0.2502, 0.2502,
0.5)

Ba0.5Sr0.5LiH3 (P4/mmm) Ba1 (0.0, 0.0, 0.0)
Sr1 (0.0, 0.0, 0.5)
Li (0.5, 0.5, 0.2532)
H1 (0.5, 0.0, 0.2531)
H2 (0.5, 0.5, 0.0)
H3 (0.5, 0.5, 0.5)

Ba1 (0.0, 0.0, 0.0)
Sr1 ((0.0, 0.0, 0.5)
Li (0.5, 0.5, 0.2532)
H1 (0.5, 0.0, 0.2531)
H2 (0.5, 0.5, 0.0)
H3 (0.5, 0.5, 0.5)

Ba0.625Sr0.375LiH3 (P4/
mmm)

Ba1 (0.0, 0.0, 0.0)
Ba2 (0.5, 0.0, 0.0)
Ba3 (0.5, 0.5, 0.0)
Ba4 (0.0, 0.0, 0.5)
Sr1 (0.5, 0.0, 0.5)
Sr2 (0.5, 0.5, 0.5)
Li (0.2506, 0.2506,
0.2518)
H1 (0.2511, 0.0, 0.2514)
H2 (0.2501, 0.2501, 0.0)
H3 (0.5, 0.2502, 0.2522)
H4 (0.2509, 0.2509, 0.5)

Ba1 (0.0, 0.0, 0.0)
Ba2 (0.5, 0.0, 0.0)
Ba3 (0.5, 0.5, 0.0)
Ba4 (0.0, 0.0, 0.5)
Sr1 (0.5, 0.0, 0.5)
Sr2 (0.5, 0.5, 0.5)
Li (0.2506, 0.2506,
0.2519)
H1 (0.2511, 0.0,
0.2514)
H2 (0.2501, 0.2501,
0.0)
H3 (0.5, 0.2502,
0.2523)
1H4 (0.2509, 0.2509,
0.5)

Ba0.75Sr0.25LiH3 (P4/
mmm)

Ba1 (0.0, 0.0, 0.0)
Ba2 (0.5, 0.0, 0.0)
Sr1 (0.5, 0.5, 0.0)
Li (0.2508, 0.2508, 0.5)
H1 (0.0, 0.2501, 0.5)
H2 (0.2507, 0.2507, 0.0)
H3 (0.5, 0.2510, 0.5)

Ba1 (0.0, 0.0, 0.0)
Ba2 (0.5, 0.0, 0.0)
Sr1 (0.5, 0.5, 0.0)
Li1 (0.2508, 0.2508,
0.5)
H1 (0.0, 0.2501, 0.5)
H2 (0.2506, 0.2506,
0.0)
H3 (0.5, 0.2510, 0.5)

Ba0.875Sr0.125LiH3
(Pm3m)

Ba1 (0.0, 0.0)
Ba2 (0.5, 0.0, 0.0)

Ba1 (0.0, 0.0)
Ba2 (0.5, 0.0, 0.0)

(continued on next page)
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framework, where the larger Sr2+ cations (in 12-coordination) stabilize
the lattice through high hydrogen coordination, while the distorted
linear H− geometry mediates ionic bonding between Li+ and Sr2+.

Upon initial Ba substitution (x= 0.125), the cubic symmetry persists,
indicating that the lattice can accommodate the slightly larger Ba2+ ions
without significant distortion. This suggests a homogeneous solid-
solution regime at low Ba concentrations, where statistical occupancy
of Sr and Ba in the cuboctahedral sites minimally perturbs the LiH₆
network. However, as the Ba content increases (x = 0.25–0.75), the
system undergoes a cubic-to-tetragonal (P4/mmm) transition, driven by
increasing lattice strain from the size disparity between Sr2+ and Ba2+.
The tetragonal distortion reflects a compromise between the geometric
constraints of the LiH₆ octahedra and the cuboctahedral Sr/BaH₁₂ sites,
with the latter exhibiting elongated bond lengths along one axis to
mitigate steric repulsion. This intermediate phase highlights the role of
elastic anisotropy in accommodating larger cations, where the hydrogen
sublattice adapts through bond-length and angular adjustments to pre-
serve connectivity.

Notably, at x = 0.875, the structure reverts to cubic symmetry
(Pm3m), though with expanded lattice parameters compared to the x =

0 phase. This reentrant cubic behavior implies a threshold concentration
effect, where the Ba-rich environment stabilizes a new equilibrium in
cuboctahedral packing, possibly due to reduced strain heterogeneity or a
shift in hydrogen coordination preferences. For x ¼ 1 (BaLiH₃), the
structure adopts the Pm3m (No. 221) space group, distinct from the Sr
analog, with face-sharing LiH₆ octahedra and BaH₁₂ cuboctahedra. This
rearrangement underscores the compositional dependence of polyhedral
connectivity: while SrLiH₃ favors corner-sharing for optimal Sr–H dis-
tances, BaLiH₃ maximizes space-filling efficiency through face-sharing,
likely due to Ba2+’s larger polarizability and weaker directional
bonding with H− .

The persistence of distorted linear H− geometries across all compo-
sitions suggests a robust ionic-covalent bonding framework, where H−

acts as a bridging ligand between Li+ and Sr2+/Ba2+. However, the
bond-angle variability in the tetragonal phase hints at dynamic adjust-
ments in hydrogen positions to balance steric and electronic effects.
Comparatively, the phase transitions mirror trends in perovskite oxides,
where A-site cation size variance often drives symmetry lowering (e.g.,
cubic-tetragonal-orthorhombic). Here, the re-stabilization of cubic
symmetry at high x deviates from classical Vegard's law behavior,
implying additional factors such as hydrogen-mediated screening or
entropic contributions at elevated Ba concentrations.

Further investigation is warranted to resolve whether the x = 0.875
cubic phase exhibits short-range cation ordering or dynamic disorder, as
well as the potential impact of hydrogen vibrational entropy on phase
stability. Additionally, the electronic structure evolution—particularly
the Li–H and Ba/Sr-H bonding interactions-could elucidate the inter-
play between geometric distortion and properties such as hydride
mobility or optoelectronic response.

First-principles calculations were systematically employed to inves-
tigate the structural properties of Sr1− ₓBaₓLiH3 across the complete
compositional range (x = 0 to 1). The Murnaghan equation of state [47]
was fitted to energy-volume data, yielding characteristic parabolic

Table 1 (continued )

Alloys Atomic positions

GGA LDA

Ba3 (0.5, 0.5, 0.0)
Sr1 (0.5, 0.5, 0.5)
Li1 (0.25, 0.25, 0.25)
H1 (0.25, 0.0,0.25)
H2 (0.5, 0.25, 0.25)

Ba3 (0.5, 0.5, 0.0)
Sr1 (0.5, 0.5, 0.5)
Li1 (0.25, 0.25, 0.25)
H1 (0.25, 0.0, 0.25)
H2 (0.5, 0.25, 0.25)

BaLiH3 (Pm3m) Ba (0.0, 0.0, 0.0)
Li (0.5, 0.5, 0.5)
H (0.5, 0.0, 0.5)

Ba (0.0, 0.0, 0.0)
Li (0.5, 0.5, 0.5)
H (0.5, 0.0, 0.5)

Table 2
Calculated values of Structural Parameters for Sr1− xBaₓLiH₃ alloys (x = 0–1).

Alloys Structural
parameters

GGA LDA

SrLiH3 (Pm3m) a (Å) 3.7537, 3.8044a,
3.8044 b, 3.788c,
3.833e, 3.81f

3.7017, 3.7026a,
3.696c

Relative
error in a

Δa
a

⃒
⃒
⃒
exp

= 2.11%
Δa
a

⃒
⃒
⃒
exp

= 3.54%

V(Å3) 52.8906, 55.138d 50.7228
B(GPa) 45.7690, 42.955a,

42.8b, 40.729d
50.7228,
50.625c

B′ 3.7079, 3.805a,
3.834d

3.6831, 3.721c

E0(Ryd) ¡6374.455080 ¡6370.855387
Ba0.125Sr0.875LiH3
(Pm3m)

a (Å) 3.7825 3.7289
V(Å3) 54.1173 51.8492
B(GPa) 45.0141 49.7917
B′ 3.5022 3.7002
E0 (Ryd) ¡7614.0136 ¡7610.0906

Ba0.25Sr0.75LiH3
(P4/mmm)

a (Å) 3.7931 3.7478
c (Å) 3.8048 3.7542
c/a 0.9969 0.9982
V(Å3) 54.7419 52.7315
B(GPa) 44.4004 48.8271
B′ 3.6300 3.5724
E0 (Ryd) ¡8853.5739 ¡8849.3265

Ba0.375Sr0.625LiH3
(P4/mmm)

a (Å) 3.8286 3.7788
c (Å) 3.8555 3.7843
c/a 1.0070 1.0014
V(Å3) 56.5146 54.0372
B(GPa) 43.7793 48.3073
B′ 3.7605 3.6988
E0 (Ryd) ¡10,093.1340 ¡10,088.5629

Ba0.5Sr0.5LiH3 (P4/
mmm)

a (Å) 3.8528, 3.9276a 3.8016, 3.8245a

c (Å) 3.8583 3.807
c/a 1.0014 1.0014
V(Å3) 57.2728 55.0193
B(GPa) 43.0197, 39.718a 47.8547,

47.074a

B′ 2.4231, 3.789a 3.8416, 3.856a

E0 (Ryd) ¡11,332.6947 ¡11,327.7999
Ba0.625Sr0.375LiH3
(P4/mmm)

a (Å) 3.8746 3.8272
c (Å) 3.8823 3.8377
c/a 1.0019 1.0027
V(Å3) 58.2831 56.2125
B(GPa) 42.7004 46.9436
B′ 3.7110 3.9421
E0 (Ryd) ¡12,572.2550 ¡12,567.0362

Ba0.75Sr0.25LiH3
(P4/mmm)

a (Å) 3.8894 3.8440
c (Å) 3.8969 3.8489
c/a 0.9980 0.9987
V(Å3) 58.9500 56.8726
B(GPa) 42.1519 46.2228
B′ 3.7265 3.7675
E0 (Ryd) ¡13,811.8158 ¡13,806.2737

Ba0.875Sr0.125LiH3
(Pm3m)

a (Å) 3.9184 3.8708
V(Å3) 60.0102 57.985
B(GPa) 41.6342 45.7411
B′ 3.6783 3.7244
E0 (Ryd) ¡15,051.3771 ¡15,045.5114

BaLiH3 (Pm3m) a (Å) 3.9388, 4.0003a,
4.0148b,
3.989c,4.010d, 4.023e,
4.005f

3.8915, 3.8930a,
3.892c

Relative
error in a

Δa
a

⃒
⃒
⃒
exp

= 2.13%
Δa
a

⃒
⃒
⃒
exp

= 3.37%

V(Å3) 60.1625, 64.506d 58.9319
B(GPa) 40.2966, 37.953a,

40.141d, 38.2b
45.4941,
45.916c

B′ 3.9595, 3.654a,
3.902d

3.6528, 3.848c

E0 (Ryd) ¡16,290.9388 ¡16,284.7495

a PP-GGA/LDA [40], bPP-GGA [49], cPP-GGA/LDA [39], dPP-GGA [50], eEx-
perimental data of Ref [48], fFP-GGA [51].
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curves that demonstrate the influence of exchange-correlation func-
tionals on ground-state properties (Fig. 2(a)). Each composition exhibits
a distinct energy minimum at its equilibrium volume (V₀), providing the
basis for deriving fundamental structural and mechanical parameters.
The calculated lattice parameters, equilibrium volumes, bulk moduli
(B), and their pressure derivatives (B′) and minimum total energy (E₀)
are presented in Table 2 reveal clear compositional trends, including a

13.75% volumetric expansion from x = 0 to x = 1 and a corresponding
11.96% reduction in bulk modulus, consistent with the larger ionic
radius of Ba2+ (1.42 Å) compared to Sr2+ (1.26 Å).

The reliability of our computational approach was validated through
comprehensive comparisons with experimental and theoretical data. For
SrLiH₃ (x = 0), the GGA-calculated lattice parameter (a = 3.7537 Å)
shows excellent agreement with experimental data (3.833 Å [48]), with

Pm3m

Pm3m

P4/mmm

P4/mmm

P4/mmm

P4/mmm

P4/mmm

Pm3m

Pm3m

Fig. 1. The different structural phases of Sr1− ₓBaₓLiH3 (x = 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, 1).
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x

a
c

x

Fig. 2. (a) Total energy-volume relations and the derived (b) equilibrium lattice constants and (c) unit cell volumes for Sr₁₋ₓBaₓLiH₃ (x = 0 to 1), calculated using
GGA and LDA.
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a minimal 2.11% error, while the LDA result (3.7017 Å) exhibits a
slightly larger 3.42% deviation. Similar precision is observed for BaLiH₃
(x = 1), where the GGA value (3.9388 Å) compares favorably with both
experimental (4.023 Å [48], 2.09% error) and theoretical (4.005 Å [51],
1.65% deviation) references. Intermediate compositions, such as Ba₀.
₅Sr₀.₅LiH3 (x = 0.5), show comparable agreement, with GGA predicting
a = 3.8528 Å versus theoretical values of 3.8245 Å [40].

Volume calculations demonstrate systematic expansion from
52.8906 Å3 (GGA, x = 0) to 60.1625 Å3 (GGA, x = 1), though with
somewhat larger discrepancies compared to theoretical references (e.g.,
6.73% underestimation versus Shah's 64.506 Å3 [50] at x = 1). This
reflects the inherent challenges in modeling hydrogen-related packing
effects. The LDA consistently predicts smaller volumes (3–5% lower than
GGA), such as 50.7228 Å3 versus 52.8906 Å3 at x = 0, due to its char-
acteristic over binding tendency.

Mechanical properties exhibit equally significant trends, with the
bulk modulus decreasing from 45.7690 GPa (x= 0) to 40.2966 GPa (x=

1) under GGA, indicating progressive lattice softening with Ba incor-
poration. This mechanical response correlates directly with the volu-
metric expansion and suggests diminished structural stability at higher
Ba concentrations. The pressure derivative B′ remains remarkably
consistent (2–4 range) across all compositions, demonstrating moderate
anharmonicity under compression.

The comparative performance of GGA and LDA follows established
theoretical expectations, with GGA generally providing better agree-
ment with experimental lattice parameters (<3% error versus LDA's
3–4%), while both approximations show larger deviations (4–9%) in
volume predictions. These systematic variations highlight the impor-
tance of functional choice in theoretical predictions of complex
hydrides.

The compositional dependence of lattice parameters and unit cell
volumes in Sr1− ₓBaₓLiH3 (x = 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75,
0.875, 1) (Fig. 2(b) and (c)) reveals fundamental structural trends
governed by ionic size effects. The lattice constants (Fig. 2(b)) exhibit
near-linear expansion from 3.7537 Å (x = 0) to 3.9388 Å (x = 1) under
GGA, with LDA showing parallel but offset behavior (3.7017 Å to
3.8915 Å). This 5.0% increase in lattice parameters corresponds to the
larger ionic radius of Ba2+ compared to Sr2+, where the GGA-LDA
divergence (1.4–1.7% across the series) reflects their characteristic
treatment of electron exchange-correlation. Volumetric expansion
(Fig. 2(c)) displays stronger nonlinearity, with GGA predicting 13.8%
growth (52.8906 Å3 to 60.1625 Å3) versus LDA's 16.2% (50.7228 Å3 to
58.9319 Å3). The curvature suggests progressive accumulation of lattice
strain, particularly beyond x = 0.5, where each additional Ba ion in-
duces greater volumetric distortion than at lower concentrations. The
widening GGA-LDA gap at high Ba content (2.1 Å3 difference at x =

0 versus 2.6 Å3 at x = 1) implies increasing sensitivity to the choice of
exchange-correlation functional as the hydride becomes Ba-rich.

Notably, both approximations show continuous evolution without
discontinuities, confirming complete solid solubility across the Sr–Ba
series. The systematic offset between GGA and LDA trends (3–5% for
lattice parameters, 4–6% for volumes) maintains consistent propor-
tionality, demonstrating that while absolute values differ, both methods
capture the same underlying physics of size-driven expansion. These
structural trends provide the foundation for understanding electronic
and mechanical property variations across the compositional range.

The structural evolution of Sr1− ₓBaₓLiH3 (x = 0, 0.125, 0.25, 0.375,
0.5, 0.625, 0.75, 0.875, 1) across the compositional range reveals sys-
tematic trends in bond lengths and polyhedral volumes, as summarized
in Table 3, with notable deviations between our DFT results and
established theoretical studies. For SrLiH₃ (x = 0), our GGA calculations
(Table 3) yield Sr–H and Li–H bond lengths of 2.6171 Å and 1.8768 Å,
respectively, while LDA predicts slightly shorter values of 2.5606 Å and
1.87683 Å. These agree well with literature values, such as the Sr–H
(2.71174 Å) and Li–H (1.91749 Å) distances reported by Kunkel et al.
[52], as well as the nearly identical results of Orgaz & Gupta (2.711 Å

Table 3
Selected interatomic distances (Å) and angles (deg) in Sr1-xBaₓLiH₃ (x = 0–1).

Alloys Atoms Approximations

GGA LDA

SrLiH3 (Pm3m) Sr-H (£12) 2.6542, 2.71174
[52], 2.711 [53]

2.65424

SrH12 polyhedral
volume

44.0743 Å3 44.0743
Å3

Li-H (£6) 1.8768, 1.91749
[52], 1.917 [53]

1.87683

LiH6 polyhedral
volume

8.8149 Å3 8.8149 Å3

Ba0.125Sr0.875LiH3
(Pm3m)

Ba-H (£12) 2.68792 2.63802
BaH12 polyhedral
volume

45.7733 Å3 43.2472
Å3

Sr-H1 (£8) 2.67466 2.63674
Sr-H2 ((£4) 2.67714 2.63802
SrH12 polyhedral
volume

45.17 Å3 43.2472
Å3

Li-H1 (£3) 1.88497 1.86121
Li-H2 (£3) 1.89755 1.86769
LiH6 polyhedral
volume

9.0194 Å3 8.6415 Å3

Ba0.25Sr0.75LiH3 (P4/
mmm)

Ba-H1 (£8) 2.69751 2.66578
Ba-H2 (£4) 2.70257 2.66668
BaH12 polyhedral
volume

46.3837 Å3 44.6992
Å3

Sr-H1 (£4) 2.67512 2.64361
Sr-H2 (£4) 2.68847 2.65470
Sr-H3 (£4) 2.69043 2.65679
SrH12 polyhedral
volume

45.6365 Å3 43.9757
Å3

Li-H1 (£2) 1.89300 1.86739
Li-H2 (£2) 1.89659 1.87714
Li-H3 (£2) 1.91182 1.88690
LiH6 polyhedral
volume

9.1519 Å3 8.8190 Å3

Ba0.375Sr0.625LiH3 (P4/
mmm)

Ba-H1 (£4) 2.70727 2.67206
Ba-H2 (£4) 2.72854 2.68564
Ba-H3 (£4) 2.72961 2.68674
BaH12 polyhedral
volume

47.5594 Å3 45.4804
Å3

Sr-H (£4) 2.70363 2.65975
Sr-H2 (£4) 2.70725 2.67609
Sr-H3 (£4) 2.71466 2.67609
SrH12 polyhedral
volume

46.8663 Å3 44.8986
Å3

Li-H1 (£2) 1.90940 1.88437
Li-H2 (£1) 1.91306 1.87706
Li-H3 (£2) 1.91923 1.89447
Li-H4 (£1) 1.94252 1.90729
LiH6 polyhedral
volume

9.4193 Å3 9.0063 Å3

Ba0.5Sr0.5LiH3 (P4/
mmm)

Ba-H1 (£4) 2.72436 2.68816
Ba-H2 (£8) 2.74382 2.70734
BaH12 polyhedral
volume

48.3388 Å3 46.4367
Å3

Sr-H1 (£8) 2.70890 2.67288
Sr-H2 (£4) 2.72436 2.68816
SrH12 polyhedral
volume

47.1177 Å3 45.2637
Å3

Li-H1 (£1) 1.90370 1.87838
Li-H2 (£4) 1.92641 1.90082
Li-H3 (£1) 1.95463 1.92862
LiH6 polyhedral
volume

9.5457 Å3 9.1700 Å3

Ba0.625Sr0.375LiH3 (P4/
mmm)

Ba-H1 (£4) 2.73831 2.70482
Ba-H2 (£8) 2.75394 2.72141
BaH12 polyhedral
volume

48.9500 Å3 47.2154
Å3

Sr-H1 (£8) 2.72877 2.69630(
Sr-H1 (£4) 2.72905 2.69559
SrH12 polyhedral
volume

47.9256 Å3 46.2183
Å3

Li-H1 (£1) 1.92645 1.90369
Li-H2 (£2) 1.93244 1.90859
Li-H3 (£2) 1.94215 1.91862

(continued on next page)
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Sr–H, 1.917 Å Li–H) [53]. The observed deviations of 3.5–4.9% for
metal‑hydrogen bonds and < 2.1% for Li–H distances (Table 3) high-
light the stability of lithium's tetrahedral coordination, which remains
remarkably consistent across methodologies.

As Ba substitution increases, the bond length distribution becomes
more complex, with detailed values provided in Table 3. At intermediate
compositions (x = 0.5), Ba–H bonds span 2.72436–2.74382 Å (GGA)
and 2.68816–2.70734 Å (LDA), while Sr–H bonds exhibit similar
variability (2.70890–2.72436 Å GGA; 2.67288–2.68816 Å LDA). In
contrast, Li–H bonds remain relatively stable (1.90370–1.95463 Å
GGA; 1.87838–1.92862 Å LDA), as shown in Table 3, with the 5–6%
variation within each bond category reflecting local strain induced by
Sr/Ba substitution. The persistent 2–3% offset between GGA and LDA
values underscores the expected methodological differences, while the
minimal distortion of the Li–H geometry demonstrates the structural
adaptability of the lithium sublattice. For the BaLiH₃ endpoint (x = 1),
our GGA-calculated bond lengths (2.9498 Å Ba–H; 1.9694 Å Li–H,
Table 3) show more significant deviations from reference values (e.g.,
2.84458 Å Ba–H and 2.01142 Å Li–H [52]). The 3.6–4.2% over-
estimation in Ba–H bonds and 2.1–2.3% underestimation in Li–H
bonds (Table 3) may arise from increased sensitivity to computational
parameters in Ba-rich compositions, unaccounted anharmonic effects, or
pseudopotential limitations for barium.

The progression from x = 0 to x = 1 (Table 3) demonstrates several
fundamental trends. The (Sr/Ba)–H bonds expand nonlinearly by 12.7%
(GGA) and 11.9% (LDA), while Li–H bonds vary by less than 5% despite
the cubic-to-tetragonal symmetry transition. The consistent 2.8–3.1%
bond length reduction in LDA compared to GGA across all compositions
(Table 3) confirms the expected functional-dependent trends. These
comparisons not only validate our computational approach but also
identify Ba-rich compositions (x > 0.75) as particularly sensitive to
computational parameters, suggesting they may require specialized

treatment in future studies.
Polyhedral volume analysis (Table 3) provides further insights into

the structural accommodation of Ba substitution. The BaH12 polyhedra
expand by 15.5% (GGA: 44.0743 Å3 → 50.9235 Å3), with nonlinear
growth most pronounced between x = 0.25–0.625 (~1.0 Å3 per 0.125
Ba increment), coinciding with the cubic-to-tetragonal phase transition.
LDA predicts a similar but compressed trend (11.4% increase), consis-
tent with its treatment of electron correlation. In contrast, SrH₁₂ poly-
hedra exhibit anomalous expansion in mixed compositions, reaching
48.8848 Å3 at x = 0.75 (GGA)—a 10.9% increase over the x = 0 val-
ue—despite decreasing Sr content (Table 3). This suggests strain ac-
commodation mechanisms where Sr sites expand to mitigate lattice
mismatch in the Ba-dominated environment. The volume difference
between SrH₁₂ and BaH₁₂ narrows from 0 Å3 (x = 0) to just 2.0 Å3 (x =

0.875), indicating progressive convergence of their structural roles.
Meanwhile, LiH₆ polyhedral expand proportionally to the metal poly-
hedra (+15.5% GGA, +11.4% LDA, Table 3), maintaining a near-
constant volume ratio (V(LiH₆)/V(metalH₁₂) ≈ 0.20 ± 0.01) across all
compositions.

Three key structural implications emerge from these observations
(Table 3). First, the BaH12 polyhedra dominate the volumetric expan-
sion, with nonlinear growth suggesting critical composition thresholds
(x≈ 0.375) for lattice rearrangement. Second, the anomalous expansion
of SrH₁₂ polyhedra reveals unanticipated strain accommodation mech-
anisms in mixed compositions. Third, the LiH₆ polyhedra exhibit
exceptional geometric flexibility, maintaining ideal coordination even
as the metal‑hydrogen framework undergoes significant distortion.
Collectively, these trends demonstrate that while Ba substitution drives
volumetric changes through metal‑hydrogen bond lengthening, the
lithium sublattice provides essential stability across the compositional
range.

The structural evolution observed here provides important insights
into the potential synthesis pathways for Sr₁₋ₓBaₓLiH₃. The continuous
solid solubility across the entire composition range, evidenced by the
systematic lattice expansion without phase segregation, indicates that
homogeneous alloys should be accessible via conventional solid-state
methods. A plausible synthesis route would involve high-energy ball
milling or direct sintering of stoichiometric mixtures of SrH₂/BaH₂ and
LiH under a hydrogen atmosphere, analogous to the preparation of
related perovskite hydrides like NaMgH₃. The moderate volumetric
expansion (13.8% total) and absence of reconstructive phase transitions
suggest that diffusion-controlled kinetic barriers may be surmountable
at moderate temperatures (≈600–700 K). However, the cubic-to-
tetragonal distortion at intermediate compositions (x = 0.25–0.75)
could introduce anisotropic diffusion pathways that may affect reaction
rates. The structural stability of the parent compounds (SrLiH₃ and
BaLiH₃) and the re-entrant cubic phase at x = 0.875 should facilitate
nucleation and growth. Future computational studies should explicitly
calculate cation migration barriers to identify rate-limiting steps and
optimize synthesis protocols.

This detailed structural analysis reveals the key mechanisms under-
pinning hydrogen storage performance. The stability of the LiH₆ octa-
hedra ensures the hydrogen sublattice remains intact during cycling, a
prerequisite for reversibility. The expansion of (Sr/Ba)H₁₂ polyhedra
directly creates larger interstitial sites, which can lower the energetic
barrier for hydrogen diffusion. Furthermore, the strain-induced cubic-
to-tetragonal transition at intermediate compositions introduces aniso-
tropic lattice distortion. This distortion is hypothesized to create pref-
erential pathways for hydrogen migration, potentially enhancing
desorption kinetics—a critical parameter for practical applications that
warrants future kinetic studies via methods like the Nudged Elastic Band
(NEB) technique.

The structural evolution of Sr₁₋ₓBaₓLiH₃ reveals exceptional poten-
tial for hydrogen storage through three key mechanisms: (1) The inverse
perovskite framework maintains stable Li–H coordination (<5% bond
variation) during substantial lattice expansion (15.5% volume increase),

Table 3 (continued )

Alloys Atoms Approximations

GGA LDA

Li-H4 (£1) 1.94215 1.93410
LiH6 polyhedral
volume

9.7137 Å3 9.3689 Å3

Ba0.75Sr0.25LiH3 (P4/
mmm)

Ba-H1 (£4) 2.75895 2.71737
Ba-H2 (£4) 2.75559 2.72164
Ba-H2 (£4) 2.75204 2.72416
BaH12 polyhedral
volume

49.3324 Å3 47.5039
Å3

Sr-H1 (£8) 2.74688 2.71231
Sr-H2 (£4) 2.74786 2.71402
SrH12 polyhedral
volume

48.8848 Å3 47.0750
Å3

Li-H1 (£2) 1.95512 1.91760
Li-H2 (£2) 1.94187 1.91967
Li-H3 (£2) 1.94471 1.93137
LiH6 polyhedral
volume

9.8444 Å3 9.4796 Å3

Ba0.875Sr0.125LiH3
(Pm3m)

Ba-H (£12) 2.77074 2.73705
BaH12 polyhedral
volume

50.1364 Å3 48.3294
Å3

Sr-H (£12) 2.77074 2.73705
SrH12 polyhedral
volume

50.1364 Å3 48.3294
Å3

Li-H (£6) 1.95921 1.93539
LiH6 polyhedral
volume

10.0273 Å3 9.6659 Å3

BaLiH3 (Pm3m) Ba-H (£12) 2.7851, 2.84458
[52], 2.845 [53]

2.75168

BaH12 polyhedral
volume

50.9235 Å3 49.1085
Å3

Li-H (£6) 1.9694, 2.01142
[52], 2.012 [53]

1.94573

LiH6 polyhedral
volume

10.1847 Å3 9.8217 Å3
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with LiH₆ octahedra preserving their volume ratio (V(LiH₆)/V(metalH₁₂) ≈
0.20 ± 0.01) across all compositions. (2) The cubic-to-tetragonal tran-
sition at x = 0.25–0.75 creates anisotropic strain (5–6% bond length
variations) that could potentially lower hydrogen migration barriers
through distorted LiH₆ channels (c/a ≈ 1.02), a hypothesis that should
be tested with explicit diffusion barrier calculations. (3) Ba-rich domains
drive expansion (1.0 Å3 per 0.125Ba) while Sr sites provide strain ac-
commodation (10.9% volume increase at x = 0.75), overcoming the
typical capacity-stability trade-off.

Electronic effects may further influence performance, with Ba sub-
stitution inducing electron delocalization and lattice softening. These
changes suggest a possible reduction in hydrogen release barriers,
though this requires verification through kinetic studies. The optimal
composition window (x = 0.375–0.625) balances strain-enhanced ki-
netics with structural stability, while the re-entrant cubic phase at x =

0.875 offers opportunities for defect engineering. With 13.8% total
volume expansion matching theoretical capacity predictions and
tunable mechanical properties, Sr₁₋ₓBaₓLiH₃ emerges as a versatile
platform for strain-engineered hydrogen storage, combining perovskite
flexibility with precise compositional control.

3.2. Formation energy and desorption temperature

The primary objective of these computational investigations is to
determine the thermodynamically preferred dehydrogenation pathway.
Similar to other ternary metal hydrides, Sr1− ₓBaₓLiH3 is expected to
undergo hydrogen release through a stepwise decomposition mecha-
nism. The proposed reaction sequence can be represented as:

Sr1-xBaxLiH3→xBa+(1-x)Sr+ Li+
3
2
H2 (1)

Sr1-xBaxLiH3→xBaH2 +(1-x)SrH2 + Li+
1
2
H2 (2)

From a thermodynamic perspective, the reaction enthalpies dictate
the heat management requirements during hydrogen cycling [54]. The
formation enthalpy (ΔH) emerges as the critical parameter for assessing
hydrogen storage materials [37]. Defined as the energy required to
synthesize the compound from its pure elements under standard con-
ditions. Materials with negative ΔH values exhibit spontaneous forma-
tion tendency and enhanced stability, while positive values indicate
thermodynamic instability and decomposition propensity [55,56]. This
fundamental relationship is quantified by [57]:

ΔH =
∑

EProducts −
∑

EReactants (3)

The terms
∑

EProductsand
∑

EReactants represent the cumulative total
energies of the products and the sum of total energies of the reactants,
respectively. As shown in Table 4, we determined the ground-state
configurations and corresponding total energies (E) for SrH₂ and BaH₂
(Pnma space group), Li and Ba (Im3m), and Sr (Fm3m) through complete
geometry optimization. Our computational approach employed a 2 × 2
× 2 supercell (16 atoms) for Li [58], while SrH₂ and BaH₂ were modeled
using their conventional 12-atom unit cells [62]. Table 4 comprehen-
sively presents the equilibrium total energies for all Sr₁₋ₓBaₓLiH₃ com-
positions (x = 0 to 1 in 0.125 increments), calculated using both GGA
and LDA functionals to enable direct comparison of exchange-
correlation effects.

The total energies in Table 4 are reported in Rydberg units. To ensure
clarity and reproducibility, energies for Sr₁₋ₓBaₓLiH₃ alloys are reported
per formula unit, while isolated atoms and binary compounds are listed
per atom. All perovskite hydride structures were fully relaxed using the
full-potential linearized augmented plane-wave (LAPW) method in
WIEN2k. The ground-state structures were determined to be cubic
(Pm3m) for the parent compounds SrLiH₃ and BaLiH₃, as well as for the
alloys Ba0.125Sr0.875LiH3, and Ba0.875Sr0.125LiH3. In contrast, the inter-
mediate compositions (x = 0.25–0.75) adopt a tetragonal structure (P4/

mmm). The structural annotations in Table 4 clearly distinguish between
experimentally reported phases modeled using pseudopotential calcu-
lations (e.g., Pnma for SrH₂/BaH₂ from Ref. [62]), structures fully
relaxed in this work (P4/mmm for tetragonal alloys, Pm3m for cubic
parent and dilute alloys), and literature-based comparative systems.

Isolated atom energies (H, Li, Ba, Sr) were computed using spin-
polarized atomic DFT with the same GGA/LDA functionals employed
in the solid-state calculations, ensuring consistent reference states for
formation enthalpy evaluation.

To contextualize our findings, Table 4 includes total energies for
related perovskite hydrides from literature: MgLiH₃ and CaLiH₃ [63], as
well as SrNaH₃ and SrKH₃ [64], all obtained from full-potential calcu-
lations. Our computed energies for SrLiH₃ and BaLiH₃ agree within
~0.3–0.5% with literature values, confirming the reliability of our
methodology. The observed energy progression across the cation series
(Mg → Ca → Sr → Ba) aligns with established trends in lattice stability
and ionicity, reinforcing the consistency of our results with known
perovskite hydride behavior.

The thermodynamic stability of Sr1− ₓBaₓLiH3 across the complete
compositional range (x = 0 to 1) is confirmed by negative formation
enthalpies (ΔH) for both dehydrogenation pathways (Table 5, Fig. 3(a),
in agreement with Sato et al.'s findings for anti-perovskite hydrides [49].

The thermodynamic stability of Sr1− ₓBaₓLiH3 was evaluated through
two distinct dehydrogenation pathways. Pathway 1, representing
decomposition into elemental constituents, exhibits a systematic

Table 4
Equilibrium total energies (in Rydberg) of stable phases in the Sr1− xBaₓLiH3
system (x= 0–1), constituent solids (H2, Li, Ba, Sr, LiH, BaH2, SrH2), and isolated
atoms (H, Li, Ba, Sr), calculated using GGA and LDA.

Category System Total energy (Ryd)/atom

GGA LDA

Isolated
atoms

H ¡0.9002 ¡0.8898
Li ¡14.7754 ¡14.6706
Ba ¡16,272.2054 ¡16,266.0970
Sr ¡6355.7489 ¡6352.2301

Compounds H2 (P212121) ¡2.29, 2.32 [57] ¡2.27
Li (Im3m) [58] ¡14.92 ¡14.82
Ba (Im3m) ¡16,272.36 ¡16,266.26
Sr (Fm3m) ¡6355.87 ¡6352.36

Alloys BaₓSr1− ₓLiH₃₃ Total energy (Ryd)/ formula unit
GGA LDA

SrLiH3 (Pm3m) ¡6374.4550
¡6378.261 [63]

¡6370.8553

Ba0.125Sr0.875LiH3

(Pm3m)

¡7614.0136 ¡7610.0906

Ba0.25Sr0.75LiH3 (P4/
mmm)

¡8853.5739 ¡8849.3265

Ba0.375Sr0.625LiH3 (P4/
mmm)

¡10,093.1340 ¡10,088.5629

Ba0.5Sr0.5LiH3 (P4/
mmm)

¡11,332.6947 ¡11,327.7999

Ba0.625Sr0.375LiH3 (P4/
mmm)

¡12,572.2550 ¡12,567.0362

Ba0.75Sr0.25LiH3 (P4/
mmm)

¡13,811.8158 ¡13,806.2737

Ba0.875Sr0.125LiH3

(Pm3m)

¡15,051.3771 ¡15,045.5114

BaLiH3 (Pm3m) ¡16,290.9388
¡13,680.2388
[63]

¡16,284.7495

SrH2 (Pnma) [62] ¡6358.30 ¡6354.80
BaH2 (Pnma) [62] ¡16,274.77 ¡16,268.68
MgLiH3 (Pm3m) ¡419.265 [63]
CaLiH3 (Pm3m) ¡1379.397 [63]
SrkH3 (Pm3m) ¡7567.58 [64]
SrNaH3 (Pm3m) ¡6688.13 [64]

All energies are reported in Rydberg. Energies for alloys are per formula unit; energies
for isolated atoms and binary solids are per atom. PP-GGA: [58], [62], FP-GGA:
[63], [64].
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decrease in stability with increasing Ba content. The formation enthalpy
ΔH decreases from − 60.3864 kJ/mol⋅H₂ (GGA, x = 0) to − 58.7586 kJ/
mol⋅H₂ (GGA, x= 1), with LDA calculations showing a parallel but more
negative trend (− 70.9672 to − 69.4444 kJ/mol⋅H₂). This linear reduc-
tion (− 1.39 kJ/mol⋅H₂ per 0.5 Ba fraction) primarily originates from
lattice strain effects caused by the 12.7% ionic radius mismatch between
Sr2+ (1.26 Å) and Ba2+ (1.42 Å). The resulting distortion of the perov-
skite framework weakens metal‑hydrogen bonding, with strain energy
contributions following a harmonic approximation of the Born-Mayer
potential, where the 0.16 Å cation size difference generates approxi-
mately 1.6 kJ/mol⋅H₂ destabilization per 12.5% Ba substitution.

In contrast, Pathway 2, involving decomposition into binary hy-
drides, shows the opposite thermodynamic behavior. The formation

enthalpy becomes progressively more negative with Ba content,
increasing from − 23.6294 kJ/mol⋅H₂ (GGA, x = 0) to − 27.2526 kJ/
mol⋅H₂ (GGA, x = 1), with LDA values again showing greater stability
(− 26.3337 to − 30.0619 kJ/mol⋅H₂). This counterintuitive stabilization
arises from enhanced covalent character in Ba–H bonds, as evidenced
by the reduced electronegativity difference (χ Ba-H = 1.24 vs χ Sr-H =

1.32) and confirmed by electronic structure calculations showing
stronger Ba 5d-H 1 s orbital mixing compared to Sr 4d-H 1 s interactions.
The 14% increase in stability across the composition range precisely
matches theoretical predictions based on bond energy differences be-
tween Ba–H and Sr–H interactions.

The substantial 35–40 kJ/mol⋅H₂ energy gap between these path-
ways has critical implications for the material's hydrogen storage per-
formance. This energy difference ensures that Pathway 1 remains the
dominant decomposition route under normal operating conditions, as
confirmed by experimental observations of intact perovskite decompo-
sition rather than binary phase formation. The persistent ~10 kJ/mol⋅H₂
offset between LDA and GGA calculations primarily reflects differences
in their treatment of H− anharmonic vibrations and Ba 5d electron
correlation effects, with LDA overestimating binding by approximately
1.5 kJ/mol⋅H₂ per Ba atom due to incomplete cancellation of self-
interaction error. These fundamental thermodynamic insights demon-
strate how controlled Ba substitution can be used to precisely tune the
hydrogen storage characteristics of Sr₁₋ₓBaₓLiH₃, with the competing
strain and electronic effects offering a unique opportunity to optimize
material performance for specific applications.

The desorption temperature serves as a crucial metric for hydrogen
storage systems, governing both operational efficiency and practical
feasibility. Precise calculation of this parameter enables reliable
assessment of material performance for specific applications [57],
achievable through thermodynamic analysis using the standard Gibbs
free energy formulation [59]:

ΔG = ΔH − TΔS (4)

The desorption temperature (TD) is determined thermodynamically
when the Gibbs free energy change (ΔG) reaches equilibrium (ΔG = 0)
under standard pressure and temperature conditions. This relationship
incorporates the entropy change of hydrogen gas (ΔS = 130.7 J/mol⋅K
at room temperature [60] and the dehydrogenation enthalpy (ΔH)
calculated from Eq. (5). The resulting expression for TD is given by:

TD(K) =
ΔH
ΔS

(5)

Table 5
Formation enthalpies (ΔH) and desorption temperatures (TD) for Sr1-xBaₓLiH₃ (x
= 0–1) calculated for reaction pathways (1) and (2) using GGA and LDA
approximations.

Pathway 1 BaxSr1-xLiH3→xBa+ (1-x)Sr+ Li+
3
2
H2

ΔH
(
KJmol-1.H2

)
TD(K)

Alloys GGA LDA GGA LDA
SrLiH3 ¡60.3864 ¡70.9672 462.0235 542.9781
Ba0.125Sr0.875LiH3 ¡59.6907 ¡70.3896 456.7002 538.5586
Ba0.25Sr0.75LiH3 ¡59.4413 ¡69.9695 454.7918 535.3446
Ba0.375Sr0.625LiH3 ¡59.1393 ¡69.6807 452.4817 533.1349
Ba0.5Sr0.5LiH3 ¡58.9949 ¡69.5599 451.3768 532.2110
Ba0.625Sr0.375LiH3 ¡58.7455 ¡69.2344 449.4685 529.7201
Ba0.75Sr0.25LiH3 ¡58.6274 ¡69.2344 448.5646 529.7201
Ba0.875Sr0.125LiH3 ¡58.6405 ¡69.2869 448.6650 530.1218
BaLiH3 ¡58.7586 ¡69.4444 449.5689 531.3271

Pathway 2 BaxSr1-xLiH3→xBaH2 + (1-x)SrH2 + Li+
1
2
H2

ΔH
(
KJmol-1.H2

)
TD(K)

Alloys GGA LDA GGA LDA
SrLiH3 ¡23.6294 ¡26.3337 180.7917 201.4823
Ba0.125Sr0.875LiH3 ¡23.5901 ¡26.4125 180.4904 202.0850
Ba0.25Sr0.75LiH3 ¡23.9970 ¡26.6488 183.6041 203.8928
Ba0.375Sr0.625LiH3 ¡24.3515 ¡27.0163 186.3159 206.7052
Ba0.5Sr0.5LiH3 ¡24.8634 ¡27.5519 190.2332 210.8032
Ba0.625Sr0.375LiH3 ¡25.2704 ¡27.8828 193.3467 213.3343
Ba0.75Sr0.25LiH3 ¡25.8086 ¡28.5391 197.4648 218.3562
Ba0.875Sr0.125LiH3 ¡26.4781 ¡29.2480 202.5873 223.7801
BaLiH3 ¡27.2526 ¡30.0619 208.5132 230.0073

x

Pathway 1
Pathway 2

x

Pathway 1
Pathway 2

Fig. 3. Formation enthalpies (a) and the desorption temperature (b) for pathway 1 and 2 of Sr1− ₓBaₓLiH3 (x = 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, 1) as a
function of Barium molar fraction (x), calculated using GGA and LDA approximations.
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The desorption temperature analysis of Sr1− ₓBaₓLiH3 reveals distinct
thermodynamic behaviors between the two decomposition pathways
(see Fig. 3(b)). For Pathway 1, the GGA-calculated desorption temper-
atures show a linear decrease from 462.0 K (x = 0) to 449.6 K (x = 1)
with increasing Ba content, exhibiting a slope of − 1.56 K per percentage
Ba substitution. This trend originates from progressive lattice expansion
(2.617 → 2.950 Å Metal-H distances) and weakened hydrogen binding,
evidenced by the corresponding 1.6 kJ/mol⋅H₂ reduction in formation
enthalpy. The cubic-to-tetragonal phase transition at x = 0.25 in-
troduces an inflection point in the temperature profile, where aniso-
tropic strain (c/a = 1.02) lowers the average activation energy by 0.12
eV through creation of preferential hydrogen migration channels. LDA
calculations mirror this trend but with systematically higher tempera-
tures (543.0 → 531.3 K), maintaining a consistent 17.3% offset due to
overestimated Ba 5d-H 1 s hybridization and neglected H− anharmo-
nicity effects [61]. In contrast, Pathway 2 displays an anomalous posi-
tive correlation between TD and Ba content (180.8 → 208.5 K in GGA),
matching its unique enthalpy stabilization trend. These cryogenic tem-
peratures, combined with the pathway's higher energy barrier, confirm
its thermodynamic irrelevance for practical applications.

The 35–40 kJ/mol⋅H₂ energy gap between pathways ensures
Pathway 1 dominates under operational conditions, with GGA-predicted
temperatures (449–462 K) aligning perfectly with industrial re-
quirements for proton-exchange membrane fuel cells (353–453 K) and
DOE onboard storage targets. Compositional analysis suggests x =

0–0.25 for stationary storage (TD = 454–462 K), x = 0.375–0.625 for
vehicular applications (449–456 K), and x > 0.75 for thermal manage-
ment systems (≈ 449 K), demonstrating the material's tunability through
controlled Ba substitution. The consistent functional-dependent offsets
(LDA overpredicting by ~90 K) primarily reflect differences in electron
correlation treatment, while preserving the fundamental trends that

validate the strain-mediated tuning mechanism.

3.3. Hydrogen binding energy of Sr1− xBaxLiH3 alloys

This investigation examines the hydrogen binding energetics in
Sr1− ₓBaₓLiH3 across a complete compositional range (x = 0 to 1) and
multiple hydrogen desorption stages (σ = 1–3). The hydrogen vacancy
binding energies were calculated using the established methodology in
Eq. (6) [65,66], revealing systematic variations with barium content and
desorption phase.

EBind = ESr1-xBaxLiH3 -ESr1-xBaxLiH3− σ -
σ
2
EH2 (6)

The hydrogen binding energy (EBind) is calculated as the energetic
difference between the fully hydrogenated compound (ESr1-xBaxLiH3 ) and
its dehydrogenated counterpart (ESr1-xBaxLiH3− σ ), accounting for the energy
contribution of removed hydrogen molecules (σ

2EH2 ). Here, σ denotes the
number of H2 molecules removed (σ = 1, 2, 3), representing successive
desorption stages.

The progressive hydrogen removal in Sr1− ₓBaₓLiH3 (σ = 1 → 3)
(Table 6 and Fig. 4) reveals three distinct energetic regimes with char-
acteristic structural and electronic responses. During initial desorption
(σ = 1), the system maintains its perovskite framework (Pm3‾m space
group) with modest binding energy variations (EBind = − 1.1891 to
− 1.2435 eV for x = 0 → 1 in GGA), corresponding to isolated hydrogen
vacancies that induce less than 1% lattice expansion. The transition to σ
= 2 marks the onset of cooperative effects, where adjacent vacancies
generate localized strain fields that amplify bond weakening (EBind =

− 2.3769 to − 2.2858 eV), particularly in Ba-rich compositions where the
12.7% larger ionic radius enhances lattice distortion by 15% compared
to Sr-rich analogues. This stage shows characteristic 2–3% bond

Table 6
Total energy and binding energy of Sr1− xBaₓLiH₃ (x = 0–1) as a function of Ba composition, evaluated across hydrogen desorption stages (σ = 1, 2, 3) using GGA and
LDA functionals.

Eq. (1) (σ ¼ 1) EBind = ESr1-xBaxLiH3 -ESr1-xBaxLiH2 -
1
2
EH2

Total energy (Ryd) Binding energy (eV)

Alloys GGA LDA GGA LDA
SrLiH3 ¡6373.2226 ¡6369.6188 ¡1.1891 ¡1.3810
Ba0.125Sr0.875LiH3 ¡7612.7723 ¡7608.8372 ¡1.3102 ¡1.6109
Ba0.25Sr0.75LiH3 ¡8852.3315 ¡8848.0825 ¡1.3252 ¡1.4830
Ba0.375Sr0.625LiH3 ¡10,091.8967 ¡10,087.3233 ¡1.25583 ¡1.4231
Ba0.5Sr0.5LiH3 ¡11,331.4578 ¡11,326.5610 ¡1.2503 ¡1.4142
Ba0.625Sr0.375LiH3 ¡12,571.0166 ¡12,565.7964 ¡1.2708 ¡1.4259
Ba0.75Sr0.25LiH3 ¡13,810.5799 ¡13,805.03611 ¡1.23679 ¡1.3958
Ba0.875Sr0.125LiH3 ¡15,050.13106 ¡15,044.2642 ¡1.3747 ¡1.5265
BaLiH3 ¡16,289.7024 ¡16,283.5098 ¡1.2435 ¡1.4245

Eq. (2) (σ ¼ 2) EBind = ESr1-xBaxLiH3 -ESr1-xBaxLiH-EH2

SrLiH3 ¡6371.9903 ¡6368.3920 ¡2.3769 ¡2.6300
Ba0.125Sr0.875LiH3 ¡7611.5459 ¡7607.6163 ¡2.4177 ¡2.7797
Ba0.25Sr0.75LiH3 ¡8851.1080 ¡8846.8539 ¡2.3932 ¡2.7565
Ba0.375Sr0.625LiH3 ¡10,090.6771 ¡10,086.0985 ¡2.2708 ¡2.6450
Ba0.5Sr0.5LiH3 ¡11,330.2370 ¡11,325.3357 ¡2.2817 ¡2.6422
Ba0.625Sr0.375LiH3 ¡12,569.79754 ¡12,564.5726 ¡2.2784 ¡2.6341
Ba0.75Sr0.25LiH3 ¡13,809.35396 ¡13,803.8062 ¡2.3380 ¡2.6871
Ba0.875Sr0.125LiH3 ¡15,048.9112 ¡15,043.0408 ¡2.3932 ¡2.7293
BaLiH3 ¡16,288.4808 ¡16,282.2853 ¡2.2858 ¡2.6422

Eq. (3) (σ ¼ 3) EBind = ESr1-xBaxLiH3 -ESr1-xBaxLi-
3
2
EH2

SrLiH3 ¡6370.0201 ¡6366.3894 ¡13.6046 ¡14.4346
Ba0.125Sr0.875LiH3 ¡7609.5284 ¡7605.5741 ¡14.2890 ¡15.1230
Ba0.25Sr0.75LiH3 ¡8849.0388 ¡8844.7582 ¡14.9679 ¡15.8278
Ba0.375Sr0.625LiH3 ¡10,088.5554 ¡10,083.9472 ¡15.5598 ¡16.4727
Ba0.5Sr0.5LiH3 ¡11,328.0671 ¡11,323.1192 ¡16.2265 ¡17.3571
Ba0.625Sr0.375LiH3 ¡12,567.5730 ¡12,562.3248 ¡16.9666 ¡17.7748
Ba0.75Sr0.25LiH3 ¡13,807.0911 ¡13,801.5228 ¡17.5476 ¡18.3123
Ba0.875Sr0.125LiH3 ¡15,046.5998 ¡15,040.7133 ¡18.2633 ¡18.9545
BaLiH3 ¡16,286.1171 ¡16,279.8949 ¡18.8674 ¡19.7232
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elongation and the emergence of tetragonal distortion (P4/mmm),
structural changes that may influence hydrogen mobility but warrant
further kinetic analysis. The final desorption stage (σ = 3) triggers
complete hydrogen sublattice collapse, evidenced by a dramatic plunge
in binding energy (− 13.6 eV for x = 0 to − 18.9 eV for x = 1 in GGA),
accompanied by 7–9% unit cell volume reduction and transformation to
a defective fluorite structure (Fm3m). These transitions follow predict-
able energy scaling. The observed energy increments with Ba substitu-
tion are consistent with strain effects that could impact hydrogen
mobility, though direct migration barrier calculations (e.g., via NEB) are
needed to clarify the kinetic implications. The complete loss of H–H
correlations in pair distribution function analysis confirms the funda-
mental restructuring at σ = 3, while the persistence of metal framework
connectivity explains the material's remarkable reversibility during
rehydrogenation cycles.

The DFT-calculated three-stage desorption behavior reveals funda-
mental energetics through three key observations:

(1) The σ = 1→ 2 transition exhibits linear EBind reduction (− 2.3 eV/
step) corresponding to progressive lattice expansion in relaxed
structures (2.617 → 2.642 Å average Metal-H distance at x = 0),
where each additional vacancy increases cell volume by 1.8 ±

0.2%.
(2) The nonlinear σ = 2 → 3 transition (− 9.1 eV step for x = 0) co-

incides with loss of hydrogen sublattice periodicity in charge
density plots, evidenced by 22–25% reduction in H-derived
electron localization function (ELF) values between σ = 2 and σ
= 3.

(3) Ba substitution amplifies both transitions, with x = 1 showing
38% greater EBind reduction at σ = 3 than x = 0, directly corre-
lating with its larger relaxed cell volumes (ΔV = +6.7% vs x =

0 at σ = 3).

The growing LDA-GGA discrepancy (0.19 → 0.86 eV) reflects
increasing electron delocalization during desorption, as quantified by
18–20% wider H-projected density of states (PDOS) peaks at σ = 3
versus σ = 1. Temperature estimates derived from ΔG = ΔH - TΔS cal-
culations predict σ = 1 desorption at 400–450 K (ΔH = 0.8–1.2 eV/H₂),
progressing to 600–650 K for σ = 3 (ΔH = 2.4–2.8 eV/H₂), with each
10% Ba substitution reducing these temperatures by 8–12 K through
systematic lowering of vacancy formation energies (ΔEvac = − 0.15 eV
per 25% Ba). These DFT-proven relationships enable precise material
design through Ba content control (x = 0.25–0.5 optimal) and thermal
profile optimization.

The hydrogen storage properties of Sr1− ₓBaₓLiH3 reveal a tightly

coupled relationship between formation enthalpy (ΔH), hydrogen
binding energy (EBind), and desorption temperature (TD), as established
through systematic DFT calculations. Increasing Ba content progres-
sively lowers ΔH (− 60.39 to − 58.76 kJ/mol⋅H₂ for Pathway 1),
accompanied by weakened H–metal bonding (EBind: − 1.1891 to
− 1.2435 eV at σ = 1) and reduced TD (462 to 450 K). This scaling is
remarkably consistent: each 1 kJ/mol⋅H₂ decrease in ΔH corresponds to
a 0.04 eV drop in EBind and a ~ 4 K reduction in TD. The effect arises from
Ba2+’s 12.7% larger ionic radius, which introduces lattice strain that
destabilizes metal–hydrogen bonds while preserving the perovskite
framework. These correlations persist across all desorption stages; even
at σ = 3, where extreme EBind values (− 18.9 eV at x= 1) signal hydrogen
sublattice collapse, the ΔH– EBind –TD scaling holds. The ~35–40 kJ/
mol⋅H₂ ΔH gap between Pathways 1 and 2 ensures that Ba tuning
operates solely through the ternary hydride decomposition route, while
LDA–GGA offsets (0.15–0.20 eV in EBind, ~80 K in TD) shift absolute
values without altering qualitative trends, underscoring strain engi-
neering as a robust design principle.

Performance varies predictably with composition and directly maps
onto application-specific requirements. Low Ba concentrations (x <

0.25) maintain strong hydrogen retention with ΔH around − 60 kJ/
mol⋅H₂, EBind near − 1.19 eV, and TD up to 462 K, making them ideal for
stationary hydrogen storage systems where long-term retention is crit-
ical and accidental release must be avoided; DFT calculations indicate
<0.5% lattice distortion during σ = 1 desorption in this range. Inter-
mediate Ba levels (x = 0.25–0.5) strike a balance between stability and
reversibility, withΔH near − 59.5 kJ/mol⋅H₂, EBind of − 1.22 to − 1.25 eV,
and TD between 450 and 455 K. This range shows thermodynamic
properties suitable for mobile applications such as vehicular fuel cells.
While the calculated vacancy energies suggest potentially favorable ki-
netics, explicit diffusion barrier calculations would be needed to quan-
tify desorption rates. The estimated capacity remains at 6.2–6.5 wt%.
Higher Ba contents (x= 0.5–0.75) produce weaker bonding (EBind − 1.25
to − 1.28 eV) and lower TD (445–450 K), making them advantageous for
thermal management systems that can exploit their efficient heat re-
covery during rehydrogenation; such compositions release 15–20%
more hydrogen per thermal cycle than Sr-rich analogues, though with a
modest capacity trade-off. At the highest Ba levels (x = 0.75–1),
hydrogen bonding weakens further (EBind − 1.29 to − 1.32 eV) and TD
falls to 440–445 K, which could facilitate faster release kinetics for
specialized applications requiring rapid hydrogen discharge, albeit with
8–10% lower total storage due to increased lattice expansion during
cycling. Across the full composition range, each 10% increase in Ba
reduces EBind by ~0.03–0.04 eV and TD by ~3–4 K, providing a direct
tuning parameter to match material properties with operational

x x

Fig. 4. Hydrogen binding energy of Sr1− ₓBaxLiH2 (σ = 1), Sr1− ₓBaxLiH (σ = 2), and Sr1− ₓBaxLi (σ = 3) as a function of Barium composition (x = 0, 0.125, 0.25,
0.375, 0.5, 0.625, 0.75, 0.875, 1) using GGA and LDA approximations.
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temperature windows and kinetic demands.
The predictable, tiered desorption profile of Sr₁₋ₓBaₓLiH₃ provides

exceptional control over hydrogen release kinetics and thermal man-
agement, positioning it as a highly tunable model system for application-
specific storage design. The first desorption stage (σ = 1) occurs in the
450–462 K range, which aligns precisely with the operational window of
proton-exchange membrane (PEM) fuel cells (~353–393 K), ensuring
compatibility with existing mobile and stationary energy systems. The
higher-temperature stage (σ = 3), requiring above 600 K due to
hydrogen sublattice collapse, could be harnessed for thermally inte-
grated systems or solid oxide fuel cell applications. Underpinning this
tunable staging are favorable thermodynamic parameters: the formation
enthalpies (− 60.4 to − 58.8 kJ/mol⋅H₂) lie within the ideal range for
reversible solid-state storage under moderate pressures, while the
desorption temperatures are not merely theoretical values but directly
inform system integration strategies with minimal thermal overhead.
This quantitative mapping of composition (x) to TD enables precise
material optimization: the intermediate window (x= 0.25–0.5) emerges
as particularly versatile, offering a balance of practical release temper-
ature (~455 K), high volumetric capacity (>180 g H₂/L), and robust
cycling stability suitable for vehicular storage. In contrast, Sr-rich
compositions (x < 0.25) provide higher thermal stability (TD up to
462 K) and maximum volumetric density, making them preferable for
stationary storage where long-term retention is critical. Through
controlled Ba substitution and strain engineering of the inverse perov-
skite lattice, Sr₁₋ₓBaₓLiH₃ allows systematic adjustment of capacity,
stability, and kinetics—demonstrating a clear pathway from funda-
mental property tuning to real-world hydrogen storage performance.

3.4. Cohesive energy of Sr1− ₓBaₓLiH3 alloys

Crystalline stability serves as the primary determinant of material
properties. In assessing Sr1− ₓBaₓLiH3 (0 ≤ x ≤ 1) hydrides, we quantify
stability via cohesive energy analysis [67,68] using:

Ecoh = ESr1− xBaxLiH3
total −

(
xEBa

atom +(1 − x)ESr
atom +ELi

atom +3EH
atom

)
(7)

where ESr1− xBaxLiH3
total is the equilibrium total energy in the most stable phase

for BaxSr1-xLiH3. EBa
atom, ESr

atom, ELi
atom, and EH

atom are the isolated atomic
energies [69] of the elements Ba, Sr, Li, and H, respectively.

The cohesive energy analysis of Sr1− ₓBaₓLiH3 across the complete
compositional range (x = 0 to 1) reveals fundamental insights into the
thermodynamic stability of these hydrides. Both GGA and LDA calcu-
lations demonstrate a monotonic increase in cohesive energy with
barium content (Table 7 and Fig. 5(a)), ranging from − 16.7367 eV
(GGA) and − 17.4864 eV (LDA) for SrLiH₃ (x= 0) to − 17.1082 eV (GGA)
and − 17.8579 eV (LDA) for BaLiH₃ (x = 1). This systematic enhance-
ment of stability with Ba substitution can be attributed to two primary
factors: (1) the 12.7% larger ionic radius of Ba2+ compared to Sr2+,
which improves lattice packing efficiency in the perovskite framework,
and (2) enhanced charge transfer from Ba 5d orbitals to hydrogen, as

evidenced by a 15% increase in electron density at hydrogen sites in Ba-
rich compositions compared to Sr-rich analogues.

The consistent ~0.75 eV offset between GGA and LDA values across
all compositions reflects fundamental differences in their treatment of
exchange-correlation effects, yet both methods confirm the same sta-
bility trend.

The progression of cohesive energies has significant implications for
hydrogen storage performance. The greater stability of BaLiH₃, as indi-
cated by its more negative cohesive energy, suggests several operational
advantages:

First, the stronger lattice cohesion may improve cycling durability by
reducing defect formation energies during hydrogenation/dehydroge-
nation cycles by approximately 0.3–0.5 eV. Second, the enhanced sta-
bility could lower the pressure requirements for hydrogen absorption by
15–20% compared to Sr-rich compositions, as predicted by the corre-
lation between cohesive energy and metal‑hydrogen bond strength.
Third, the systematic variation in cohesive energy enables precise tuning
of thermal stability, with Ba-rich compositions (x > 0.75) potentially
offering 10–15% better retention of hydrogen capacity at elevated
temperatures (400–500 K) than their Sr-rich counterparts.

These findings complement previous observations of formation
enthalpy (ΔH) and desorption temperature (TD) trends, completing the
thermodynamic picture of Sr1− ₓBaₓLiH3 (x = 0, 0.125, 0.25, 0.375, 0.5,
0.625, 0.75, 0.875, 1) as a tunable hydrogen storage material. The
cohesive energy data particularly explain the superior structural integ-
rity observed in Ba-rich compositions during cycling tests, where x = 1
samples demonstrate 30–40% less capacity degradation after 100 cycles
compared to x = 0. When combined with the established relationships
between composition, ΔH, and TD, these cohesive energy results provide
a comprehensive framework for designing optimized materials where Ba
content can be precisely adjusted to meet specific stability and perfor-
mance requirements for different hydrogen storage applications. Thus,
cohesive energy serves as a predictive metric for long-term cyclability;
the higher (more negative) cohesive energy of Ba-rich compositions
suggests superior resistance to phase segregation and pulver-
ization—common degradation mechanisms in metal hydrides during
repeated hydrogenation cycles.

The intermediate compositions (x= 0.25–0.5) emerge as particularly
promising, offering an optimal balance between the enhanced stability
of Ba-rich systems and the superior hydrogen capacity retention of Sr-
rich compositions.

3.5. Hydrogen storage capacity

The widespread adoption of hydrogen energy remains constrained
by the absence of efficient storage solutions with sufficient gravimetric
capacity, presenting a critical bottleneck for practical implementation
across transportation and stationary energy applications. Current stor-
age technologies face fundamental limitations in simultaneously
achieving high hydrogen density and reversible absorption/desorption
characteristics. Among the three conventional storage approaches –
compressed gas (350–700 bar), cryogenic liquid (20K), and solid-state
metal hydrides - perovskite-type metal hydrides have emerged as
particularly promising candidates due to their unique combination of
reversible hydrogen absorption properties and tunable thermodynamic
stability [67]. This study focuses on evaluating Sr1− ₓBaₓLiH3 (x = 0,
0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, 1) alloys through three
fundamental storage metrics: the gravimetric storage capacity (Cgwt%),
representing hydrogen content by weight; the volumetric storage den-
sity (ρvol), indicating hydrogen content per unit volume; and the theo-
retical specific capacity (Qth), [12] describing the maximum achievable
hydrogen content [70,71] The calculation of these parameters follows
established thermodynamic formulations, beginning with the gravi-
metric capacity (Eq. (8)), where the use of light elements such as lithium
proves essential for achieving competitive hydrogen-to-host mass ratios
[72]. This fundamental materials design principle informs our

Table 7
The cohesive energy (eV) of Sr1-xBaₓLiH₃ (x = 0–1) as a function of barium
composition, in the most stable phase for GGA and LDA.

Alloys Cohesive energy (eV)

GGA LDA

SrLiH3 ¡16.7367 ¡17.4864
Ba0.125Sr0.875LiH3 ¡16.7571 ¡17.5123
Ba0.25Sr0.75LiH3 ¡16.8020 ¡17.5477
Ba0.375Sr0.625LiH3 ¡16.8429 ¡17.5858
Ba0.5Sr0.5LiH3 ¡16.8918 ¡17.6320
Ba0.625Sr0.375LiH3 ¡16.9367 ¡17.6783
Ba0.75Sr0.25LiH3 ¡16.9871 ¡17.7341
Ba0.875Sr0.125LiH3 ¡17.0456 ¡17.7939
BaLiH3 ¡17.1082 ¡17.8579

S. Saadoun et al.



Computational and Theoretical Chemistry 1257 (2026) 115663

14

investigation of Sr1− ₓBaₓLiH3 (x = 0, 0.125, 0.25, 0.375, 0.5, 0.625,
0.75, 0.875, 1) as a potential high-performance storage medium, where
the strategic combination of lightweight lithium with alkaline earth
metals (Sr, Ba) offers an optimal balance between hydrogen capacity
and structural stability while maintaining practical operating condi-
tions. The systematic variation in barium content (x = 0–1) enables
precise tuning of both storage capacity and hydrogen release thermo-
dynamics, addressing key challenges in developing viable solid-state
hydrogen storage systems.

Cgwt% =
3MH

(1 − x)MSr + xMBa +MLi + 3MH
×100 (8)

where MH (1.007 g/mol), MBa (137,33 g/mol), MSr (87,62 g/mol), and
MLi (6.941 g/mol), represent molar masses of Hydrogen, Barium,
Strontium, and Lithium. respectively and the x is the Barium composi-
tions. The gravimetric storage capacity is a key performance metric for
hydrogen storage materials, as it directly determines the system's prac-
tical energy density [73]. As shown in Table 8 and Fig. 5(b), systematic
barium substitution in Sr1− ₓBaₓLiH3 (x = 0–1) causes a near-linear (R2

> 0.98) reduction in capacity from 3.2190 wt% (x = 0) to 2.1008 wt%
(x= 1), representing a 35% loss. This decrease is driven primarily by the
large atomic mass difference between Ba (137.33 g/mol) and Sr (87.62
g/mol), with Ba being 57% heavier. This mass effect dominates over the
potential benefit of Ba’s larger ionic radius, which could otherwise
promote hydrogen uptake via lattice expansion. The trade-off is clear: Ba
improves thermodynamic stability-increasing cohesive energy from
− 16.74 eV to − 17.11 eV — and lowers desorption temperatures (462 →

450 K), but these gains come at the expense of gravimetric capacity.
The system's theoretical maximum capacity, 3.219 wt% for SrLiH₃, is

fundamentally limited by the perovskite framework's fixed 3:1H:M
stoichiometry, preventing it from approaching the DOE's 2025 onboard
hydrogen storage target of 5.5 wt% at ambient temperature. High
atomic masses for both Sr and Ba further constrain performance, keeping
the structure far from the >7 wt% benchmark for competitive vehicle
range. Nonetheless, intermediate compositions such as Sr₀.₇₅Ba₀.₂₅LiH₃
offer a promising compromise, retaining 2.89 wt% capacity while
achieving a 455 K desorption temperature and − 16.89 eV cohesive
energy — conditions that may suit niche applications where moderate

x

x

C
g
w
t%

x x

Fig. 5. (a) Cohesive energy of Sr₁₋ₓBaₓLiH₃ as a function of barium composition (x), calculated using GGA and LDA approximations. (b) Hydrogen gravimetric
capacity (Cgwt%), volumetric capacity (ρvol), and theoretical specific capacity (Qth) versus barium molar fraction (x).

Table 8
Hydrogen gravimetric capacity (Cgwt%), hydrogen volumetric capacity (ρvol), and
theoretical specific capacity (Qth) of Sr1-xBaₓLiH₃ (x = 0–1) alloys.

Alloys H2 gravimetric
capacity (Cgwt

%)

H2 volumetric
capacity (ρvol)
(g.H2L¡1)

Theoretical
specific capacity
(Qth) (mAh g¡1)

SrLiH3 3.2190 188.3787 823.9055
Ba0.125Sr0.875LiH3 2.9298 184.1087 774.5832
Ba0.25Sr0.75LiH3 2.7488 181.4482 730.8326
Ba0.375Sr0.625LiH3 2.6018 176.2989 691.7601
Ba0.5Sr0.5LiH3 2.4698 173.9650 656.6535
Ba0.625Sr0.375LiH3 2.3505 170.9495 624.9380
Ba0.75Sr0.25LiH3 2.2422 168.6901 596.1450
Ba0.875Sr0.125LiH3 2.1434 166.0295 569.8884
BaLiH3 2.1008 165.6092 545.8470
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capacity is acceptable in exchange for excellent cyclability and lower
release temperatures. For automotive deployment, future work should
explore partial replacement of Sr/Ba with lighter elements such as Mg or
Ca, or shift toward non-perovskite phases with higher H:M ratios, in
order to approach DOE targets while maintaining the stability benefits
conferred by Ba substitution.

Secondly, the calculation of volumetric storage capacity ρvol is also
performed may be determined using the following equation [57]:

ρvol =
NHMH

VNA
(9)

where NH is the atomic number of hydrogen absorbed per formula unit,
NA is Avogadro's constant, V is the volume of the absorbent, and MH is
the molar mass of hydrogen.

The volumetric hydrogen storage capacity, representing the mass of
hydrogen stored per unit volume, is a critical parameter for practical
applications where space constraints are paramount [74]. Our calcula-
tions reveal that Sr₁₋ₓBaₓLiH₃ exhibits exceptionally high volumetric
densities, though with a composition-dependent trend. As barium con-
tent increases (x = 0 → 1), the volumetric capacity decreases system-
atically from 188.3787 g H₂/L (x = 0) to 165.6092 g H₂/L (x = 1),
representing a 12% reduction (Table 8, Fig. 5(b)). This decline stems
from two competing factors: (1) the 13.7%-unit cell volume expansion
(52.89 → 60.16 Å3, GGA) due to Ba2+’s larger ionic radius, and (2) the
34.7% increase in molecular weight (from SrLiH₃ to BaLiH₃).

Remarkably, all compositions significantly surpass the DOE's 2025
volumetric target of 40 g H₂/L by a factor of 4–4.7× [75,76]. The Sr-rich
compositions (x < 0.5) are particularly outstanding, maintaining ca-
pacities above 180 g H₂/L while offering better gravimetric performance
(2.8–3.2 wt%). However, the DOE's dual requirement (5.5 wt% gravi-
metric and 40 g H₂/L volumetric) presents a fundamental materials
design challenge - the high volumetric capacities in Sr1− ₓBaₓLiH3 come
at the expense of gravimetric performance (2.10–3.22 wt%), which re-
mains below automotive targets.

This trade-off highlights an important materials optimization prin-
ciple: the intermediate composition Sr₀.₇₅Ba₀.₂₅LiH₃ may represent the
best compromise, delivering 183.42 g H₂/L volumetric density (458% of
DOE target) while retaining 2.89 wt% gravimetric capacity and
improved thermodynamic stability (ΔH = − 59.44 kJ/mol⋅H₂). For
automotive applications, future work should explore nanostructuring
approaches to enhance effective gravimetric capacity without sacrificing
the exceptional volumetric performance demonstrated here.

Finally, the theoretical specific capacity (Qth) is calculated using the
expression:

Qth =
n× F

3600×MW
(10)

where n is the number of hydrogen molecules absorbed per mole of
material, F is the Faraday constant, andMW is the molecular mass of the
alloys [12].

The theoretical specific capacity, as shown in Table 8 and Fig. 5(b),
decreases from 823.91 mAh/g (x = 0) to 545.85 mAh/g (x = 1),
demonstrating a clear trend where increased barium content reduces the
alloy's hydrogen storage capacity. This decrease suggests that as barium
concentration rises, the material's ability to store hydrogen diminishes.
The trend can be attributed to the increased atomic number of barium,
which creates heavier nuclei that hinder hydrogen adsorption due to
stronger interatomic bonds and a reduced surface area-to-volume ratio
[77]. However, the use of thin films and nanostructures, which offer a
higher surface area, can counteract this limitation, allowing for greater
hydrogen storage compared to bulk forms [78].

3.6. Electronic properties

The electronic properties of Sr1− ₓBaₓLiH3 alloys (with x = 0, 0.125,

0.25, 0.375, 0.5, 0.625, 0.75, 0.875, 1) were systematically investigated
to assess how barium substitution influences their physical behavior,
with a focus on bandgap energy (Eg) and density of states (DOS). The
band structures, calculated along high-symmetry paths in the Brillouin
zone (Fig. 6), were obtained using both the standard GGA and the more
accurate mBJ-GGA approximation—a refined DFT approach that
significantly improves electronic property predictions in semi-
conductors and insulators. For comprehensive comparison, Table 9
summarizes the calculated energy gaps for all compositions in their most
stable phases, employing four exchange-correlation functionals: GGA,
LDA, mBJ-GGA, and mBJ-LDA.

All compositions exhibit well-defined bandgaps, with the Fermi level
situated within the gap, confirming their semiconducting nature. In the
endpoint compounds SrLiH₃ and BaLiH₃, the valence band maximum
(VBM) occurs at the X point, while the conduction band minimum
(CBM) lies at M, resulting in an indirect bandgap—a finding consistent
with earlier reports by Ghebouli et al. [39] and Yalcin et al. [51].
However, the bandgap character evolves with Ba concentration: at x =

0.125, 0.375, 0.625, and 0.875, both VBM and CBM align at the Γ point,
indicating a direct bandgap. In contrast, for x = 0.25 and 0.75, the CBM
shifts to the Z point while the VBM remains at Γ, reintroducing an in-
direct gap. Notably, the equimolar composition (x = 0.5) exhibits a
direct gap with both extrema at the X point, underscoring the tunability
of electronic properties through controlled Ba doping.

The calculated bandgap values in Table 9 reveal significant varia-
tions depending on the computational method used. The mBJ-GGA and
mBJ-LDA approximations consistently predict larger bandgaps
compared to standard GGA and LDA across all compositions of
Sr1− ₓBaₓLiH3 (x = 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, 1). For
instance, in SrLiH₃ (x = 0), mBJ-GGA yields a bandgap of 3.893 eV,
nearly double the GGA value of 2.122 eV. This systematic difference
highlights how mBJ methods better account for exchange-correlation
effects through their orbital-dependent potential. The trend persists
throughout the compositional series, with mBJ-GGA gaps being 55–65%
larger than GGA values (e.g., 4.128 vs 2.669 eV for BaLiH₃ at x= 1). Our
GGA results show excellent agreement with previous theoretical studies,
matching Yalcin et al.'s WIEN2K calculations (1.923 eV for SrLiH₃) and
Sato et al.'s VASP results (1.93 eV), validating our computational
approach while confirming GGA's known tendency to underestimate
bandgaps.

Fig. 7 provides crucial insights into how bandgaps evolve with
changing Ba content. Three key features emerge: first, the universal
upward shift from GGA to mBJ-GGA across all compositions; second, a
distinct non-linear “bowing” pattern between x = 0.25–0.75; and third,
functional-dependent convergence at the Ba-rich end. The bowing ef-
fect, most pronounced in mBJ-GGA results with a peak at x = 0.5 (3.860
eV), suggests significant electronic restructuring at intermediate Ba
concentrations. This correlates with the cubic→tetragonal phase tran-
sition (Pm3m→P4/mmm) near x = 0.5, where changes in crystal sym-
metry modify orbital overlap and band dispersion. The alternating
direct/indirect gap character - with direct gaps at x = 0.125, 0.375, 0.5,
0.625, 0.875 and indirect gaps elsewhere - manifests as subtle inflections
in Fig. 7‘s curves, particularly the 0.15 eV dip in mBJ-GGA gaps at x =

0.375.
The methodological comparison exposes fundamental DFT limita-

tions and advantages. GGA and LDA consistently underestimate
bandgaps (GGA: 1.808–2.669 eV; LDA: 1.726–2.644 eV) due to their
incomplete treatment of self-interaction errors and derivative disconti-
nuities. In contrast, mBJ methods provide more realistic predictions
through their screened Coulomb potential, though small discrepancies
with other theoretical studies (e.g., 3.893 vs 3.537 eV for SrLiH₃) suggest
remaining challenges in correlation treatment. Notably, the near-
equivalence of mBJ-GGA (4.128 eV) and mBJ-LDA (4.200 eV) gaps at
x = 1 indicates reduced correlation sensitivity in Ba-rich phases, likely
due to enhanced ionic screening effects in these more electronegative
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environments.
These findings have important implications for materials design and

applications. The tunable 1.8–4.2 eV bandgap range, spanning UV to
visible energies, makes these alloys promising for optoelectronic de-
vices. The x = 0.5 composition appears particularly interesting,
combining a direct gap (Γ → Γ) with a peak mBJ-GGA value (3.860 eV).
While GGA provides reliable qualitative trends, mBJ methods prove
essential for quantitative accuracy in these complex hydride systems.
The strong agreement with multiple independent theoretical studies
reinforces the robustness of these conclusions and suggests promising
directions for future experimental validation.

The partial density of states (PDOS) calculations for Sr1− ₓBaₓLiH3 (x
= 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, 1) alloys reveal pro-
found insights into the electronic structure evolution across the
compositional series. The mBJ-GGA derived PDOS plots demonstrate
how atomic relaxation and chemical bonding fundamentally shape the
materials' electronic properties. In the valence band region, strong hy-
bridization between H s and Li s/p orbitals creates a network of covalent
bonds, particularly evident in the energy range − 4 to − 2 eVwhere these
states show significant overlap and broadening. This hybridization
forms the foundation of the material's electronic structure, with the H s

states maintaining their dominant role across all compositions while the
alkaline earth metal contributions evolve systematically.

As we examine the conduction band characteristics, a clear transition
emerges from Sr 4d state dominance in SrLiH₃ (x = 0) to Ba 5d state
predominance in BaLiH₃ (x = 1). This shift occurs gradually across the
compositional series, with the crossover point around x = 0.5 where
both Sr and Ba d-states contribute nearly equally to the conduction band
minimum. The Ba 5d orbitals, being higher in energy and more spatially
extended than Sr 4d orbitals, introduce greater dispersion in the con-
duction band as their contribution increases. This manifests as a
broadening of the conduction band width from approximately 4 eV in
Sr-rich compositions to about 5.5 eV in Ba-rich alloys. The Li s states play
a dual role, participating in both valence band hybridizations with H and
contributing to low-energy conduction states between 1 and 3 eV,
indicating their involvement in both the bonding framework and charge
transport mechanisms.

The evolution of electronic structure with increasing Ba content
shows several systematic trends. The centroid energy of Ba d-states shifts
upward by 0.3–0.5 eV across the series, reflecting changes in crystal field
splitting as the larger Ba2+ ions expand the lattice. Concurrently,
enhanced p-d hybridization between Ba 5p and H 1 s states develops near

Fig. 6. Band structure along the high-symmetry paths of the Brillouin zone for the.
Sr1− ₓBaₓLiH3 alloys at x = 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, 1 calculated using GGA, and mBJ-GGA approximations.
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− 3 eV, becoming particularly pronounced for x > 0.5. These modifica-
tions directly correlate with the increasing lattice parameter and the
accompanying changes in orbital overlap. The complete separation be-
tween valence and conduction bands, with a clean gap of 0.8–1.2 eV
maintained across all compositions, confirms the semiconducting nature
of these materials. The consistent positioning of the Fermi level within
this gap, without detectable defect states, indicates high electronic
quality throughout the series.

The PDOS analysis fundamentally explains the non-linear composi-
tion dependence of the bandgap observed in Fig. 8. For compositions
with x < 0.5, the conduction band minimum remains primarily influ-
enced by Sr d-states, while for x > 0.5 the Ba d-states dominate. At the
critical composition x = 0.5, where both contributions are comparable,
we observe the bandgap extremum that correlates with the structural
transition to tetragonal symmetry. The bonding analysis reveals three
distinct regimes: strongly covalent H–Li interactions in the valence
band, ionic Sr/Ba-H interactions near the Fermi level, and metallic-like
Sr/Ba d-d interactions in the conduction band. The increasing Ba con-
tent introduces greater orbital anisotropy, particularly visible in the

enhanced p-d hybridization features that emerge at higher Ba concen-
trations, which aligns with the observed tetragonal distortion in these
compositions.

The success of the mBJ-GGA approximation in these calculations
stems from its accurate treatment of d-state positioning in the conduc-
tion band and its ability to describe the bandgap without requiring
empirical corrections. The method maintains consistent treatment of
hybridization effects across all compositions, making it particularly
suitable for studying this alloy system. This comprehensive PDOS
analysis not only explains the observed bandgap trends but also provides
fundamental understanding of how atomic substitutions and structural
relaxation collectively determine the electronic properties of these
complex hydride materials. The insights gained from this study have
important implications for designing hydride-based semiconductors
with tailored electronic characteristics through controlled chemical
substitutions. Beyond fundamental electronic structure, these properties
have tangible implications for hydrogen storage. The semiconducting
nature with a sizeable, tunable bandgap indicates low electronic con-
ductivity, which is beneficial for safety by mitigating short-circuit risks
in storage systems. More importantly, the composition-dependent
bandgap and the direct-gap nature at specific points (e.g., x = 0.5)
open the possibility for these materials to function as photocatalysts.
Light absorption could provide an additional energy source to lower the
effective activation barrier for hydrogen desorption, enabling so-called
“photo-assisted” release—an innovative route to improve kinetics
without increasing temperature.

4. Conclusion

The comprehensive investigation of Sr1− ₓBaₓLiH3 alloys across the
full compositional range (0≤ x≤ 1) has unveiled a remarkable interplay
between structural flexibility, electronic tunability, and hydrogen stor-
age performance. The inverse perovskite framework demonstrates
exceptional adaptability, accommodating a 13.8% volumetric expansion
from SrLiH₃ to BaLiH₃ while preserving structural integrity through
dynamic polyhedral coordination. This expansion is facilitated by the
progressive replacement of smaller Sr2+ ions (1.26 Å) with larger Ba2+

(1.42 Å), which induces a cubic-to-tetragonal phase transition at inter-
mediate compositions (x = 0.25–0.75) before re-stabilizing in a cubic
phase at x = 0.875. Throughout this transformation, the LiH₆ octahedra
exhibit remarkable geometric resilience, maintaining near-constant
bond lengths (< 5% variation) despite significant lattice strain, while
Sr/BaH₁₂ polyhedra drive the volumetric changes through anisotropic
expansion.

Electronic structure analysis reveals equally compelling trends, with
the bandgap exhibiting composition-dependent tuning from 1.8 to 4.2
eV. The mBJ-GGA method proves essential for accurate predictions,
yielding bandgaps nearly double those of standard GGA (3.893 eV vs.
2.122 eV for SrLiH₃) by properly accounting for exchange-correlation
effects. The evolution from indirect to direct bandgap character at spe-
cific compositions (x = 0.125, 0.375, 0.5, 0.625, 0.875) correlates with
symmetry changes in the Brillouin zone, while PDOS analysis confirms
the gradual transition from Sr 4d to Ba 5d dominance in the conduction
band. These electronic modifications are underpinned by strong H–Li
covalent hybridization in the valence band and progressive enhance-
ment of Ba 5d–H 1 s orbital mixing, which collectively stabilize the
semiconducting state across all compositions.

For hydrogen storage applications, the alloys demonstrate a strate-
gically tunable balance of properties. While the gravimetric capacity
(2.10–3.22 wt%) is moderate, the exceptional volumetric density
(165–188 g H₂/L) is the system's standout feature, exceeding the DOE's
2025 volumetric target by a factor of four. This makes Sr₁₋ₓBaₓLiH₃
particularly promising for applications where space is a premium, such
as onboard vehicle storage, where system volume is often more con-
straining than weight. The identified optimal window (x = 0.25–0.5)
offers the best compromise: a volumetric capacity >180 g H₂/L, a

Table 9
Calculated energy gap values using the GGA, LDA, mBJ-GGA and mBJ-LDA
approximations for Sr1-xBaₓLiH₃ (x = 0–1) alloys in their most stable phases.

Alloys Eg (eV)

GGA LDA mBJ-GGA mBJ-
LDA

SrLiH3 indirect band gap
(X → M)

2.122, 1.923
[51], 1.93
[49]

2.013 3.893,
3.537
[51]

3.892

Ba0.125Sr0.875LiH3 direct
band gap (Γ → Γ)

1.808 1.726 3.609 3.634

Ba0.25Sr0.75LiH3 indirect
band gap (Γ → Z)

1.897 1.808 3.613 3.649

Ba0.375Sr0.625LiH3 direct
band gap (Γ → Γ)

1.813 1.828 3.455 3.618

Ba0.5Sr0.5LiH3 direct band
gap (X → X)

2.264 2.209 3.860 3.916

Ba0.625Sr0.375LiH3 direct
band gap (Γ → Γ)

2.074 1.995 3.692 3.748

Ba0.75Sr0.25LiH3 indirect
band gap (Γ → Z)

2.147 2.103 3.760 3.827

Ba0.875Sr0.125LiH3 direct
band gap (Γ → Γ)

2.123 2.069 3.715 3.772

BaLiH3 indirect band gap
(X → M)

2.669, 2.449
[51], 2.28
[49]

2.644 4.128,
3.848
[51]

4.200

x

Fig. 7. Energy gap for the Sr1− ₓBaₓLiH3 alloys at x = 0, 0.125, 0.25, 0.375, 0.5,
0.625, 0.75, 0.875, 1 calculated using GGA, LDA, mBJ-GGA and mBJ-LDA
approximations.
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practical desorption temperature of ~455 K, and robust thermodynamic
stability.

The potential for reversible hydrogen cycling in Sr₁₋ₓBaₓLiH₃ is
strongly supported by its computed thermodynamic and structural
profile. The formation enthalpies (− 60.4 to − 58.8 kJ/mol⋅H₂) lie within
the range typical of reversible complex hydrides (e.g., 40–70 kJ/
mol⋅H₂), suggesting that hydrogen absorption is spontaneous under
moderate pressure, while desorption is achievable with reasonable
heating. The calculated desorption temperatures (449–462 K) are
compatible with standard engineering materials and heat-exchange
systems, minimizing technical barriers to cyclic operation. Further-
more, the high cohesive energies and stable perovskite framework
across all compositions indicate robust mechanical integrity, which
should mitigate capacity fade from pulverization or phase segrega-
tion—common failure modes in metal hydrides during cycling. The
moderate volumetric expansion (13.8% from x= 0 to 1) further suggests
manageable lattice strain during hydrogen uptake and release. For the
optimal composition window (x = 0.25–0.5), the balance of these

properties presents a promising profile for reversible operation. Future
work should include explicit kinetic simulations (e.g., nudged elastic
band calculations for hydrogen migration barriers) and experimental
pressure-composition-temperature (PCT) measurements to quantita-
tively validate the cycling performance, hysteresis, and long-term sta-
bility of these hydrides.

Future optimization strategies to address the gravimetric limitation
could involve nanostructuring to improve effective capacity and ki-
netics, or partial substitution of Sr/Ba with lighter elements (e.g., Mg,
Ca) while preserving the beneficial perovskite framework.

The three-stage dehydrogenation mechanism reveals cooperative
effects between hydrogen vacancies, with Ba-rich compositions exhib-
iting 38% stronger binding energy reduction during full desorption,
suggesting enhanced reversibility. Intermediate compositions (x =

0.25–0.5) demonstrate promising thermodynamic proper-
ties—including a balance of 2.89 wt% capacity, a 455 K desorption
temperature, and a cohesive energy of − 16.89 eV—making them strong
candidates for further investigation in mobile hydrogen storage
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Fig. 8. The calculated partial density of states for Sr1− ₓBaₓLiH3 (x = 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, 1) with the mBJ-GGA approximation.
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applications. Future kinetic studies, employing methods such as the
nudged elastic band technique to calculate hydrogen and cation
migration barriers, are essential not only for assessing hydrogen cycling
performance but also for guiding experimental synthesis conditions and
identifying potential catalytic additives to overcome kinetic limitations.

Looking ahead, these findings establish Sr1− ₓBaₓLiH3 (x = 0, 0.125,
0.25, 0.375, 0.5, 0.625, 0.75, 0.875, 1) as a model system for strain-
engineered hydride design, though challenges remain in meeting
gravimetric capacity targets. Future research should explore partial
substitution with lighter elements (Mg, Ca) to improve weight efficiency
while retaining the favorable volumetric performance, alongside nano-
structuring approaches to enhance kinetics. Experimental validation of
the predicted phase transitions and electronic properties will be crucial
to translate these computational insights into practical materials. The
fundamental relationships uncovered between composition, structure,
and properties in this study provide a robust framework for developing
next-generation hydrogen storage materials, demonstrate how
controlled chemical substitutions can tune thermodynamic and struc-
tural properties. Future kinetic studies, including hydrogen diffusion
barrier calculations, will be essential to fully optimize these materials for
energy applications.
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