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Abstract: The development of effective hydrogen storage materials is vital for the implementation of sustainable and carbon-
neutral energy solutions. Solid-state hydrides have emerged as an attractive option because of their enhanced safety and
volumetric efficiency compared to traditional compressed and liquefied hydrogen systems. Modest storage performance and
elevated desorption temperatures remain key barriers to practical implementation. In this study, a comprehensive first-principles
analysis based on density functional theory (DFT) was conducted to evaluate the structural, electronic, phonon, magnetic,
thermal, and hydrogen storage properties of XHfH3 (X = Li, Na, and Rb) perovskite hydrides. Structural optimization confirmed
thermodynamic stability, with lattice parameters exhibiting a gradual increase from Li to Rb, consistent with the corresponding
increase in ionic radii. Electronic band structure and density of states investigations reveal a metallic nature for all compounds.
Following structural relaxation, NaHfH3; and RbHfH3 retain magnetic moments with integral spin densities of approximately
2.05 uB and 2.08 uB, respectively. Mechanical stability is confirmed by computed elastic constants satisfying the Born stability
criterion. Phonon dispersion simulations demonstrate dynamic stability exclusively for RboHfH3, whereas LiHfH3; and NaHfH3
exhibit imaginary frequencies indicative of lattice instabilities. The high-frequency vibrational modes are largely associated with
hydrogen atoms, significantly influencing lattice dynamics and thermodynamic behavior. Furthermore, molecular dynamics
simulations confirm the thermal stability of the materials. Collectively, the XHfHs family exhibits tunable magnetic, vibrational,
thermal, and hydrogen-storage-related behavior, making these compounds useful model systems for understanding alkali-site
effects in hafnium-based hydride perovskites, although their high predicted desorption temperatures limit immediate practical
hydrogen-storage applicability.
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1. Introduction

Energy storage is an essential part of modern energy systems since the world progressively switches from fossil fuels to renewable
energy sources [1]. Regular energy needs can be met using energy produced from renewable resources. In order to comply with
international conventions on carbon dioxide emissions, the use of fossil fuels is decreasing while the use of renewable energy is
increasing rapidly [2]. Hydrogen is a promising alternative to fossil fuels, but its storage remains a challenge. Compressed
hydrogen shows potential for mobile applications but faces challenges in volumetric density, safety, and cost. Cryo-compressed
storage synergistically addresses refueling speed, boil-off, and energy efficiency, making it suitable for onboard use. Material-
based methods offer improved energy density, safety, and weight savings, though stability and capacity require further
development [3, 4].

The rising adoption of perovskite hydride materials for hydrogen storage stems from the critical demand for robust storage
technologies that can accommodate intermittent renewable energy sources, thereby playing a key role in advancing sustainable
energy systems [5]. Perovskite-type structures offer considerable potential to develop solar cell applications and hydrogen storage
technology, providing a strong base for further advancements in these key domains [6-8].
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It is noted that perovskite hydrides store absorbed hydrogen within their intricate crystal lattice, enabling stable and high-capacity
hydrogen storage. Dehydrogenation is induced upon the application of heat or reduction in pressure [9]. Recent efforts to improve
the hydrogen storage properties of perovskite hydrides have focused on strategies such as elemental substitution (doping) and
the construction of composite material systems. The developmental history of these materials spans from early experimental
synthesis and characterization to contemporary theoretical predictions and performance optimization approaches, including high-
throughput computational screening and machine-learning-assisted design [10].

The inadequacy of conventional intermetallic alloys in meeting required hydrogen storage capacities [11] has prompted increased
interest in perovskite-type hydrides, particularly given that renewable and eco-friendly hydrogen energy is a critical need for
automotive applications [12]. Among the reported perovskite hydrides, platinum-based compounds (LiPtH3, NaPtH;, KPtH3 and
RbPtH3) exhibit gravimetric capacities ranging from 1.06 to 1.45 wt.% [13]. Higher values are observed for zirconium-based
perovskites, with CaZrH3 achieving 2.251 wt.%, followed by SrZrHj3 at 1.662 wt.% and BaZrH; at 1.307 wt.% [14]. According
to the literature, perovskite hydrides exhibit a wide range of hydrogen storage capacities depending on their elemental
composition. For instance, CaRhH3 and BaRhH3 not only show strong optical responses but also deliver 2.07 wt.% and 1.24
wt.% hydrogen storage, respectively [15]. Among Rb-based 5d transition metal hydrides, Ta, W, and Re offer comparable
densities around 1.13-1.12 wt.% [16]. Despite not achieving DOE targets (1.46-2.59 wt.% range), these materials are valued for
their stability, kinetic performance, and mechanical robustness, positioning them as viable candidates for niche, small-to-medium
capacity applications [17]. The Cs-based family (CsCaH3, CsSrH3, CsBaH3) further contributes capacities of 1.71, 1.33,and 1.11
wt.%, respectively [18]. The development of perovskite-structured metal borohydrides enables precise regulation of metal ion
electronegativity within a single framework, effectively lowering the dehydrogenation temperature [19]. Experimental results
indicate that decorating ZrCo alloys with Hf improves their hydrogen storage performance [20]. Hafnium-based intermetallic
compounds have been identified as highly promising candidates for reversible hydrogen storage applications [21].

Recently, Hammad et al. [22] reported a first-principles investigation of hafnium-based XHfHs perovskite hydrides, where X =
Li, Na, K, and Rb, focusing mainly on their structural, electronic, mechanical, optical, and hydrogen-storage characteristics.
Their study provides an important reference point for this compound family; however, the magnetic response, phonon-related
dynamic stability, and temperature-dependent thermodynamic behavior of these materials remain insufficiently explored. In the
present work, we therefore extend the understanding of XHfHs hydrides by examining LiHfHs, NaHfHs, and RbHfHs through
spin-polarized electronic-structure calculations, phonon dispersion analysis, molecular dynamics simulations, and temperature-
dependent thermal-property evaluation. This approach enables assessment of whether alkali-site substitution influences magnetic
ordering, lattice stability, vibrational behavior, and thermal robustness. By clarifying these aspects, the study provides
complementary insights into the fundamental physical behavior of alkali hafnium hydride perovskites and helps identify their
limitations and potential relevance as model systems for future solid-state hydrogen-storage materials.

2. Computational Method

The three-dimensional structures of hydride perovskites XHfH3 (X = Li, Na, Rb) were optimized using the CASTEP package
with the plane-wave, pseudopotential framework of DFT [23, 24]. The Kohn—Sham equations were solved under periodic
boundary conditions using a plane-wave basis set guided by Bloch’s theorem, and Vanderbilt-type ultrasoft pseudopotentials
were applied for electron-ion interactions [25, 26]. Structural optimization was performed using the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) minimization algorithm, which efficiently handles unconstrained nonlinear optimization [26]. Pulay density
mixing was used throughout the self-consistent field (SCF) cycles to enhance convergence, particularly for systems with slow-
converging electronic structures [27, 28]. Brillouin-zone integrations were carried out using a Monkhorst—Pack k-point mesh of
6 x 6 x 6. A plane-wave cutoff energy of 500 eV was adopted. Convergence thresholds included a total-energy tolerance of 2 x
10 eV/atom, maximum ionic forces of 0.05 eV/A, maximum stress below 0.1 GPa, and maximum ionic displacement of 2 x 10"
3 A. Elastic constants and mechanical stability were evaluated using the PBE-GGA functional. Strain stress calculations were
performed in four cycles with a maximum strain amplitude of 0.003. The energy tolerance for elastic calculations was 4 x 10
eV/atom, with force and displacement limits of 0.01 eV/A and 4 x 10 A, respectively. High-precision convergence criteria were
applied to both geometry optimization and elastic-constant calculations. All material properties were analyzed after complete
unit-cell optimization.
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Optical properties were computed using the GGA-PBE functional with a 6 x 6 x 6 k-point mesh and a 20.0 eV energy range. For
metals or materials with very small band gaps, PBE's band gap error is less problematic, and its optical response can be
qualitatively accurate. A band tolerance of 1.0 x 10~ was applied. Calculations used x-polarized light (1.0, 0, 0), a 0.5 eV
smearing, and no scissors correction. The plasma frequencies were tuned to 0 eV, and a Drude damping of 0.05 eV compensated
for intraband contributions, guaranteeing correct optical spectra.

Phonon dispersion calculations were performed to evaluate the dynamic stability of the optimized XHfHs structures. The absence
of imaginary phonon modes was taken as evidence of dynamic stability, whereas the presence of imaginary frequencies indicated
lattice instability. The phonon spectra were analyzed along the high-symmetry path of the Brillouin zone for the cubic perovskite
structure. In addition, molecular dynamics simulations were carried out using the FORCITE module in Materials Studio to
examine finite-temperature structural stability. These simulations were classical molecular dynamics calculations based on the
Universal Force Field, not ab initio molecular dynamics. The simulations were performed in the NVE ensemble at 298 K using
random initial velocities, a 1.0 fs time step, and a total simulation time of 15 ps. Ewald summation was used for electrostatic
interactions with an accuracy of 1.0 x 10~ kcal mol™ and a buffer width of 0.5 A. The temperature and total-energy evolution
were monitored to assess thermal equilibration and structural stability during the simulation.

3. Results and Discussion

3.1 Structural Properties

A material structural property is critical in defining its atomic-level stability and configurations. These properties are particularly
crucial since they serve as the foundation for calculating equilibrium lattice parameters, which have an influence on a range of
physical qualities. The material utilized in this work possesses cubic crystal symmetry, which fosters constant ionic covalent
connections between X', Hf?* [29], and H'" ions and adds to the overall lattice stabilization. The electronic structure of the
component atoms are as follows: hydrogen (H) has a 1s! configurations, the heavier anion Hafnium (Hf) has a [Xe] 4f'* 5d? 652,
configuration, and the X anions are the electron configuration: [He] 2s' for lithium (Li), [Ne] 3s' for sodium (Na), and [Kr] 5s!
for rubidium (Rb). As shown in Figure 1, the crystal structure and XRD pattern of the above-mentioned compound have a flexible

framework and a 3D model.
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Figure 1. Optimized crystal structures and simulated X-ray diffraction patterns of XHfHs (X = Li, Na, Rb)
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The total energy of the structure was calculated and used to determine important ground-state properties, including the crystal
cell volume (lattice parameters) and the bulk modulus (Bo) at the equilibrium volume. To accurately fit (S.1) the calculated total
energies, the Birch—-Murnaghan equation of state [39] was applied, as expressed below:

B
+=WV -V, (1a)

E(V) = E(V,) + =

A
v —) _v
(vp 0

B'(B'— 1)

In equation 1a, E(V) represents the energy at a given volume V, while E(V() denotes the total energy at the equilibrium volume
V. The parameter B corresponds to the bulk modulus, and B’ represents the first derivative of the bulk modulus with respect to
pressure.
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Figure S1. Murnaghan equation of state fitted to the calculated total energy as a function of volume

The Wyckoff position for X (Li, Na, Rb) is (0,0,0) and for Hf is (0.5, 0.5, 0.5) while for H is (0, 0.5,0.5). Each perovskite hydride
unit cell was structurally optimized by adjusting its volume until the system attained the lowest total energy in order to determine
the most energetically advantageous configurations. The optimized structural information is displayed in Table 1.
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Table 1. The explored values of lattice constant, volume, and bandgap energy of XHfH3

Formation energy

Samples Lattice Constant (A) Volume (A%) Density (amu/A?) (eV/atom) Ref.
LiHfH3 3.86 57.51 3.25 -3.95 This work
NaHfHj3 4.00 64.00 3.19 -3.71 This work
RbH{fH3; 4.22 75.15 3.16 -3.46 This work
Y2FeCrOs 5.29 148.04 - -3.12 [30]
RbGaHj3 4.08 67.69 - - [31]
CsGaHs 4.21 74.82 - - [31]
KMnHs 3.69 - - 8.11 [32]
LiMnH; 3.29 - - 9.72 [32]
BaMnH: 3.71 ) ) 2324 [33]
CaMnH3 2.36 - - -24.16 [33]

We calculated the formation energies of the investigated perovskite hydrides, which are the total energy difference between the
compound and its isolated elemental components in their standard states, in order to assess their thermodynamic stability. A
chemical is thermodynamically favorable and forms spontancously if its formation energy is negative. LiHfH3, NaHfH3, and
RbH{fH; have calculated values of -3.9548, -3.7112, and -3.4619 eV/atom, respectively (see Table 1) [44]. These negative values
imply that the formation processes of all three chemicals are exothermic and validate their thermodynamic stability.

XHfH3 H
AEf _ Etotc]:l B [Et}f)tal + Eto]::al + SESJ%al

N

(1b)

In equation 1b, AE¢ represents the formation energy, while the compound's total ground-state energy is denoted by Eiw. The
energy of the separated component atoms is indicated by the letters EX, EY, and E™,. Since all three of the XHfH; (X = Li, Na,
and Rb) compounds have negative estimated formation energies, it can be said that these hydrides are thermodynamically stable
and that their creation processes are exothermic.

Figure 1 presents the simulated X-ray diffraction patterns of LiHfHs, NaHfHs, and RbHfHs in the 20 range of 20—42° using Cu
Ka radiation (A = 1.5406 A). These simulated patterns provide theoretical diffraction fingerprints for the optimized cubic
structures and may serve as useful references for future experimental identification. The main diffraction peaks were indexed
using Bragg’s law, nd = 2dsin 6, together with the cubic interplanar spacing relationship. Since the present study is
computational, the simulated XRD patterns should be interpreted as structural signatures predicted from the optimized models
rather than as experimental confirmation of phase purity [34].

Table 2. X-ray Diffraction data for XHfH3; compound, including 26 angle, Miller indices (hkl), and observed peak intensities

Compound 20 (°) Plane (hkl) Intensity (a.u.)
LiHfH3 30.4 (100) High
21.4 (110) Medium
37.5 (200) Low
NaHfH;3 22.7 (100) High
323 (110) Medium

39.9 (200) Low
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The simulated XRD patterns show characteristic diffraction peaks for the optimized LiHfHs, NaHfHs, and RbHfHs structures.
For LiHfH3, the main reflections appear at 20 = 21.4°, 30.4°, and 37.5°, while NaHfHs exhibits peaks at 22.7°, 32.3°, and 39.9°.
For RbHfHs, the predicted peaks appear at 22.2°, 31.6°, and 38.9°. The systematic shift in peak positions across the series is
consistent with lattice expansion caused by the increasing ionic radius of the alkali-metal cation from Li to Rb. Variations in
peak intensity may be attributed to differences in atomic scattering factors, particularly the stronger scattering contribution from
heavier Rb atoms. Overall, the simulated XRD results support the structural consistency of the optimized cubic XHfHs models
and provide reference patterns for future experimental validation [35]. [36].

Figure 2 presents the time evolution of temperature and total energy for LiHfH3, NaHfH3, and RbHfH3 obtained from molecular
dynamics simulations, providing insight into their thermal stability and equilibration behavior. The temperature profiles for all
three compounds fluctuate around their target values with no systematic drift over the simulation time (15 ps), indicating that the
systems have reached thermal equilibrium. However, the magnitude of fluctuations differs slightly among the materials. LiHfH3
and NaHfH3 exhibit comparatively larger temperature oscillations, suggesting relatively higher lattice sensitivity and possible
anharmonic effects. In contrast, RbOHfH3 shows more uniform fluctuations, reflecting improved thermal stability and better energy
distribution within the lattice.

The total energy plots added up keep these observations. All systems display well-converged energy profiles with small
oscillations around a constant mean value, confirming the absence of energy drift and the reliability of the simulations. Notably,
RbHfH; demonstrates relatively smoother energy fluctuations, indicating a more stable potential energy surface. Meanwhile,
LiHfH3 and NaHfH3 show slightly larger deviations, which may be associated with their previously identified lattice instabilities
from phonon analysis. RbHfH3 is thus the most thermodynamically stable choice among the compounds investigated for use in
hydrogen storage.
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Figure 2. Time evolution of temperature and total energy of XHfH; (X = Li, Na, Rb)

3.2 Hydrogen Storage Capacity

The gravimetric hydrogen storage capacity Cwt.% of XHfH3; (X = Li, Na, Rb) hydride-perovskite is determined using a
theoretical equation, assessing its applicability for hydrogen storage devices. The mass of deposited hydrogen in proportion to
the mass of the host perovskite is measured by the Cwt.% metric, which is determined by the following equation 2a [37, 38].

H

M ) MHydrogen
th.% = (M) H (2a)

Myest + (M) MHyydrogen
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The equation practices the following symbols: H/M stands for the ratio of hydrogen atoms to composite atoms, Muydrogen fOr the
hydrogen molar mass, and myos for the host compounds molar-masses. The Cwt.% values, which are available in Table 3, show
how much hydrogen the XHfH3 (X = Li, Na, and Rb) perovskite can store. With a Cwt.% value of 1.61,1.48, and 1.13 for XHfH3
(where X = Li, Na, and Rb), shows great promise as a viable option for applications involving the storage of hydrogen (H>).

Table 3. Compounds with optimized parameters and compression using DFT

Compounds Eg (eV) Cwt.% Ref. Method
LiCaH3 2.37 4.40 [39] DFT
CsSnH3 Metal 1.18 [40] DFT
FrSnH; Metal 0.87 [40] DFT
KPtH; Metal 1.26 [13] DFT
RbPtH3 Metal 1.06 [13] DFT
SroH3Cl 2.12 1.4 [41] DFT
BaRhH3 Metal 1.24 [15] DFT
Ca-FeHs Metal 1.5 [42] DFT
CsBaH; 2.24 1.10 [43] DFT
LiHfH; Metal 1.61 This work DFT
NaH{fHj3; Metal 1.48 This work DFT
RbHfH3 Metal 1.13 This work DFT

LiHfH3, NaHfH;, and RbHfH3 demonstrate a 1.61 wt.%, 1.48 wt.%, and 1.13 wt.% hydrogen storage capacity, reaching 29, 26.9
%, and 20.5% of the U.S. DOE's 2025 interim objective (5.5 wt.%) and roughly 24 wt.% of the ultimate storage goal (6.5 wt.%)
[44]. When it comes to operating circumstances and theoretically expected desorption temperatures, the material under study has
notable benefits over traditional metal hydrides. The temperature at which hydrogen (H) must be released from a substance is
known as the hydrogen desorption temperature. Equation 2b, which takes the hydrogen entropy change (AS) and formation
enthalpy (AEy) to be 130.7 J/mol-K, may be used to calculate this value [45]. By using this formula, the compound's desorption
temperature is shown in Table 4.

AE;

Tyes = e (2b)

As the alkali-metal ionic size increases from Li to Rb, the gravimetric hydrogen-storage capacity of XHfHs decreases from 1.61
wt.% for LiHfHs to 1.48 wt.% for NaHfHs and 1.13 wt.% for RbHfHs. A similar decreasing trend is observed in the predicted
desorption temperature, with values of 1460 K, 1370 K, and 1278 K for LiHfHs, NaHfHs, and RbHfHs, respectively. Although
RbHfH; exhibits the lowest predicted desorption temperature among the three compounds, all calculated values remain very high
for practical solid-state hydrogen-release applications. Therefore, these materials should be viewed primarily as model systems
for understanding alkali-site effects on hydride stability, bonding, and lattice behavior, rather than as immediately practical
hydrogen-storage materials. Future work should focus on strategies such as elemental substitution, defect engineering,
nanostructuring, and catalytic modification to reduce the desorption temperature while retaining structural stability [46, 47].
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Table 4. Predicted desorption temperatures of XHfHs compounds.

Materials Desorption temperature Taes (K) Ref.
LiCrH; 3055.48 K [45]
KCrHs 2865.02 K [45]
CsCrH; 261034 K [45]
LiHfH; 1460 K This work
NaHfHj; 1370 K This work
RbHfH; 1278 K This work

The XHfH3 perovskite is highly stable, with desorption temperature above 1278 K, comparable to their melting points, making
solid-state hydrogen release impractical. Nevertheless, their structure robustness and stability trends offer insights into H-metal
bonding and alkali-metal substitution, guiding future composition tuning for feasible hydrogen desorption [48, 49]. Additionally,
hydrogen release behavior can be improved through several established strategies. Elemental substitution can tune
thermodynamic stability and reduce desorption temperatures, while defect engineering enhances hydrogen diffusion pathways.
Nano-structuring improves kinetics by shortening diffusion lengths, and catalyst incorporation lowers activation energy for
hydrogen release. A synergistic combination of these approaches has been widely reported to enhance hydrogen storage
performance [50-52].

3.3 Electronic Properties

The accessible energy levels where electrons can reside to regulate the electrical activity of compounds are determined by the
band structure. Materials can be categorized as conductors, semiconductors, or insulators by looking at their band structure.
Figure 3 shows the electrical band structure estimation for XHfH3. The Fermi level (FL) at the point of 0.0 eV is indicated by a
blue horizontal line. The lower portion of FL is the valence band (V.B.) and the higher is the conduction band (C.B.), which are
the two energy components that make up the materials framework. The compounds' band gap confirms their metallic character
by showing that the valence and conduction bands overlap [53]. The metallic nature of all three compounds is confirmed by the
lack of a noticeable separation between the occupied and unoccupied states. All of the constituent atoms contribute significantly
to the conduction band of XHfH3, which spans from -25 eV to 0 eV. In the lower region is the valence band (-10 to -5 eV).
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Figure 3. Electronic properties of XHfH3(X=Li, Na, Rb) Band structure and PDOS.
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Figure 4 depicts that the valence area is dominated by hafnium orbitals, suggesting that they play a crucial role in forming
chemical bonds with both hydrogen and lithium atoms. Prominent peaks in the PDOS suggest the occurrence of Hf orbital-related
localized bonding states. The orbitals of hafnium contribute considerably to the lower valence band but become increasingly
important near the Fermi level, suggesting that they engage in bonding and potentially electronic conduction. Similarly, Li, Na,
and Rb contribute more to the conduction band, which boosts the conductivity of the substance.

The PDOS study of LiHfH3, NaHfH3, and RbHfH3; demonstrated a complicated yet systematic evolution of orbital interaction,

where each orbital curve contributes differently to the electronic structure while preserving an overall metallic character across
the series. In all three compounds, the deep valence region (-10 to -6 eV) is dominated by intense and well-defined H-1s peaks,
showing strong and localized H-Hf and weak H-X bonding interaction that stabilize the lower-energy electronic states.

Table 5. Electronic structure investigation indicates a strong and concentrated XHfH3 bonding interaction.

Compound H-H(A) Li-Li (A) X-Hf (A) H-Hf(A) H-X (A)
LiHfH; 2.773 3.921 3.396 1.96 2.773
NaHfH; 2.830 4330 3.466 2.001 2.830
RbHfH; 2.982 4.217 3.652 2.109 2.982

Moving toward the upper valence bands (=6 to 0 eV), the PDOS becomes progressively hybridized, with significant Hf-d states
overlapped with X-site s/p states. LiHfH3; shows the highest hybridization, demonstrated by prominent Li-s and Li-p features
around the Fermi level, which mix with Hf-d peaks to generate a denser electronic distribution. NaHfH3 displays mild Na-p
involvement, where the Na-derived curve occurs largely between —4 and 2 eV, indicating decreased but still present
hybridization. In contrast, RobHfH3; shows wide and weaker Rb-s/p states scattering throughout the valence and conduction band,
corresponding with lower orbital overlaps due to the greater ionic radius of Rb.

Across all compounds, the Hf-d orbitals dominated the states near the Fermi level, creating the primary electronic component
responsible for metallic conduction and defining both the valence-band maximum and the conduction-band minimums. The Hf-
p and Hf-s curves give a small contribution dispersed throughout the valence bands, but X-d states remain insignificant in all
situations. The conduction band (0 to 10 V) is initiated by sharp Hf-d peaks just above the Fermi level, which are accompanied
by weaker, more dispersed contributions from X-s/p orbital that become broader and less influential from Li — Na — Rb. This
development, together with the observing diminishing intensity of H-s states and increasing localizations of X-p orbitals, implies
a steady reduction in covalent X—H character and a matched rise in ionic nature over the series. Nevertheless, each combination
preserves a limited DOS at the Fermi level dominated by Hf-d hybridized with residual H-s, and X-site states demonstrating
strong metallicity across the XHfH3 family.

The common behavior of all curves therefore suggests a clear trend where orbital hybridization strength, band propagation, and
electronic quantity near the Fermi energy level are highest in LiHfH3, intermediate in NaHfH3, and weakest in RbHfH3, reflecting
an interplay in cation size, orbital overlap, and bonding character [54, 55].

The high-symmetry directions X—~R—-M—G-R in the Brillouin zone are used to determine the spin-polarized electronic band
structures of XHfH; (X = Li, Na, and Rb), as seen in Figure. 5. At 0 eV, the Fermi level is fixed. The absence of an energy band
gap and the metallic character of all three compounds are confirmed by the many electronic bands that cross the Fermi level in
both spin channels. The intrinsic ferromagnetic ordering in these materials is shown by a distinct separation between the spin-up
(1) and spin-down () bands close to the Fermi level, which results from exchange interactions [56, 57]. Throughout the Brillouin
zone, especially in the vicinity of the G point, the spin degeneracy is removed, and at M points, where the spin-up and spin-down
bands are more clearly separated. LiHfHs exhibits negligible spin polarization after structural relaxation, with a residual magnetic
moment close to zero. Therefore, it is best described as essentially non-magnetic within the present spin-polarized DFT
calculations [58]. In contrast, NaHfHs and RbHfHs retain finite magnetic moments of approximately 2.05 uB and 2.08 pB,
respectively, suggesting the emergence of magnetic ordering as the alkali-metal ionic radius increases. It should be noted that
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antiferromagnetic ordering was not explicitly examined in this work; therefore, the magnetic discussion is limited to the

comparison between spin-polarized and nearly non-magnetic relaxed states.
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Figure 5. The spin-polarized band structures of XHfHj3.

The spin-polarized total density of states (DOS) of XHfH; (X = Li, Na, and Rb) compounds with the Fermi level set to zero
energy. The presence of spin polarization and intrinsic magnetic behavior is shown in Figure 6 by the distinct asymmetry between
the spin-up and spin-down DOS for each of the three systems. Interestingly, for at least one spin channel in each compound, a
limited DOS occurs at the Fermi level, showing that LiHfH3, NaHfH3, and RbHfH3 are metallic. Exchange splitting, characterized
by a difference between spin-up and spin-down electronic states near the Fermi level, serves as an indicator of ferromagnetic
ordering.

DOS (electrons / eV)

Energy (eV)

Figure 6. The spin-polarized density of states of XHfH3.

Despite initializing all three compounds under spin-polarized conditions, only NaHfH3; and RbHfH3 sustain a net magnetic
moment after complete structural relaxation, with computed total magnetic moments of approximately 2.05 uB and 2.08 uB,
respectively. By contrast, LiHfH; is essentially non-magnetic, showing a residual spin density of merely ~10° uB. This behavior
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correlates with the lattice expansion induced by increasing alkali-metal ionic size. Specifically, larger A-site cations diminish
orbital overlap and strengthen the localization of Hf d electrons, thereby favoring the emergence of magnetic order in NaHfH3
and RbHfH;. Conversely, the smaller Li based molecules exhibit stronger hybridization and larger bands, which quench the
magnetic moments. The results thus reveal a direct link between lattice parameter and magnetic stability in these perovskite
hydrides [59].

3.4 Mechanical and Anisotropic Elastic Properties

The elastic constants (Cj) of the material provide a complete description of its mechanical stability and, by extension, its industrial
performance. CASTEP was used to calculate these constants. The crucial elastic constants for cubic structures are Ci, Ca4, and
Ci2; these are listed in Table 6 for XHfH3 (Li, Na, Rb). The predicted values satisfy the stated Born stability criterion [60, 61],
as in (4). The calculated results confirm that all stability conditions are satisfied. Specifically, the values of Ci; — Ci» for XHfH3
(Li, Na, Rb) are 132.42, 111.72, and 43.92 GPa, respectively, while the corresponding values of C1+2Cy, are 162.99, 159.75,
and 149.93 GPa. Moreover, all Ci; and C44 values are positive, making them appropriate for further mechanical property
calculations.

Cii>0; Cu4>0; Ci1 -C12>0; Cii+2Ci2>0 (3)

Numerous physical properties, including as Young's modulus, shear modulus, and bulk modulus, may be obtained using the
calculated elastic constants and are available in Table 6. The Voigt method was used to determine these moduli [62], Reuss [63],
and Hill [64] approximations. The Hill approximation is the arithmetic mean of the modulus's greatest value, the lowest value is
obtained by the Reuss technique, and the highest value is obtained by the Voigt method.

1
G = E (GV + GR) (43)
1
Gy = g(Cn — Cy3 +3Cys) (4b)
_ 5C44(C11 — Cy3)
R 4C44 + 3(611 - ClZ) (40)

A material's resistance to volume change under applied pressure is measured by its bulk modulus (B). LiHfH3 has the largest
bulk modulus of 54.34 GPa, as can be shown in Table 6. A crucial metric for determining hardness is the shear modulus (G),
which is calculated as the ratio of shear stress to shear strain. Higher values of LiHfH; indicate stronger resistance to plastic
deformation than the other compounds. Young's modulus (Y), which is a crucial indicator of a material's stiffness, is the ratio of
tensile stress to strain. A material with a higher Young's modulus (E) estimate will be stiffer; the greatest value of LiHfH3 is
93.99 GPa. Together, these characteristics offer crucial insights into the compound's mechanical behavior. For mechanical
characteristics, the following equations are used:

2Cy,
AT T o (52)
9GB
Y=3B5G (5b)
3B — 26
v = m (5¢)
HV — 0.92k1'137G0'708 S(d)

The elastic anisotropy of the cubic XHfHs compounds was evaluated using the Zener anisotropy factor, A = 2C44/(Cy1 — Cy2).
A value of A = 1 indicates elastic isotropy, whereas a deviation from unity reflects anisotropic elastic behavior. Based on the
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calculated elastic constants, the anisotropy factors are approximately 0.32, 0.48, and 1.23 for LiHfHs, NaHfHs, and RbHfHs,
respectively. These values indicate that all three compounds exhibit elastic anisotropy, with RbHfHs being closest to isotropic
behavior among the investigated systems. The lower anisotropy factors for LiHfHs and NaHfHs suggest stronger directional
dependence in their elastic response, which may influence mechanical durability during hydrogen absorption and desorption
cycles.

Hardness of crystalline material, the most widely used empirical formula to estimate Vickers hardness (Hy) in GPa from elastic
constant is Tian's model. The formula is sometimes expressed using Pugh's modulus ratio (k = G/B) [65]. Table 6 demonstrates
that LiHfH3, with H = 8.36 GPa, is superior to the other materials.

The B/G ratio (Pugh's modulus) is another important factor that determines whether a material is brittle or ductile. According to
Pugh's criteria, a B/G ratio of more than 1.75 indicates ductility, whereas a ratio of less than this indicates brittleness. Table 6
B/G ratio shows that LiHfH3; and NaHfH3 are brittle under examination, with the exception of RbHfH3, which has a ductile B/G
of 2.05. Moreover, a reliable predictor of the behavior of a material is the Cauchy pressure (Cp), which is equal to Ci» — Caa.
Brittleness is indicated by a negative Cp value, while ductility is produced by a positive Cp value. It is further shown that RbHfH3
is ductile due to the positive Cp values, but the investigated LiHfH3; and NaHfH3 have brittle features due to the negative values.

Table 6. Calculated elastic parameters: [C11, C12, C44] (GPa), Poisson's ratio (v), Pugh ratio (B/G), anisotropy factor (A),
hardness (Hv), bulk modulus B (GPa), shear modulus G (GPa), and Young's modulus Y (GPa)

Compound Cn Cn Cu B G Y Hy v B/G A Cr
LiHfH; 142.08 1046  20.76 54.34 38.79 9399 836 028 140 0.32 -10.30
NaHfH3; 127.73 16.01 26.55 53.25 38.27 92.62 835 029 139 048 -10.54
RbHfH; 78.59 35.67 26.31 4997 2437 62.89 391 041 205 1.23 9.37

The development of hydrogen storage systems relies on the examination of mechanical and anisotropic elastic features. Elastic
constants give insight into failure susceptibility, mechanical stability, and resistance to deformation. Directional stress
distribution and diffusion behavior, which have a substantial influence on material performance and durability, are illustrated by
anisotropy analysis. Thus, computational validation with first-principles elastic simulation offers a viable approach for creating
next-generation hydrogen storage material with better long-term stability, safety, and efficiency.

3.4.1 Debye Temperature

Melting temperature and heat capacity are two other material parameters that are closely linked to the Debye temperature (Tp).
A higher Debye temperature usually indicates a higher melting point and improved thermal conductivity. The calculated values
of the average wave velocity (Vum), longitudinal wave velocity (Vi), transverse wave velocity (Vy), and Tp are shown in Table 7.
These equations [47, 48] were used to determine Tp, Vi, V1, and V.. Planck's constant (h), the number of atoms per unit cell (n),
the Boltzmann constant (k), the density (p), the mass of the unit cell atoms (M), and Avogadro's number (Na) are all represented
in equation (6).

1
Wil ()
Where
1 (2 1\]7?
=l (53] o

Exploit the G and B values to get the values of v; and v:.
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3B + 4G G
v = and v, = [— (6¢)
\f p p

The melting temperature (Tw) has also been predicted by using equation (7) [66].

T (K) =[553(K) + 5.911C;1] + 300 (7

Table 7. The gathered Debye temperature (TD), transverse (vt), longitudinal (vl), and average (vm) wave velocities and
melting points (Tm) for XHfH3

Compound To (K) v, (m/s) v; (m/s) Vm (m/s) Twm (K)
LiHfH; 353.69 2731.833 7826.622 3105.163 1389.84 + 300
NaHfH; 361.54 2689.430 7689.273 3056.981 1308.01 + 300
RbHfH; 272.51 2031.16 6471.539 2313.463 1017.54 + 300

From Table 7, it is clear that a greater Debye temperature results in a greater average velocity of sound in the compound. We
also observe from Table 7 that the compound LiHfH3 has a greater melting temperature.

Systematic differences in lattice stiffness, bond strength, and thermal stability are revealed by the Debye temperature research in
LiHfH3, NaHfH3, and RbHfH3 across the alkali range [67]. Stronger bond and longer structure durability are related to higher
Debye temperature, while softer lattices that may improve hydrogen mobility but sacrifice mechanical integrity are suggested by
lower values [68]. Debye temperatures are thus a significant component in assessing whether hydrogen storage compounds are
acceptable for long-term, practical energy application.

3.5 Optical Properties

Figure. 7 depicts optical properties of the hydride perovskite LiHfH3, NaHfH3, and RbHfH3 as a function of photon energy. The
optical responses examined include: (a) real part of the dielectric function g{); (b) imaginary part &(®); (c) refractive index
n(m); (d) extinction coefficient k(w); (e) real part of the optical conductivity 6{®); (f) imaginary part o;(®); (g) reflectivity R(w);
(h) absorption coefficient a(w); and (i) Electron energy loss L(®). Analyzing these parameters provides insight into the suitability
of each material for optoelectronic applications. The equation below tells about optical properties.

_ 4 > oo (1)’82((1)’) o
81(00) = + E J(; —(,0'2 ol w (Sa)
20 (Pg(0) =1
&(w) = —?PJ o7 — o2 dw (8b)
0
The refractive index can be determined by the following equation:
_ 1/2
1 ()= (sr(zw) n [sr(w)]22+ [sl(w)]z) o)
1/2
¢ () = (JECPTEGP & / o
2 2
n+ ik — 1
R(w) = ————— (10)

n+ ik +1
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Figure 7. Optical properties of XHfH3 (X = Li, Na, Rb) perovskites as a function of photon energy: (a) (b) real & (@) and
imaginary part & () of the dielectric function, (c¢) refractive index n(w), (d) extinction coefficient k(w)

In Figure. 7 (a), the real part of the dielectric function, & (®), which indicates the material's polarization responsiveness and
energy storage capabilities, varies significantly among the XHfH3; compounds. NaHfH3 has a high static dielectric constant &,
(0), followed by RbHfH;. This indicates strong low-frequency electronic polarizability and effective electric-field screening.
LiHfH; has a low frequency-independent &, (®), indicating lower polarization effects. As photon energy increases, &(®) for
NaHfH3 and RbHfH3 rapidly drops and approaches modest positive values at higher energies, indicating reduced polarization
beyond the main interband transition area. RbHfH; displays a transitory negative &, (o) region at ~1.37 to 1.65 eV, indicating
plasma-like activity and enhancing reflectivity in this energy range [69]. Overall, the trend NaHfH3; > RbHfH3 > LiHfH3 in &
(0) illustrates the considerable effect of alkali metal substitutions on the dielectric response of the XHfH3 system.
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In Figure.7 (b), the imaginary portion of the dielectric function, &i(®), shows optical absorption arising from interband electronic
transitions, displaying a unique energy-dependent pattern for the three compounds. NaHfH3 exhibits a considerably low energy
response with a prominent peak at about ~0.18 to 0.3 eV. This predicted a high density of permissible transitions and increased
optical activity at low photon energy. RbHfH3 displays a substantial peak at about ~0.68 to 1.0 eV, indicating strong interband
transitions in the near infrared range, followed by a fast drop at higher energies. LiHfH3 exhibits a reduced &i(®) spanning the
spectra, with just a little signature around ~2.93 (approximately 3.0 eV), indicating minimal transition and a larger band gap [70].
Overall, the intensities of €i(®) follow the sequence NaHfH3; > RbHfH3 > LiHfH3, agreeing with their individual optical absorption
trend and emphasizing NaHfH3 as the most optically active molecule among the testing systems.

The refractive index n(w), displayed in Figure 7 (c), illustrates the energy-dependent refractive index n(w) of alkali hafnium
hydrides XHfHj3 in the O to 4 eV range, displaying clear composition-dependent optical dispersions [71]. At low photon energies
(about 0 eV), NaHfH3 has the largest refractive index, followed by RbHfH;. LiHfH3 has the lowest and nearly constant values
~1.87. It indicates that Na and Rb-based compounds have greater low-energy electronic polarizability than the Li equivalents.
As energy increases, the normal dispersion of RbHfH3 falls fast, reaching a minimum at ~1.88 ¢V [72]. The deeper minimum in
RbHfH; shows reduced interband transition contributions in this energy range, probably related to its greater ionic radius and
modified band structure. LiHfH;3 displays moderate dispersion across the spectrum, indicating a consistent optical response and
fewer low-energy electronic transitions. Beyond ~3 eV, the three compound refractive indices converge to identical value ~2.0
to 2.2, demonstrating comparable high energy optical behavior caused by cores electronic transitions [73]. At low energies, the
trend NaHfH3; > RbHfH; > LiHfH3 underscores the relevance of the alkali metal in controlling the optical response of XHfH3,
which is critical for optoelectronic and photonic material designs [74].

In Figure. 7 (d) The extinction coefficient, k(w), describes the attenuation of electromagnetic waves within a material owing to
absorptions. NaHfH3 has the greatest k(w) in the low to mid energy ranges, with a peak approximately at 0.46 ¢V and a secondary
feature nears ~2.5 eV. This suggests high light matter interaction and effective absorption in the visible and near infrared region.
RbHfH; has a significant peak at ~0.95 eV, followed by a fast decrease, show substantial absorption in the near-infrared region
[75]. LiHfH3 exhibits a smaller k(w), with just mild peaks at 3.0 eV, indicating weak absorptions and a larger optical band gap.
Overall, the amplitude and position of the peak coincide with the electronic structural and interband transition, following the
pattern NaHfH3; > RbHfH3 > LiHfH3, commensurate with their respective optical absorption quality [76].

In Figure 8 (e), the a(®) of XHfH; (X = Li, Na, Rb) demonstrates the absorptive response associated with permissible electronic
transitions. At low photon energy, all compounds exhibit a progressive rise in conductivity, suggesting the beginning of interband
transitions. NaHfHj3 has the best conductivity over the energy range, with distinct peaks ~0.6 to 1.0 eV and ~2 to 3 eV, indicating
substantial optical absorption and increased carrier mobility. RbHfH3 has a peak at ~1 ¢V, followed by a quick decline, indicating
dominant low-energy interband transitions and limited higher energy absorption. LiHfH3 has low conductivity, with a minor
increase near ~3 eV, indicating minimal optical absorption. The systematic variation shows that the alkali metal cation has an
enormous impact on the true optical conductivity and absorption strength of XHfH3;. NaHfH; has the strongest optoelectronic
response.

The imaginary Figure 8 (f) fraction of the optical conductivity ai(w) of XHfH3 (X = Li, Na, Rb) reflects the materials' reactive
and dispersive electronic response. Negative a; values in the low-energy band 0, about 3 eV, show capacitive behavior driven by
bound electron polarization. A negative minimum in the middle range ~4.8 about 5.99 eV is caused by substantial interband
transitions, with LiHfH3 and NaHfH3 displaying greater responses than RbHfH3. The zero crossover at ~6 (6.5 eV) suggested a
resonance or plasma-associated transitions from capacitive to inductive behavior. At larger energies >6.5 eV, a; turns positive
due to more powerful electronic stimulations, with NaHfH; having the highest dispersions. These findings reveal that alkali metal
species successfully influence the optical dispersions and imaginary conductivity of XHfHj3.
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Reflectivity R(w), displayed in Figure 8 (g), of XHfH3 (X = Li, Na, Rb) illustrates the material's response to incoming
electromagnetic radiation. All compounds display high reflectivity at low energies <1 eV, suggesting strong metallic or free
carrier screenings. NaHfH; exhibits the greatest reflectivity throughout much of the investigating range, with increasing
reductions and a significant dip around ~1.32 and 3.44 eV, which correspond to interband transitions. RobHfH3 has a substantial
drop around ~2.28, implying a decrease in reflectivity owing to optical absorptions. LiHfH3 retains a low and generally flat
reflectance throughout, suggesting poorer optical sensitivity. Overall, the result demonstrated that the reflectivity and light
screening behavior of XHfH3 are substantially influenced by the alkali metal cations. NaHfH3 exhibits the greatest reflecting
quality [53].

Figure 8 (h) shows the unique compound-dependent optical responses of the absorption coefficient o) as a function of photon
energies. LiHfH3; shows modest absorption in the low energy region, with a delayed commencement and a minor peak
approximately 3.05 eV (~1.6 x 10* cm™), resulting to a considerably higher optical band gap and fewer interband transitions in
the visible range. While NaHfH; displays high and wide absorption from low energies, extending toward a maximum of around
~2.72 eV (~6.2 x 10* cm™), indicating a better electronic transition with enhanced light-harvesting capabilities. RbHfH; displays
intermediate behavior, reflecting high absorption at around 1.31 eV (4.2 x 10* cm™), followed by a quick decline, demonstrating
low-energy interband transitions. The absorbing strength appears in the corresponding order: NaHfH3 > RbHfH; > LiHfH3. Thus,
NaHfH3 represents the most promising choice among the three compounds examined, especially for optoelectronic and
photovoltaic applications in the visible light spectrum.

Figure 8 (i) shows the energy-dependent loss function L(®) of XHfH3; (X = Li, Na, Rb), which explains the electrical stimulation
and plasmon energy loss. All systems show negligible loss at low energies <1 eV, indicating moderate electron damping and the
lack of low-energy plasmon modes. RbHfH3 shows a pronounced peak around ~2.67 eV, suggesting a substantial bulk plasmon
resonance and increased collective oscillations of charge carriers. However, NaHfH3 exhibits a bigger and less strong maximum
near ~2.78 eV, whereas LiHfH3 has weak and smooth characteristics throughout the energy ranges, indicating weaker plasmonic
activity. Higher energy >3 eV produced a gradual variation in L(®) owing to interband electronic transition. The kind of alkali
metal cations has a considerable influence on the plasmon resonance strength, peak locations, and energy loss behavior of XHfH3,
exhibiting their flexible plasmonic capability.

While optical properties do not directly determine gravimetric hydrogen capacity, they are intrinsically linked to the electronic
structure, which governs hydrogen binding strength, hydride phase stability, and diffusion kinetics. Consequently, analysis of
the optical response provides a non-destructive and valuable indirect probe of a material’s suitability for hydrogen storage,
offering insight into its potential performance prior to undertaking more complex and experimentally demanding gas adsorption
studies [77-79].

3.6 Phonon Properties

The lattice thermodynamic resilience of these hydrides has been considerably established by the simulated phonon dispersion
curve of XHfH; (X = Li, Na, and Rb) along the high-symmetry orientations X—~R—M—G-R in Figure 9. The appearance of soft
phonon modes with modest imaginary frequency near the G point and along specific symmetry pathways for LiHfH3 and NaHfH3
implies marginal dynamical instability, which may be offspring by temperature-induced phase transitions or lattice distortion.

The phonon dispersion results indicate that RbHfH3 exhibits no imaginary frequencies across the Brillouin zone, confirming its
dynamical stability. In contrast, LiHfH3 and NaHfH3 show imaginary phonon modes, which are signatures of lattice instabilities
and suggest that these structures may undergo spontaneous distortions toward lower-energy configurations.

From a practical hydrogen storage perspective, this distinction is critical. Dynamical stability implies that RbHfH3 can maintain
its crystal structure under small perturbations, making it a more reliable candidate for reversible hydrogen storage. On the other
hand, the presence of soft modes in LiHfH3; and NaHfH3; indicates that these materials may: (i) transform into more stable
(possibly unknown) phases, (ii) exhibit structural degradation during hydrogen absorption/desorption cycles, or (iii) require finite
temperature or pressure to stabilize dynamically.
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The origin of these stability differences can be attributed primarily to ionic size effects and lattice tolerance. The larger ionic
radius of Rb* leads to an expanded lattice and improved accommodation of hydrogen atoms, reducing internal strain and
suppressing lattice instabilities. In contrast, the smaller Li* and Na* ions result in a more compressed lattice, enhancing H-H and
H-metal interactions that can destabilize vibrational modes and produce imaginary frequencies. Additionally, differences in
bonding characteristics and mass effects contribute to this behavior. The heavier Rb atom lowers vibrational frequencies and
stabilizes lattice dynamics, whereas lighter Li and Na systems tend to exhibit higher vibrational sensitivity and anharmonic
effects, which can promote instability [80]. Comprehending phonons improves the optimization of these materials for safe and
efficient hydrogen storage.
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Figure 9. Phonon dispersion relations of XHfH3; (X = Li, Na, Rb), revealing stable dynamics in RbHfH3 and soft modes in
Li/Na phases.

Determine temperature-dependent thermodynamic characteristics of the crystallized phase derived from phonon-based density
functional theory (DFT) computation inside the harmonic (or quasi-harmonic) approaches. In Figure 10, the information ranges
from 0 to 1000 K and contains the enthalpy (H), the entropic contribution (T-S), heat capacity (C.), and free energy (F or G),
which jointly explain the thermal sensitivity and phase stability of the materials. With rising temperature, the enthalpy grows
monotonically from 0.00 eV at 0 K to 0.32 eV at 1000 K, indicating the increase in lattice vibrational energy owing to greater
atomic displacements from the neutral position [81]. The T'S term demonstrates the same numerical pattern, growing in exact
correlation with enthalpy over the whole temperature range. This perfect equality shows that the reported numbers represent
solely thermal vibrational donation linked to the 0 K ground state, and presumably omit zero-point energy (ZPE); inclusion of
ZPE would result in a limited positive enthalpy at absolute zero. The heat capacity grows gradually from zero at 0 K, consistent
with the lack of thermally activated phonon methods, to larger values at rising temperatures, nearing the traditional Dulong-Petit
limits when vibrational modes become completely filled [82]. The lack of irregularity or abrupt shifts in C, suggests that no
structural phase shifts, magnetic ordering change, or lattice instabilities occur within the examined temperature interval. The free
energy displayed a non-monotonic pattern, falling from 0.00 eV at 0 K to a minimal value around intermediate temperatures
(about 200 K), followed by a steady rise toward higher temperature [83, 84]. This inclined trend highlight the opposing effects
of inner energy and the entropy the vibrational entropy maintains the phase at low temperature, but at higher temperatures the
thermodynamic reason for stability decreases, potentially indicating the appearance of opposing phase or thermal breakdown
beyond the study ranges [85]. Meanwhile, the result demonstrates dynamical stability throughout the complete temperature
interval while showing the greatest thermodynamic favorability at middle temperatures. The precise numerical consistency
between H and T-S across the dataset further implied that the computation represents relative thermal contributions rather than
absolute free energy encompassing completed quantum nuclear effects [86].
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Figure 10. Based on phonon estimation, the temperature-varied Helmholtz free energy, enthalpy, T* entropy, and heat capacity
Of XHfH3

Regarding the analysis of the potential of hydrides XHfH3 in hydrogen storage applications, their thermodynamic parameters,
such as enthalpy, entropy, heat capacity, and free energy, are crucial. These parameters determine how effectively hydrogen is
absorbed and released; processes with lower enthalpy and free energy are more energy-efficient. Heat capacity offers information
on energy demand for temperature control, while entropy change serves to assess the material thermodynamic favorability.
Knowing these qualities makes it possible to select the optimal material, which helps design hydrogen storage systems that are
both inexpensive and energy efficient [87, 88].

3.6.1 Debye Temperature

A temperature dependence of the Debye temperatures (Tp), which are a stand-in for lattice rigidity and vibrational frequency, is
represented in Figure 11 for the perovskite-type hydrides LiHfH;, NaHfH;, and RbHfH;. The observed rise in (Tp) with
increasing ambient temperature suggests that these materials depart from the ideal Debye model, possibly due to harmonic lattice
effects and the influence of high-frequency optical phonon modes from the hydrogen atom. A definite pattern develops depending
on the atomic mass of the alkali: metal LiHfH3 (containing the lightest element, Li) shows the highest Debye temperature and
steepest slope, signifying the strongest interatomic bonding and best thermal stability.

The heaviest element, Rb, is present in RbHfH3, which exhibits the lowest (TD) values and a propensity to plateau, indicating a
“softer” lattice with fewer vibrational modes. The shift from the low-temperature limit to the intermediate regime, when lattice
expansion started to affect the effective vibrational cutoff, is characterized by the dramatic decrease near 0 K.
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An essential aspect in evaluating whether metal hydrides XHfH3 are appropriate for storing hydrogen is their Debye temperatures.
Better thermal stability, which is important for efficient hydrogen absorption and desorption over a temperature range, is indicated
by a higher Debye temperature. LiHfH3 is a feasible alternative for hydrogen storage because it has the largest Debye temperature
of the materials investigated, suggesting that it is more stable at higher temperatures. However, because of their lower Debye
temperature, RbHfH3; and NaHfH; may not be as well-suited for high-temperature applications. LiHfHj is thus probably the
most efficient choice for storing hydrogen, although the optimal materials selection also demands consideration of another
thermodynamic factor [22, 89, 90].
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Figure 11. Variation of Debye temperature with temperature for XHfH3

4. Conclusions

In this work, the structural, electronic, magnetic, mechanical, phonon, thermal, optical, and hydrogen-storage-related properties
of XHfHs (X = Li, Na, and Rb) perovskite hydrides were investigated using first-principles calculations, supported by classical
molecular dynamics simulations. The optimized lattice parameters increase from LiHfHs to RbHfHs, consistent with the
increasing ionic radius of the alkali-metal cation. Negative formation energies indicate thermodynamic stability of the
investigated compounds, while the calculated elastic constants satisfy the Born stability criteria, confirming their mechanical
stability under the considered conditions. Electronic band-structure and density-of-states analyses reveal metallic behavior for
all three compounds. Spin-polarized calculations show that LiHfHs relaxes to an essentially non-magnetic state, whereas NaHfHs
and RbHfHs retain finite magnetic moments of approximately 2.05 uB and 2.08 puB, respectively. This suggests that alkali-site
substitution and lattice expansion can influence spin polarization in hafnium-based hydride perovskites. Phonon dispersion
analysis indicates dynamic stability for RbHfHs, while LiHfHs and NaHfH; exhibit imaginary phonon modes, suggesting lattice
instabilities that should be considered in future experimental or computational studies. The calculated gravimetric hydrogen-
storage capacities are 1.61 wt.% for LiHfHs, 1.48 wt.% for NaHfHs, and 1.13 wt.% for RbHfHs. Although these values confirm
the hydrogen-containing nature of the compounds, they remain modest compared with practical hydrogen-storage targets. In
addition, the predicted desorption temperatures are high, indicating that these materials are unlikely to be directly suitable for
practical reversible hydrogen storage without further modification. Nevertheless, the observed trends in bonding, magnetism,
phonon stability, and thermal behavior provide useful fundamental insight into alkali-metal effects in XHfHs hydride perovskites.
Future work should focus on compositional tuning, defect engineering, catalytic modification, and experimental validation to
determine whether the desorption behavior and lattice stability can be improved.
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