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ARTICLE INFO ABSTRACT

Handling Editor: Dr M Mahdi Najafpour Hydrogen is a promising alternative to fossil fuels due to its abundance on Earth, clean-burning properties, and
non-toxic nature. However, developing efficient storage solutions remains a major challenge. Perovskite-type
hydrides have attracted significant interest as potential solid-state hydrogen storage materials, owing to their
high storage density and safety advantages. In this study, Density Functional Theory is employed to conduct a
comprehensive investigation of the structural, dynamic, mechanical, and optoelectronic properties of XZrHs (X
= Li and K) to assess their suitability for hydrogen storage. Electronic structure analysis reveals that both ma-
terials exhibit metallic behavior. Mechanical properties such as bulk modulus (B), shear modulus (G), Cauchy
pressure (Cp), B/G ratio, and Young’s modulus (E) are calculated using the Voigt-Reuss-Hill approach. The results
indicate that LiZrHj3 exhibits ductile behavior, while KZrHj is characterized as brittle. Both compounds are
thermodynamically and mechanically stable, as confirmed by their negative formation enthalpies and elastic
constants. Furthermore, the calculated gravimetric hydrogen storage capacities of LiZrHs and KZrHs are 2.99 wt
% and 2.27 wt%, respectively, with estimated hydrogen desorption temperatures of 473.76 K and 421.06 K.
These findings support the potential of Zr-based perovskite hydrides for next-generation hydrogen storage
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technologies.

1. Introduction

Energy forms the basis of the high standard of living achieved by
developed countries today. This situation indicates that the consump-
tion of natural resources will persistently increase to sustain the current
level of development and support the progress of developing countries.
Fossil resources like oil, natural gas, and coal today meet a large portion
of energy needs. However, their limited reserves and environmental
damage doom these resources to depletion. In this context, the devel-
opment of environmentally friendly, renewable, and sustainable energy
sources is of enormous importance. Comprehensive studies conducted in
the literature reveal that interest in sustainable hydrogen storage ma-
terials has significantly increased recently due to the rising energy crisis
and environmental issues [1-4]. As a clean energy carrier, hydrogen
stands out, and there is a need for safe and highly efficient storage
technologies for its effective integration into energy systems.

In hydrogen storage, there are various techniques, such as solid-state
hydrogen storage, the liquefaction method, and compressed gas [5-7].
Hydrogen in the gas phase is stored in the form of compressed gas within
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high-pressure tanks. This method requires the use of vessels that are
resistant to high pressure, lightweight, durable, and highly resistant to
explosions. However, the low volumetric storage density in compressed
hydrogen gas systems constitutes a significant disadvantage. On the
other hand, hydrogen in its liquid form is stored using the liquefaction
method. In this method, although the density of volumetric storage in-
creases, the system must be maintained at temperatures below 20 K for
hydrogen to remain in liquid form. In this context, there are still sig-
nificant challenges in systems for storing compressed and liquid
hydrogen in vehicle technologies.

To overcome these challenges, researchers are developing alterna-
tive technologies based on nanostructured materials and metal hydrides
that allow for the storage of hydrogen in the solid phase [8-10].
Solid-state hydrogen storage is a unique method for long-term storage.
Solid-state hydrogen storage technologies allow the storage of hydrogen
using various materials, such as complex hydrides, chemical hydrides,
magnesium-based alloys, and intermetallic compounds [6,8,11]. These
technologies have high storage capacities and can be evaluated in in-
dustrial applications. Currently, the most widely accepted hydrogen
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storage method is the use of hydrogen in the form of compressed gas
[12]. However, this method’s limited storage capacity and the potential
danger it poses without adequate precautions are among its significant
disadvantages [13]. Additionally, storing hydrogen in underground
natural tunnels is also possible, and this method offers a cost-effective
option. Therefore, the development of new hydrogen storage technolo-
gies is of major importance for the widespread adoption of renewable
and clean energy sources [14,15].

Perovskite hydrides have garnered significant interest as promising
candidates for solid-state hydrogen storage due to their high gravimetric
hydrogen storage densities. These densities can reach values between 5
% and 8 % [16]. Compounds such as MgH, and LiH are among the
hydride examples that exhibit significant gravimetric hydrogen storage
densities. However, despite being thermodynamically stable, these
materials exhibit slow kinetics in hydrogen absorption and desorption
processes. Experimental studies conducted by Anders Andreasen have
examined the hydrogenation behaviors of Mg and Al alloys [17]. These
studies have indicated that the inclusion of the Al element in the
Mg/MgH, system significantly improves the kinetics of both hydroge-
nation and dehydrogenation reactions.

Researchers are exploring perovskite-type hydrides as promising
solutions to these challenges [18-20]. These materials are appealing
because they are lightweight, have stable complementary phases, and
contain hydrogen atoms in interstitial sites that make hydrogen release
easier. In particular, ternary perovskite hydrides (ABH3) have attracted
considerable attention for their potential use in hydrogen storage,
rechargeable batteries, switchable mirrors, and other energy storage
systems [21-26]. Owing to these exceptional features, numerous ABH3
hydrides have been identified and experimentally examined by re-
searchers as solid-state hydrogen storage materials. For instance,
Masood et al. [27] investigated the hydrogen storage potential of
Ge-based XGeH3 (X = Mg, Ca, and Sr) perovskites, revealing their
promising mechanical, thermoelectric, and electronic properties. Simi-
larly, Kiani et al. [28] and Bakar et al. [29] conducted first-principles
studies on XGeHs (X = K, Rb) and XPtH3 (X = Cs, Fr) perovskites,
highlighting their structural stability and electronic characteristics
relevant to hydrogen storage. Furthermore, Azhar et al. [30] explored
the properties of Rhodium-based XRhHj3 (X = Na, Cs, Sr) perovskites,
emphasizing their optical and thermodynamic advantages. Rahman and
Hossain explored MCoHs (M = Na, K, Rb) perovskite hydrides as po-
tential candidates for hydrogen storage using density functional theory
(DFT). Their results demonstrated that these compounds exhibit signif-
icant hydrogen storage capabilities in terms of both weight and volume,
with NaCoHs achieving the highest performance at 3.56 wt% and
129.94 g Hy/1, respectively [31].

Researchers have recently focused extensively on Zr-based perov-
skite hydrides for hydrogen storage applications [19-24]. The XZrH3 (X
= Mg, Ca, Sr, Ba) cubic crystal structure and Pm-3m (#221) space group
were analyzed, and gravimetric hydrogen storage capacities were found
to be 2.55, 2.25, 1.66, and 1.31 wt%, respectively [32]. Similarly,
Usman et al. [33] reported 2.93 wt% hydrogen storage capacity for
BeZrH3 perovskite hydrides with a desorption temperature of 336.62 K.
Furthermore, Bahhar et al. [34] studied the structural, electronic, me-
chanical, optical, and hydrogen storage properties of MgZrH3 perovskite
hydride with 2.487 wt % hydrogen storage capacity using the GGA-PBE
approach in the CASTEP package. More recently, Didi et al. [35] re-
ported the desorption temperature and gravimetric hydrogen storage
capacity of the RbZrH3 compound as 548.15 K and 1.64 wt%, respec-
tively, using first-principles calculations in CASTEP. Ahmad et al.
studied the ScZrHs hydride and determined that it exhibited electrically
metallic properties, its free hydrogen storage capacity was 2.86 wt%
[36]. The favorable characteristics of zirconium, a transition metal,
prompted us to explore Zr-based hydrides for hydrogen storage pur-
poses. The presence of an unpaired electron in the Zr-4d state facilitates
hydrogen absorption. Additionally, zirconium exhibits low density,
efficient adsorption and desorption, kinetics, and strong thermodynamic
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stability. The hybridization of the Zr p-state with the s-state of alkali
light metals further enhances its energy storage capabilities [37].

Despite the research on Zr-based perovskite hydrides, there is a
chance to investigate new structures that might provide improved
properties. In this study, DFT computations were used to thoroughly
examine the mechanical, optoelectronic, anisotropic, and hydrogen
storage properties of Zr-based perovskites LiZrHs and KZrHs. By eval-
uating these fundamental properties, we aimed to provide a compre-
hensive understanding of the hydrogen storage potential of these
materials. To our knowledge, these materials have been investigated for
the first time, and there are no findings in literature, whether experi-
mental or theoretical. The conclusions drawn from this research indicate
a strong potential for influencing subsequent experimental and theo-
retical work concerning the hydride materials studied.

2. Methodology of calculation

The primary physical features of perovskite hydrides LiZrHs and
KZrHs, including elastic constants, dynamic, and hydrogen storage
properties were initially examined using density functional theory (DFT)
with the generalized gradient approximation (GGA-PBE) method [38].
All computations were conducted using VASP (Vienna Ab initio Simu-
lation Package) [39,40], in which the projector-augmented wave (PAW)
approach [41] to characterize the interactions between the cores of Li, K,
Zr, and H atoms, and the valence electrons in this study. The
valence-electron configurations used for Li, K, Zr, and H were 15 2st,
3s2 3p6 4st, 4s? 4p6 4 d® 552, and 1s', respectively. The
energy-convergence criterion for geometric optimization was set to
1078 eV/atom. The cut-off energy was set at 600 eV, and a k-points mesh
of 12 x 12 x12 in the first Brillouin zone was chosen for accurate
computations [42]. Since the GGA-PBE method usually underestimates
the band gap of materials, a more precise exchange-correlation func-
tional, the Heyd-Scuseria-Ernzerhof (HSE06) functional, was used to
explore the optoelectronic properties of XZrHz [43]. The ElasticPOST
code [44] was employed to characterize the three-dimensional (3D)
elastic anisotropic characteristics of these perovskite hydrides. Electron
density distributions were visualized utilizing VESTA software [45]. The
elastic constants were computed using the stress-strain method in VASP
[46]. On the other hand, in the low-energy infrared region of the spec-
trum, optical simulations in metal and metal-like materials mostly
reflect intraband contributions from conduction electrons [47]. There-
fore, an empirical Drude term with a plasma frequency of 3 eV and
damping of 0.05 eV was incorporated into the dielectric function for
optical calculations. Phonon calculations for the XZrHs compounds,
assuming a cubic structure with Pm-3m symmetry, were carried out
using the supercell approach implemented in the PHONOPY code, with a
2 x 2 x 2 supercell [48].

3. Results and discussion
3.1. Structural properties

Perovskite hydrides XZrHs, where X can be Lithium (Li) or Potassium
(K), demonstrate remarkable stability in the cubic phase, characterized
by the space group Pm-3m (no: 221). This structural stability is crucial
for various applications, particularly in energy storage and conversion
technologies [2]. Fig. 1 provides a detailed illustration of the crystal
structure of cubic XZrHjs. In this configuration, the X atoms occupy the
corners of the cubic unit cell at coordinates (0, 0, 0), while the zirconium
(Zr) atoms are situated at the center of the cube at (0.5, 0.5, 0.5). The
hydrogen (H) atoms are strategically placed at the face centers of the
cube, located at (0.5, 0, 0.5), (0, 0.5, 0.5), and (0.5, 0.5, 0), effectively
forming octahedral sites within the structure. This arrangement not only
defines the geometric properties of the material but also plays a signif-
icant role in its chemical behavior and stability. Besides, determining the
structural properties of these perovskite hydrides provides valuable
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Fig. 1. Crystal structure of XZrHj perovskite type hydride.

information about the atomic arrangement and overall stability of the
crystal structure. Understanding these properties is essential for pre-
dicting how the material will behave under various conditions, which is
a focal point in material science. The relationship between energy and
volume for the perovskite hydrides XZrHs (X = Li and K) is shown in
Fig. 2. It highlights how the total energy of the system varies as a
function of the unit cell volume. The parabolic curve observed in the
energy versus volume plot is derived from the optimization of the crystal
structure.

The Birch-Murnaghan equation of state [49] is employed to estimate
the structural parameters obtained after this optimization process.
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of the bulk modulus, respectively. Table 1 presents a comprehensive list
of the optimized lattice constants (a), bulk modulus (B), the derivative of
bulk modulus with respect to pressure (B'), and formation energy (A Hp).
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Table 1

The calculated lattice constant (a), Bulk modulus (B), pressure derivative of the
Bulk modulus (B), and formation enthalpy (AH;) for LiZrH; and KZrHj
hydrides.

Material a ) B (GPa) B A Hy (eV/atom)
LiZrHj 3.895 60.6 3.12 —0.645

KZrH3 4.166 49.2 3.53 —0.561
BeZrH3 [20] 3.80 59.80 - —-0.45

MgZrHj [21] 3.867 73.18 4.02 —-0.871
RbZrH; [22] 4.23 46.12 3.62 -0.74

LiSrHj3 [36] 4.588 22.71 3.58 -

lattice constants, which can be attributed to the larger ionic radii of the
elements involved. The bulk modulus quantifies a material’s ability to
withstand uniform compressive forces. When comparing the calculated
values of bulk modulus in Table 1, LiZrHs (60.6 GPa) is larger than that
of KZrHs (49.2 GPa). The calculated bulk modulus values of both ma-
terials are greater than 40 GPa, indicating that they are hard materials.
These values are lower than those of CaZrHs (81.99 GPa) [32], SrZrH3
(91.62 GPa) [32], and MgZrHs (73.18 GPa) [34], but higher than those
of RbZrH3 (46.12 GPa) [35], KTiH3 (44.938 GPa) [50], and LiSrH3
(22.71 GPa) [51].

A negative formation energy (AHy) indicates that the compound is
exothermic, meaning less energy is needed to break bonds than the
energy released when new bonds are formed. It also shows whether the
studied compound can be experimentally synthesized. The formation
energy for these hydrides was calculated using the following equation:

)

where N is the total number of atoms in the system, EY', E%’, and E3
stand for the ground state energies of the X, Zr, and H; atoms, respec-
tively, and Eg; . is the system’s ground state energy. As shown in
Table 1, the formation enthalpies per atom of LiZrH3 and KZrHj3 are
—0.645 eV and —0.561 eV, respectively, which indicates that LiZrHs is
more stable than KZrHs. This negative value indicates that these hy-
drides can be synthesized experimentally. Therefore, the calculated re-
sults are higher than the reported BeZrHs (—0.45 eV/atom) [33],
MgAlH;3 (—0.499 eV/atom) [34], and KTiH3 (—0.285 eV/atom) [50].
To evaluate the dynamic stability of the examined materials, an
analysis of the phonon dispersion curves was conducted. Fig. 3 shows
the phonon dispersion curves calculated along the high symmetry points
in the first Brillouin zone. The presence of only real frequencies in a
material’s phonon spectrum indicates that it is dynamically stable; the
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Fig. 2. The optimized total energy-volume curve for LiZrH3 and KZrH; hydrides.
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presence of imaginary frequencies, on the other hand, signifies dynamic
instability. The lack of imaginary frequencies throughout the entire
Brillouin zone shows that the LiZrHs and KZrHs compounds are
dynamically stable.

3.2. Hydrogen storage properties

The use of hydrogen as a fuel is significantly hindered by the lack of
suitable materials that have high gravimetric storage capacity, C,: %.
Greater gravimetric and volumetric hydrogen storage densities are
crucial for the development of suitable materials for hydrogen storage
applications. We have calculated the gravimetric and volumetric
hydrogen storage densities of the perovskite-type hydrides LiZrH3 and
KZrHj;. To achieve this objective, the molar mass of the host material and
the molar mass of hydrogen are utilized, and the subsequent mathe-
matical relation is applied to compute C,; % [52]:

(H/M)my

=——"———x100%
Mpost + (H/M)mH

Cue (%) ®)

The variable H/M represents the ratio of hydrogen atoms to host
atoms, while my and mp,s; denote the molar mass of hydrogen and the
molar mass of the host material, respectively. As can be seen from
Table 2, the gravimetric hydrogen storage densities for the hydrides
LiZrHg and KZrHs are 2.99 % and 2.27 %, respectively. The hydrogen
storage capacity of LiZrHj is superior to that of the KZrH3 compound,
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Table 2
The gravimetric (Cyw) and volumetric (p,,) hydrogen storage capacity,
desorption temperatures (Tges) of LiZrHz and KZrH3 hydrides.

Material Cuwt (%) Pvor (8-H2/L) Tges (K)
LiZrH;3 2.99 87.04 473.76
KZrH; 2.27 72.80 421.06

and this suggests that LiZrH3 may be a much more efficient material for
hydrogen storage applications. The C,,; % values determined for LiZrH3
and KZrHj are also higher than some of the perovskite hydrides previ-
ously reported for hydrogen storage applications, such as CaZrHs (2.25
%) [19], RbZrHs (1.64 %) [22], CsTiHs (1.65 %) [50].

Although these values remain below the DOE’s 2025 target of 5.5 wt
% for onboard hydrogen storage systems, it is important to emphasize
that these materials demonstrate favorable thermodynamic stability,
rapid hydrogen kinetics, and mechanical robustness. Such characteris-
tics make them promise for alternative hydrogen storage applications,
particularly in small-to medium-scale systems, such as stationary energy
storage, backup power solutions, and hydrogen buffering in renewable
energy setups, where high gravimetric capacity is not the sole perfor-
mance criterion.

The volumetric hydrogen storage capacity refers to the amount of Hy
that can be stored per unit volume and is usually expressed in grams of
Hy per liter. The volumetric hydrogen storage capacity (p,;) for LiZrHs
and KZrHs was calculated using the formula below [53]:

Ny xmy

Pyol = V(L)xN, ()]

In this equation, Ny, my, V (L), and N, denote the quantity of
absorbed hydrogen, the molecular weight of hydrogen, the volume of
the absorbent, and Avogadro’s number, respectively. The calculated
volumetric hydrogen storage capacities of these perovskite-type hy-
drides are listed in Table 2. Similar to the C,, % result, LiZrHs (87.04 g.
Hjy/L) exhibits a larger p,,, compared to the other material KZrH3 (72.80
g.Hy/L). The volumetric hydrogen storage capacity of NaMTH3 (MT =
Sc, Ti, V) in the Pm-3m crystal structure was reported as 80.47, 96.01,
and 107.32 g.Hy/L, respectively [53]. Moreover, the desorption tem-
perature of the perovskite-type hydrides can be determined using the
following equation:

—AH;

T ="as™

(5)
where AS denotes the entropy change (for hydrogen, its value is 130.7 J/
mol K) and Ty signifies the desorption temperature. As presented in
Table 2, the calculated desorption temperatures for LiZrHs and KZrHj
are 473.76 K and 421.06 K, respectively. The calculated desorption
temperatures for the studied hydrides surpass room temperature (300
K), making them suitable for off-ship hydrogen storage applications
[54].

3.3. Electronic properties

By examining the electronic band structures of a material, re-
searchers can predict whether this material exhibits metallic, semi-
conducting, or insulating behavior. The electronic characteristics of
XZrHs (X = Li and K) were analyzed using the HSEO6 functional and the
electronic band structures for these hydrides are displayed in Figs. 4 and
5, respectively, spanning an energy range from —8 eV to 6 eV. The red
solid line, drawn horizontally at 0 eV, denotes the Fermi level (Eg). From
these figures, it can be clearly seen that the conduction band overlaps
with the valence band around the Fermi energy level, indicating that
these perovskite-type hydrides have metallic characteristics. The
metallic properties of materials present significant potential for appli-
cations in hydrogen storage [55]. The results obtained for these two
materials are in agreement with previously reported materials BeXHsz (X
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Fig. 5. The electronic band structure and TDOS-PDOS of KZrHs.

= Ti, Zr) (metallic) [33], MgXHs (X = Al, Sc, and Zr) (metallic) [34],
RbZrH3 (metallic) [35], and ScXHgs (X = Ti, Zr) (metallic) [36], etc.
Figs. 4 and 5 illustrate the total density of states (TDOS) alongside
the corresponding projected density of states (PDOS) for the LiZrH3 and
KZrHs, respectively. In the case of LiZrHs, the highest density of states in
the valence band is found at —5 eV, whereas in the conduction band, it
peaks at 3 eV. This peak moves closer to the Fermi level for both LiZrH3
and KZrHs, as depicted in the figures. Similarly, KZrHs shows its peak

(110) plane
1.55

0.0

density of states at —5 eV in the valence band and 1 eV in the conduction
band. The presence of various peaks in the conduction band density of
states indicates the peak arising from specific electron contributions at
different energy levels, with pronounced peaks between 1 eV and 6 eV
resulting from flattened bands in that energy interval. The largest
contribution to total energy for LiZrH3; and KZrHs comes from Zr-
d orbitals both in the valence band and conduction band as shown in
Figs. 4 and 5. Additionally, the electron density distribution function for

(110) plane

0.0

Fig. 6. Electron-density distribution (in units of e) for LiZrH3 and KZrHj3 in (110) plane.
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LiZrH3 and KZrHgs in the (110) plane was examined, as illustrated in
Fig. 6. These figures illustrate the ionic bonding among the atoms of
these materials. This result agrees with the results of Poisson’s ratio in
the mechanical properties section [30,56].

3.4. Optical properties

International Journal of Hydrogen Energy 129 (2025) 199-210

solar energy conversion, sensors, and hydrogen storage technologies. A
deeper understanding of the interactions between hydrogen materials
and the sun can be achieved by analyzing optical characteristics within
the framework of hydrogen storage. The optical properties of the
perovskite-type hydrides XZrHs (X = Li and K), with an in-depth
calculation of various optical parameters such as dielectric function,
conductivity, reflectivity, and absorption, were performed using the
HSEO06 functional [43]. Understanding the dielectric constant is crucial

Optical properties often provide opportunities to enhance hardware for probing the optical response of materials to incoming
performance across several applications, including photonics, optics,
i 8
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Fig. 7. Optical properties of LiZrH; and KZrHj3 (a) Real part of the dielectric function, (b) Imaginary part of the dielectric function, (c) Real part of optical con-
ductivity, (d) Imaginary part of optical conductivity, (e) Refractive index, (f) Absorption coefficient, (g) Reflectivity and (h) Loss function.
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electromagnetic radiation. The real and imaginary components of the
dielectric constant, ¢ (w), are derived using Kramer * s-Kronig relations
[57,58]. The equation for the real part of the dielectric constant, ; (@), is
given by:

(6)

With the knowledge of ¢ (w), one can easily calculate ¢ (w) con-
ductivity, n (o) refractive index, I (w) absorption coefficient, and R (@)
reflectivity using the sequential formulas given below [43]:

€ () =¢e1(w) +iex(w)

o(@)=— % ¢ (@) @
()= [“‘W o (“’)} : ®)
o) { GDER{DET (m)} - ©
R (@)= '@r )

Ve (w)+1

Fig. 7(a and b) depict the change of ¢, (w) and &;(w) for LiZrH3 and
KZrH3 within the energy spectrum of 0-24 eV ¢; (w) shows a sharp drop
in the low-energy range, as seen in Fig. 7 (a). Moreover, & (@) tends to
converge and progress parallel to the energy axis above 7 eV. This sit-
uation reflects the minimal polarization and dispersion of incident
photons in this energy range [59,60]. The static dielectric constants
€1(0) for LiZrHs and KZrHs are measured as 35.01 and 3.39, respec-
tively. The elevated positive values of ¢;(0) signify a significant elec-
trical energy storage capability and a considerable degree of
polarization in these hydrides [60,61].

Fig. 7 (b) illustrates that the spectra of the imaginary component
€2(w) exhibit a significant peak in the ultraviolet range. The maximum
value of ¢;(w) was identified for LiZrHj at around 6.09 eV (4.25) and for
KZrHgs at roughly 6.24 eV, with a peak value of 6.11. Moreover, Fig. 7 (b)
illustrates a subtle peak in the low-energy infrared region of the &»(w)
spectra for the two examined compounds. In the elevated energy range,
€2(w) attains nearly insignificant values and thereafter declines to zero
beyond 12 eV. This signifies that the analyzed materials demonstrate
negligible absorption and interference of electromagnetic radiation
within this energy spectrum [62].

To investigate the conduction process in XZrHs (X = Li and K) hy-
drides, we have illustrated in Fig. 7(c and d) the variation of the real and
imaginary parts of the optical conductivity as a function of energy.
KZrHs is notable among these hydrides for its superior conductivity in
the UV spectrum. The peak conductivity of KZrHs was determined to be
3.45 (fs)’l, whereas LiZrHs exhibited a value of 2.22 (fs) L. In Fig. 7 (d),
as the energy value increases, the imaginary components of LiZrHs and
KZrHj attain their minimum values at 5 eV and 6 eV, respectively, before
gradually rising, indicating a reduction in the reactive component of the
material’s reaction to an electric field.

The spectral variation of the refractive index n (@) with energy for
XZrHs (X = Li and K) is shown in Fig. 7 (e). As can be seen from Fig. 7 (a)
and 7 (e), the patterns of the refractive index n (w) and the real part of
the dielectric function ¢; (») clearly coincide. For LiZrHz and KZrHs, the
static refractive index n (0) has been determined to be 6.75 and 12.82,
respectively. Additionally, the lower refractive index values occur at
very high energies, suggesting that these hydrides are transparent to UV
light.

The optical absorption coefficient of a substance is another crucial
optical characteristic. This coefficient measures how well a material
absorbs incident radiation. Fig. 7 (f) shows the absorption spectrum of
XZrHs (X = Li and K) hydrides in the 0-24 eV range. The analysis reveals
varying patterns in I (), with the most significant absorption peaks
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being 1.42 at 7.21 eV for LiZrHs and 1.67 at 7.75 eV for KZrH3 com-
pounds. The KZrH; compound has the largest value among the studied
materials. The variable I (o) plays a crucial role in energy storage and
optoelectronics applications [63-65].

Reflectivity was used to assess the degree of light reflection at the
surface of these materials. The reflectivity curves are presented in Fig. 7
(g). For these hydrides, the reflectivity demonstrates a pronounced
decrease at very low energy, succeeded by smooth oscillations within
the energy range of 2-14 eV. At 0 eV, KZrH3 demonstrates the lowest
reflectivity at 8.75 %, whereas LiZrH3 displays the highest reflectivity at
50.53 %.

The possibility of photoelectron scattering is closely linked to the
energy loss function, as illustrated in Fig. 7 (h). The peak energy loss
values are 2.19 at 19.45 eV and 2.79 at 23.24 eV for LiZrHs and 1.64 at
15.44 eV for KZrHs.

3.5. Mechanical properties

Mechanical stability is a crucial property that refers to a material’s
capacity to withstand deformation when subjected to various mechan-
ical stresses and strains [54]. This concept encompasses the material’s
ability to endure fluctuations in both pressure and temperature, which
are common in many practical applications. Additionally, mechanical
stability involves the material’s resistance to repeated cycles of
adsorption and desorption, which is particularly relevant in contexts
such as hydrogen storage, where materials must frequently transition
between different states [54]. Therefore, a thorough investigation of the
mechanical properties of these materials is extremely important for both
scientific research and industrial applications.

For the mechanical stability of materials, the elastic constants must
meet the Born stability criteria [66]. These criteria are critically
important for ensuring the mechanical stability of materials and must
remain below certain values for the material to be used safely. The Born
criteria help us understand the elastic properties and durability of the
material while also providing a foundation for the design and develop-
ment of new hydrogen storage materials. The investigated materials
have a cubic phase Pm-3m space group, and have three elastic stiffness
tensors (C11, C12, and Cy44). Born mechanical stability criteria for a cubic
structure [67,68] are given as:

C11>0, C;3 —Ci2>0,C11 +2C12 >0,C44 >0 1)

The analyzed materials conform to the Born stability criteria as
presented in Table 3. XZrH3 (X = Li and K) perovskite hydrides have
been determined to be mechanically stable. The brittleness and ductility
of these materials are determined using the Cauchy pressure (C;2-Cs4)
given in Table 3. The positive (negative) Cauchy pressure value can be
used to infer the ductility (brittleness) [69]. As a result, it is uncovered
that KZrHs is brittle while LiZrHj is ductile in nature.

Furthermore, these elastic constants facilitated the derivation of
several mechanical parameters, including Bulk modulus, Shear
modulus, Young’s modulus, B/G, G/B, and Poisson’s ratio, utilizing the
Voigt, Reuss, and Hill methodologies [70-72]. For the XZrH3 (X = Li and
K) hydrides, the bulk modulus (B), shear modulus (G), and Young’s
modulus (E) were calculated using equations (12)-(17); the results are
listed in Table 4.

1
B:§(C11 +2Cy2) 12)

Table 3
Elastic constants (Cy) and calculated Cauchy pressure (Cp) for LiZrHs and KZrHs
hydrides.

Material C11 (GPa) C12 (GPa) Cs4 (GPa) Cp (GPa)
LiZrHj3 149.78 21.37 18.72 2.65
KZrHj3 102.65 31.72 35.01 —3.29
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Table 4
The calculated values of Bulk modulus (B), Shear modulus (G), Young’s modulus
(E), B/G, G/B, and Poisson’s ratio (v) for LiZrH; and KZrHj perovskites.

Material B (GPa) G (GPa) E (GPa) B/G G/B v
LiZrH3 64.17 31.52 81.25 2.04 0.49 0.29
KZrHj3 55.36 35.19 87.12 1.57 0.64 0.24
1
Gv:g(3c44 —Ci12+3Cn) 13)
(C11 — C12)5C44
== 14
R 4Cu4 + 3(C11 — Cr2)
1
GZE(Gv+GR) (15)
9BG
E=—""—_ 16
(G+ 3B) 16
1[3B—E
"6 [ B } an

The solidity of materials is explained by their Bulk modulus (B),
which is 64.17 GPa for LiZrHs and 55.36 GPa for KZrHs. LiZrH3 exhibits
the highest value among these hydrides, indicating low compression and
strong stiffness [73]. Shear modulus (G) values for LiZrH3 and KZrHj3
perovskites are 31.52 GPa and 35.19 GPa, respectively. Additionally, the
bulk modulus of these hydrides is greater than the shear modulus,
indicating that shear deformation primarily limits the mechanical
strength. For LiZrH3 and KZrHs, the Young’s moduli (E) are 81.25 GPa
and 87.12 GPa, respectively. KZrHs is stiffer with a high degree of
resistance. Therefore, from an engineering perspective, KZrHs may be
more useful [74]. The computed results for B, G, and E are closely
related to the reported materials, MgZrHs (B = 63.85, G = 35.79, and E
= 90.31 GPa) [32], and RbCdH3 (B = 57.33, G = 31.78, and E = 80.47
GPa) [75].

Two other indicators of a material’s brittleness or ductility are
Poisson’s and Pugh’s moduli. More precisely, a material is categorized as
ductile if its Poisson’s ratio is more than 0.26, if not, it is brittle.
Conversely, a material is classified as ductile if its Pugh coefficient (B/G)
is more than 1.75, if not, it is classified as brittle [75]. For KZrHs,
Poisson’s and Pugh’s ratios fall below the critical limits, whereas for
LiZrHs, they rise above the critical limits. This suggests that KZrHs ex-
hibits brittleness, whereas LiZrHs exhibits ductility. According to the
Cauchy pressure parameter, these outcomes are consistent.

Besides, Poisson’s ratio (v) may be calculated using Eq. (17), which
relates to bonding properties of the materials. Numerous investigations
indicate that covalent materials often have a Poisson’s ratio of approx-
imately 0.1, whereas ionic materials generally possess a Poisson’s ratio
of v > 0.25 [56]. As shown in Table 4, these investigated materials were
found to be ionically bonded. At this point, the hydrides XZrH3 (X = Li
and K) are of ionic nature, and our results are in good agreement with
the reported XZrHs (X = Mg, Ca, Sr, Ba) [19], MgZrH3 [34], and RbZrHj3
[35]. Nonetheless, this is in line with the electron-density distribution
analysis shown in Fig. 5 for the presented materials. On the other hand,
the bonding type of the material is also determined by the G/B ratio; this
ratio of around 1.1 (0.6) indicates covalent (ionic) bonding [56]. The
G/B ratio for these LiZrHs and KZrH3 hydrides was calculated as 0.49
and 0.64, respectively, indicating a notable occurrence of ionic bonding.

Additionally, other mechanical characteristics, including Debye
temperature (O@p), average acoustic sound velocity (vy), longitudinal
velocity (v)), transverse velocity (v,), and melting temperature (Ty),
have been computed for XZrH3 (X = Li and K) and results are shown in
Table 5, using the given equations below:
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Table 5

The calculated density (p), longitudinal wave velocity (vp), transverse wave ve-
locity (v,), average wave velocity (v,), Debye temperature (0p), and melting
temperature (Ty) of LiZrH; and KZrHs.

Material p (g/cm®) v; (m/s) v, (m/s) Vm (m/5) Op (K) Tm
LiZrH; 2.912 6039 3290 3670 483.5 1438
KZrH;3 3.210 5645 3311 3671 455.7 1160
h 5/3n NA[)
=i\ (7 v 18)
31 /2 1
[ bl el 1
Vm 3 (vf’ + V13> 19
B
y= B+ 46 (20
3p
G
Ve=4/— 21)
p
. 17':
Ty = |553+ w K+ 300K 22)
GPa

The Debye temperature (@p) of LiZrHj3 is greater than that of KZrH;
because it has stronger internal bonding. The present findings are higher
than the published values for SrZrHs (374.37 K) [19], BaZrH3 (222.64 K)
[32], and MgAIH3 (427.53 K) [34]. Furthermore, the melting tempera-
ture decreases as the density of these materials increases, indicating a
correlation with the rising elastic constants [56]. There is an observed
linear correlation between the melting temperature and the Debye
temperature of these perovskite structures. This phenomenon is eluci-
dated by the rise in the ionic radius of the cation from Li to K.

3.6. Anisotropy properties

The anisotropy factor (A) serves as a crucial parameter for evaluating
the elastic anisotropy of a given compound. This factor allows re-
searchers and engineers to understand how the material’s mechanical
properties vary with direction. Specifically, the anisotropy factors
associated with the principal crystallographic planes, namely the (1 0 0),
(0 1 0), and (0 O 1) directions, can be denoted as Aj, Ay, and As,
respectively. By analyzing these factors, one can gain insights into the
directional dependence of the material’s elastic behavior, which is
essential for applications that require precise mechanical performance
under varying stress conditions. Understanding these anisotropy factors
is vital for optimizing material selection and engineering designs in
various fields, from aerospace to civil engineering [76]. The elastic
anisotropy of a cubic crystal can be quantified using various anisotropy
indices, such as the universal anisotropy index (AU ), the Zener anisot-
ropy index (A%), and the percentage anisotropies in compression (A8 )
and shear (A®). These indices can be determined using the formulas
provided in Refs. [77-80] and are listed in Table 6.

AU:5%+§—:—6 (23)
A1:A2:A3:A2:% 29
A :% X 100% 25)
AC :% X 100% (26)
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Table 6
Anizotropy parameters.
Material By (GPa) Bg (GPa) Gy (GPa) Gg (GPa) By/Bgr Gv/Gr AY A? Ag Ag
LiZrH3 64.17 64.17 36.91 26.12 1.00 1.41 2.05 0.29 17.12 0
KZrHj3 55.36 55.36 35.20 35.18 1.00 1.00 0 0.98 0.03 0
LiZrH KZrH
I£rA s rr;
Bulk Modulus(GPa) Bulk Modulus(GPa)
64.17
55.36
[001] 64.17 [001]
iy 55.36
64.17 55.36
64.17 55.36
64.17
55.36
64.17
55.36
Shear Modulus(GPa) Shear Modulus(GPa)
35 353
35.25
30
352
35.15
25
10 10
[ 1 351
35.05
20
Young Modulus(GPa) Young Modulus(GPa)
140
87.6
130
[001] 875
120
874
110
873
100
872
90
871
[100] [010] o
87
70
86.9
60
86.8
Poisson ratio Poisson ratio
0.35
0.2385
001 [001]
. 0.238
0.25 0.2375
0.237
[100 .
0.2365
0.15

Fig. 8. Three-dimensional view of B, v, G, and E parameters of LiZrH; and KZrH3. Nonspherical geometries for B, v, G, and E prove the presence of elastic anisotropy.
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In the above equations, By (Gy) and Br (Gg) refer to the Voigt and
Reuss estimates for Bulk (Shear moduli), respectively. Additionally, C;1,
C12, and C44 are three independent constants that are found in cubic
crystals. The universal anisotropy factor (AY ) can assume values zero or
positive. A value of zero for AV indicates that the crystal is isotropic,
while any value greater than zero signifies the existence of anisotropy.
The universal anisotropy factors for LiZrH3 and KZrHs are 2.05 and 0,
respectively, as shown in Table 6. This implies that LiZrH3 shows
anisotropy while KZrHj is isotropic. For an isotropic crystal, A° = 0 and
AP = 0. Any deviation from zero implies the degree of anisotropy. In
our work A2 = 0 both for LiZrH; and KZrHs. As seen from Table 6, AS
= 17.12 for LiZrH3 and A® = 0.03 for KZrH3; which states that the
studied hydrides are isotropic in compression and anisotropic in shear.

The ElasticPOST code [44] was used to visualize the effect of
anisotropy on mechanical properties in 3D. Fig. 8 presents the colored
3D view of B, v, G, and E parameters for LiZrHs and KZrHs in [100],
[010], and [001] planes. The variations from a perfect sphere in the
figures generated using the ElasticPOST code reflect the level of
anisotropy in the three-dimensional mechanical properties. Fig. 8 il-
lustrates that the 3D projections of the E, G, and v values for LiZrH3 do
not form a perfectly spherical shape. In contrast, the E, G, and v values
for KZrHgs are nearly isotropic. In Table 7, the calculated maximum and
minimum values of E, G, and v are given. By dividing the relevant pa-
rameters , we obtain the anisotropy for LiZrHs as 3.43, 2.82, and 11.95.
Similarly, we obtain the anisotropy for KZrHs as 1.01, 1.01, and 1.03.
Consequently, the numerical values of elastic anisotropy tabulated in
Table 7 and the 3D analysis (Fig. 8) corroborate with each other in terms
of the elastic anisotropy properties of the XZrHs (X = Li and K).

4. Conclusions

This study employed first-principles calculations using the DFT
method within the VASP software to investigate the structural, elec-
tronic, optical, and mechanical properties of Zr-based perovskites,
XZrH3 (X = Li and K), for hydrogen storage applications. The negative
formation enthalpies of both compounds confirm their thermodynamic
stability and synthetic feasibility. Additionally, Born’s stability criterion
was used to verify the mechanical stability of these hydrides. Besides,
the absence of imaginary frequencies in XZrHj indicates that these
compounds are entirely dynamically stable. Analysis of the band struc-
ture and density of states (DOS) indicated metallic behavior in these
materials. LiZrHs was found to be ductile, whereas KZrH3 exhibited
brittleness. The optical properties were thoroughly examined related to
photon energy, revealing that KZrHs is the most conductive material in
the ultraviolet spectrum. The gravimetric hydrogen storage capacity and
desorption temperatures were determined to be 2.99 wt% at 473.76 K
for LiZrHz and 2.27 wt% at 421.06 K for KZrHs. The results suggest that
XZrHjg perovskites have considerable potential for use as metal hydrides
in hydrogen storage applications. Nonetheless, more theoretical and
experimental investigations are necessary to enhance the features of
these structures.
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Table 7
The calculated minimum and maximum values of Shear modulus (G), Young’s
modulus (E), and Poisson’s ratio (v) of LiZrHz and KZrH; perovskite hydrides.

Material Young’s Modulus Shear Modulus Poisson’s Ratio
Enin Emax Gmin Gmax Vmin Vmax

LiZrHj 18.72 64.21 51.18 144.44 0.05 0.63

Anisotropy 3.43 2.82 11.95

KZrHj3 35.01 35.47 86.75 87.67 0.23 0.24

Anisotropy 1.01 1.01 1.03
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