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ARTICLE INFO ABSTRACT

Keywords: Perovskite-type hydrides have emerged as promising solid-state hydrogen storage materials owing to their high
DFT volumetric density and safety. Motivated by this potential, Density Functional Theory (DFT) and Ab Initio

Desorption temperature Molecular Dynamics (AIMD) simulations were performed to investigate the structural, optoelectronic, thermo-

Eh(;':znen storage dynamic, mechanical, and hydrogen storage properties of KoXH, (X = Mg, Ca) hydrides. Specifically, phonon
H§E06g 8 dispersion and negative formation enthalpies indicate that both compounds are dynamically and thermody-
Optoelectronics namically stable. Moreover, AIMD simulations performed for 5000 fs confirm their thermal stability, showing no

structural distortion during the simulation. Electronic structure calculations reveal wide band gap semi-
conducting behavior: 3.43 eV for K;MgH, and 3.41 eV for KoCaH4 within GGA-PBE, further increased to 4.67 eV
and 4.60 eV with HSE06. From a mechanical perspective, elastic constants satisfy the Born stability criteria,
confirming mechanical stability, while Pugh’s ratio and Cauchy pressure suggest brittle behavior. Optical ana-
lyses indicate strong activity in the UV region. Regarding hydrogen storage, gravimetric capacities (desorption
temperatures) were calculated as 3.80 wt% (207.87 K) for KaMgH4 and 3.30 wt% (254.88 K) for KoCaHjy. Overall,
KoMgH, appears suitable for moderate hydrogen storage, whereas KyCaHy is more favorable for applications
requiring structural resilience and efficient hydrogen release.

1. Introduction

For decades, fossil fuels have formed the foundation of the global
energy supply. However, their use leads to serious environmental and
climatic issues [1-5]. In particular, the combustion of fossil fuels re-
leases large amounts of greenhouse gases, primarily carbon dioxide,
which accelerates global warming, drives climate change, and causes
irreversible damage to natural ecosystems [6]. To mitigate climate
change and ensure environmental sustainability, low-carbon alternative
energy solutions, such as solar energy, hydrogen energy, and other
renewable resources, are urgently needed [7-9]. Among these options,
hydrogen energy is especially attractive because of its high efficiency,
environmental purity, and the possibility of production from renewable
sources [10,11]. Unlike fossil fuels, the combustion of hydrogen gen-
erates only water vapor, which improves air quality and offers a sig-
nificant advantage in combating climate change. In addition to
hydrogen storage, considerable attention has been devoted to hydrogen
production via the hydrogen evolution reaction (HER) [12-14]. For
example, Pan and Gao [12] investigated transition-metal-doped VoC
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MXene electrocatalysts and found that doping weakens V-C bond in-
teractions, facilitates hydrogen desorption, and enhances optical re-
sponses from the UV to the visible range. Similarly, Yang et al. [13]
studied borophene-based single-atom catalysts, demonstrating excellent
catalytic activity for HER. Furthermore, Yang et al. [14] reported that
noble-metal doping in borophene/WS; heterojunctions substantially
improves catalytic performance, underscoring their strong potential for
practical HER applications.

Several studies have also demonstrated that hydrogen can be used as
a fuel in vehicles without producing harmful emissions [15-17]. Current
research, therefore, prioritizes the development of efficient and reliable
hydrogen storage systems. Due to their unique structural and physical
characteristics, alkali- and alkaline-earth-based complex hydrides have
emerged as important candidates for hydrogen storage applications.
These materials, comprising hydrogen-rich compounds such as [AlH4],
[BH4]™ or [ZnH4] 2~ formed with light alkali (Li, Na, K) or alkaline-earth
metals (Mg, Ca, Sr), are attractive because of their high hydrogen con-
tent, low molar mass, and tunable thermodynamic and kinetic proper-
ties [18-21]. Within this framework, Pan and Yang [22] explored
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Li-N-H hydrides, showcasing their potential for hydrogen storage and
notable optical characteristics. Furthermore, Pan and Gao [23] investi-
gated the storage and dehydrogenation mechanisms of AMMgH3 (AM =
Li, Na, K, and Rb) hydrides. Recently, Gao et al. [24] emphasized the
promise of X3N3Hg (X = B, C, and Al) hydrides, noting their high
gravimetric capacity and significant UV absorption, thereby expanding
the possibilities within the realm of hydrogen-rich complex hydrides.
Collectively, these studies demonstrate the adaptability of complex hy-
drides and provide important perspectives on their various structural
forms. Various crystal structures, such as ABH4, A;BHy4, and AoMHg,
have been identified within this class, enabling the customization of
hydrogen release and uptake behavior. Numerous investigations have
confirmed that these materials offer significant potential for hydrogen
storage, with advantages including high gravimetric capacity, structural
and dynamic stability, favorable kinetic properties, and high volumetric
hydrogen density [25-28]. Beyond storage, complex hydrides also show
promise for applications involving optical, thermoelectric, and other
functional properties [29-34].

Bertheville et al. [35] structurally characterized KoMgH4 as a
tetragonal KoNiF4-type compound (I4/mmm), with lattice parameters a
=4.0361 10\, c=13.5921 f\, and c/a = 3.37. Neutron diffraction studies
revealed that the Mg-centered octahedra are compressed along the
tetragonal axis, indicating a distinct structural anisotropy. In a recent
experimental study, Rodenburg et al. [36] highlighted that KoMgHj is
not only a stable hydride but also exhibits mixed hydride-electronic
conductivity. Bertheville et al. also documented the successful synthesis
of novel Cs- and Mg-based ternary hydrides (i.e., CsMgHs, Cs4MgsHj(,
and CsyMgH,4) by reacting stoichiometric mixtures of binary hydrides
under thermal conditions, highlighting the versatility of Mg-containing
complex hydrides [29]. These materials are significant due to their in-
clusion of [MgH6]4' octahedral anionic motifs, presenting a viable
alternative to conventional [MgH4] 2 tetrahedral structures by
improving volumetric hydrogen storage capacity. Wang et al. conducted
first-principles calculations employing the generalized gradient
approximation to investigate the same compounds, revealing significant
bandgap insulating properties and a dominant ionic character governed
by the [MgH6]4' octahedral units [30]. These findings are complemented
by the recent work of Liu et al. [37], which systematically investigated
the structural, mechanical, and optoelectronic properties of X3H(ZnH,4)
(X = Na, K, Rb, Cs) hydrides. Their results revealed wide band gaps,
strong ultraviolet absorption, and promising hydrogen storage capac-
ities, thereby highlighting the potential of these compounds for future
energy-related applications. According to Ahmed et al. [32], CsyCaH4
and RbyCaHy4 not only exhibit stable tetragonal structures but also
demonstrate promising hydrogen storage capacities and favorable
electronic properties, making them attractive candidates for practical
hydrogen storage systems where stability and minimal electronic
interference are crucial. In another theoretical study, Yamcicier care-
fully looked at the structural, electronic, and vibrational properties of
tetragonal Xo;MgH, (X = K, Rb, Cs) compounds using density functional
theory [26]. It was further noted that all three compounds are stable
according to the Born stability criterion and are dynamically stable, with
hydrogen storage capacities of 3.8 wt% for KoMgHs, 2.02 wt% for
RboMgH,, and 1.37 wt% for Cs;MgH,. Similarly, Rehman and col-
leagues conducted first-principles studies on X3ZnH4 (X = K, Rb, Cs)
compounds and demonstrated that their structural, electronic, thermal,
and mechanical properties were favorable [38]. These compounds also
demonstrate potential for hydrogen storage, as they can hold moderate
amounts of hydrogen with capacities of 2.7 wt% for KoZnHg4, 1.6 wt% for
RbyZnHy, and 1.2 wt% for CsyZnHy.

According to the literature, KoMgH, crystallizes in a tetragonal
structure, is elastically anisotropic and brittle, and exhibits insulating
character with no imaginary phonon modes, confirming its vibrational
stability. However, no prior studies have reported on the KyCaHj, crystal,
leaving a significant gap in the field of complex metal hydride-based
hydrogen storage. To the best of our knowledge, this work represents
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the first comprehensive investigation of KoCaHy4, while also extending
the understanding of KoMgH4. Building on the earlier GGA-PBE study,
the present work employs hybrid functionals (HSE06) for more accurate
electronic and optical descriptions and incorporates additional analyses,
including AIMD-based thermal stability, Bader charge distribution, and
zero-point energy corrections. A detailed assessment of the structural,
thermodynamic, mechanical, electronic, optical, and vibrational prop-
erties of KoXHy (X = Mg, Ca) offers theoretical insights into their sta-
bility, energy efficiency, and hydrogen storage potential. The results
demonstrate that both compounds exhibit dynamic and thermodynamic
stability together with favorable hydrogen storage characteristics,
positioning them as strong candidates for renewable energy systems.

2. Methodology

This research examined the essential physical features of KoXHy (X =
Mg, Ca) hydrides, including mechanical, dynamic properties, and
hydrogen storage capacity, using density functional theory (DFT). All
computations were performed with the VASP (Vienna Ab initio Simu-
lation Package) [39,40], using the Projector Augmented Wave (PAW)
method [41] for the electron—ion interactions. The valence electron
configurations were set as 1s% 252 2p6 3s? 3p6 4s! for K, 152 252 2p6 3s2
for Mg, 15 252 2p® 3s? 3p® 4s? for Ca, and 1s' for H. The Generalized
Gradient Approximation (GGA) functional was used for the
exchange-correlation energy, specifically using the
Perdew-Burke-Ernzerhof (PBE) formulation [42]. Since the GGA-PBE
approach usually underestimates the band gap, the optoelectronic
properties of KoXHy (X = Mg, Ca) hydrides were investigated using the
more accurate Heyd-Scuseria-Ernzerhof (HSE06) exchange-correlation
functional [43]. In the geometric optimization procedure, the energy
convergence threshold was established at 108 eV/atom, and the plane
wave cut-off energy was set at 600 eV. A 12 x 12 x 4 k-point mesh is
used to sample the first Brillouin zone to guarantee the precision of
electronic structure computations [44]. Elastic constants are determined
with the stress—strain methodology implemented in VASP software [45].
Phonon calculations were performed via the PHONOPY code [46], while
ab initio molecular dynamics (AIMD) simulations at 300 K were carried
out to assess thermal stability.

To investigate the optical behavior of KoXH4 (X = Mg, Ca), the
complex dielectric function ¢(w) was employed, which is a fundamental
parameter describing the interaction of a material with electromagnetic
radiation. It consists of the real part ¢; (»), representing dispersion, and
the imaginary part ¢2(w), associated with absorption. These components
are connected through the Kramers—Kronig relations [47], allowing for a
detailed analysis of frequency-dependent optical responses, consistent
with recent DFT-based optical studies [48,49]. Based on &(w), other
important optical parameters can be derived, including the optical
conductivity o(w), refractive index n(w), absorption coefficient I(w),
reflectivity R(w), and energy loss function L(w). Mathematical formu-
lations are presented in Egs. (1)-(6):
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3. Results and discussions
3.1. Structural properties

The KoXH4 (X = Mg, Ca) hydrides crystallize in a tetragonal structure
belonging to the space group I4/mmm (No. 139) [26]. As illustrated in
Fig. 1, the three-dimensional crystal structure of KoXH4 reveals that X
atoms form the skeleton of the lattice and are positioned at the (0, 0, 0)
coordinates. Hydrogen atoms occupy two different crystallographic
positions: H; atoms are located at (0.5, 0, 0) and H; atoms are located at
(0.5, 0.5, 0.34), while K atoms are positioned at (0.5, 0.5, 0.16). To
determine the equilibrium structural parameters, the total energy of the
system was calculated as a function of unit cell volume and subsequently
optimized. The calculated energy-volume data were fitted using the
Birch-Murnaghan equation of state [50], from which the equilibrium
lattice constants, Bulk modulus (B), and its pressure derivative (B") were
extracted. The obtained curves are shown in Fig. 2 for (a) KzMgH4 and
(b) K2C3H4.

Table 1 summarizes the calculated lattice parameters (a and c), Bulk
modulus (B), pressure derivative (B'), unit cell volume (V), formation
enthalpy (AHy), and cohesive energy (E.) for both compounds. For
K;MgH4, the optimized lattice parameters are a = 4.044 Aand c =
13.636 A, which are in very good agreement with the experimental and
theoretical values reported in the literature (a = 4.036 10\, c=13.592 A
[35];a = 4.049 A, c = 13.633 A [36]; a = 4.043 A, ¢ = 13.630 A [26]).
For KyCaHy, the optimized lattice constants were computed as a = 4.396
A and ¢ = 14.076 A. The minor differences between the present calcu-
lations and experimental data can be attributed to the use of exchan-
ge—correlation functionals within DFT.

Formation energy, one of the basic criteria in determining thermo-
dynamic stability, reflects the energy change that occurs during the
synthesis of a compound from its constituent elements. A negative value
indicates that the compound is thermodynamically stable, and the
synthesis process is energetically favorable. Formation energy, which
plays an important role in evaluating the stability of the KoXHy (X = Mg,

c

Fig. 1. The three-dimensional crystal structure of K;XH, (X = Mg, Ca).
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Ca) compound, can be calculated using the equation given below [28,
51,52]:

AHy = [E.(K2XHy) — 2E(K) — E((X) — 2E(H>)] )

(ng +nx + ny,)

The formation energy (AHy) of the KoXHy4 (X = Mg, Ca) compounds is
calculated based on the difference between the total energy of the sys-
tem E,(K»XH,) and the energies of the component elements in their
reference states. E,(K) and E;(X) represent the total energy of elements in
their bulk ground states, while E;(H,) represents the total energy of the
hydrogen molecule, respectively. In addition, the symbols ng, nx, and
ny, indicate the number of K, X, and Hy atoms in the unit cell. As can be
seen in Table 1, the calculated formation enthalpies are negative for
both compounds, with values of —0.283 eV/atom for K;MgH, and
—0.347 eV/atom for KyCaHy4. These negative values indicate that both
hydrides are thermodynamically stable and can be spontaneously
formed from their constituent elements.

The cohesive energy (E.) is an important parameter widely used in
evaluating the stability of a system. A higher positive cohesive energy
implies enhanced structural stability of the crystal. The following for-
mula was used in cohesive energy calculations for this compound [51]:

1
E.=— ; [E[(K2XH4) —2Ex —Ex — 2EH2] ®)

Here, E; denotes the total energy contained in a given unit cell and Eg,
Ex, and Ey, are the energies of the atoms in isolated form. The cohesive
energies obtained for K;XHs (X = Mg, Ca) compounds, as listed in
Table 1, further confirm their structural stability. For KoMgH4, the
cohesive energy is 2.754 eV/atom, while for KoCaH4 it is 2.866 eV/
atom. These positive values indicate that both compounds possess strong
interatomic bonds and robust crystal structures. Such characteristics
make K;MgH,4 and KyCaHy attractive candidates for hydrogen storage
applications.

3.2. Hydrogen storage properties

To evaluate the potential of the KoCaH4 compound in hydrogen
storage applications, the gravimetric hydrogen storage capacity Cy (%)
for the studied compound was calculated using the following formula
[53], and the results are given in Table 2:

(4ag)
N %100 | %

0 ©)
Mhost + (I_I/ M) my

Here, Hyy r represents the ratio of hydrogen atoms to the parent material,

Myese and my represent the respective molar masses of the host material
and hydrogen. The gravimetric hydrogen storage capacity of KyCaHy
was determined as 3.30 wt%, while that of K;MgH4 was calculated as
3.80 wt% (Table 2). These values indicate that both compounds can
store a relatively large amount of hydrogen per unit mass compared to
many alkali and alkaline-earth metal hydrides reported in the literature.
Specifically, their gravimetric capacities are considerably higher than
those reported for RboMgH, (2.02 wt%) [26], CsoMgH,4 (1.37 wt%) [26],
RbySnHy (2.77 wt%) [28], RbyCaHy (1.86 wt%) [32], and CsyCaHy
(1.28 wt%) [32], demonstrating a clear advantage of K-based hydrides
over Rb- and Cs-based analogues. This enhancement can be attributed to
the lower atomic weight of potassium compared to rubidium and ce-
sium, which increases the hydrogen-to-mass ratio of the compounds.
Although the gravimetric hydrogen storage capacities of KxMgH4 and
KoCaHy are still below the ultimate target of 5.5 wt% set by the U.S.
Department of Energy (DOE) for 2025 [54], they nevertheless approach
the range considered promising for lightweight solid-state hydrides.
Such results emphasize the beneficial role of alkali metal selection in
optimizing hydrogen storage properties and highlight K;MgH4 and
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Fig. 2. The optimized total energy-volume curve for (a) KsMgH, and (b) KyCaH,.

Table 1

The calculated lattice parameters (a and c), Bulk modulus (B), pressure derivative of the Bulk modulus (B), volume of the unit cell (V), formation enthalpy (AHy), and

cohesive energy (E.) for KoXHy (X = Mg, Ca).

Material aA) c(A) B (GPa) B V(A% AH; (eV/atom) E, (eV/atom) Ref.
KoMgH, 4.044 13.636 25.90 3.72 222.949 -0.283 2.754 This work
4.036 13.592 - - 221.400 - - [35-Exp.]
4.049 13.633 - - 223.570 - - [36-Exp.]
4.043 13.630 - - 222.789 - - [26]
K,CaH, 4.396 14.076 27.95 3.78 272.091 —0.347 2.866 This work
Table 2 In addition to the gravimetric hydrogen capacity, the determination
able

The gravimetric (Cy:) and volumetric (p,) hydrogen storage capacity, desorp-
tion temperatures (Tges) of KoXHy (X = Mg, Ca) hydrides.

Material Cwt (%) Pyor (8-Hz/L) Tes (K) Ref.
KoMgH, 3.80 60.10 207.87 This work
K,MgH, 3.80 - - [26]
Rb,MgH, 2.02 - - [26]
Cs;MgH, 1.37 - - [26]
KoCaH,4 3.30 49.21 254.88 This work
Rb,SnH, 2.77 - - [28]
Rb,CaH, 1.86 - 101.30 [32]
CsyCaHy 1.28 - 135.67 [32]

K,CaHy as potential candidates for further modification strategies (e.g.,
doping, nanostructuring, or composite formation) aimed at achieving
the DOE targets.

Volumetric hydrogen storage capacity (p,.) expresses how much
hydrogen a material can store per unit volume and is defined by the
following general formula [55]:

Ny xmyg

Pvol = V (L)xN, (10)
Here, Ny represents the number of absorbed hydrogens, my represents
the molar mass of hydrogen, V (L) represents the total absorbed volume,
and N4 represents Avogadro’s number. According to the calculations
made within the scope of this study, the volumetric hydrogen storage
capacity of the KoCaH4 compound was found to be 49.21 g Hy/L, while
that of KoMgH4 was calculated as 60.10 g Hy/L (Table 2). Both values
clearly exceed the U.S. Department of Energy (DOE) 2025 ultimate
target of 40 g Hy/L for volumetric capacity [56,57]. These findings
demonstrate that KoCaH4 and KoMgHy4 not only meet but surpass the
minimum DOE requirements, highlighting their promising potential for
practical hydrogen storage. In particular, the higher volumetric capacity
of KoMgH4 suggests its superior performance in applications requiring
compact storage, such as the fuel systems of modern hydrogen-powered
vehicles and other space-limited energy storage technologies.

of the hydrogen desorption temperature (T4s) of a hydride is of great
importance for hydrogen storage applications. The thermodynamic
behavior of hydrides is usually explained by the standard Gibbs free
energy, and this relationship is expressed by the following equation
[58]:

AG = AH — T4e5.AS 11)

In this equation, AG represents the Gibbs free energy, AH represents
the enthalpy of formation, and AS represents the entropy change in the
system. The change of entropy for hydrogen is accepted as approxi-
mately AS (Hy) ~ 130.7 J/mol K [59]. The desorption temperature is
defined as the temperature at which the Gibbs free energy is zero.
Starting from this point, the desorption temperature was calculated
using the following equation [60], and these results are presented in
Table 2.

AH

S (12)

Tdes = -

As a result of the calculations, the desorption temperature for the
KoCaH4 compound was determined as 254.88 K, which falls within the
optimum operating temperature window of 233-333 K, thereby sup-
porting its usability in practical hydrogen storage systems [61]. In
contrast, the desorption temperature of KoMgH4 was calculated as
207.87 K, which is slightly below the optimum range. This lower value
indicates that hydrogen release is thermodynamically more favorable,
offering advantages such as reduced energy demand during desorption
and improved overall storage efficiency. Comparison with the literature
data (Table 2) further shows that both KyCaH4 and K;MgH,4 exhibit
higher desorption temperatures than those reported for RbyCaHy4
(101.30 K) [32] and CsyCaHy (135.67 K) [32]. These findings demon-
strate that K-based hydrides not only surpass many Rb- and Cs-based
analogues in terms of gravimetric and volumetric capacities but also
exhibit more favorable hydrogen release characteristics, making them
attractive candidates for solid-state hydrogen storage.
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3.3. Mechanical properties

Determination of elastic constants is a critical step in analyzing the
mechanical behavior and performance of a material. These quadratic
constants characterize the elastic response of the material under tension,
revealing its resistance to deformation. They also play a key role in
understanding the fundamental properties of the material, such as its
hardness and mechanical stability [62]. KoXHy4 (X = Mg, Ca) compounds
with a tetragonal crystal system are characterized by six independent
elastic constants: C11, C12, C13, C33, Ca4, and Cgs. The numerical values
of the calculated elastic constants of this compound are presented in
Table 3. The obtained results were used to evaluate both the elastic and
mechanical stability of KoXHy (X = Mg, Ca). This evaluation is based on
the Born elastic stability criteria. These criteria are the mathematical
conditions that determine whether a crystal is elastically stable or not.
According to the Born-Huang criteria, a tetragonal crystal must satisfy
the following inequality conditions to be considered mechanically stable
[62,63].

C11 >0,C33>0, C44>0, Ce>0, Cpy>|Cral, 2C15% < C33(C11 +C12)

13

Since K;MgH,4 and KoCaHy4 hydrides satisfy these conditions, it can be
concluded that both compounds are elastically stable. For KoMgHy, the
obtained values are in good agreement with the previously reported data
in the literature [26], confirming the reliability of the present
calculations.

For a material with a tetragonal crystal structure, the Cauchy pres-
sure (Cp) is defined as the difference between the elastic constants Ci2
and Cee, and this relationship is mathematically expressed as C12 — Ceg.-
This parameter provides important information about the mechanical
behavior of the material. A positive Cauchy pressure usually indicates a
ductile structure, while a negative value reflects brittle character
[64-66]. As presented in Table 3, the calculated Cauchy pressure of
—6.21 GPa for KyCaH,4 suggests a tendency toward brittleness, while the
value of —13.33 GPa for KosMgH, indicates an even stronger brittle
character. Furthermore, the obtained results for KoMgH4 are in good
agreement with previously reported literature data [26], which supports
the reliability of the present calculations.

For a comprehensive analysis of the mechanical properties of these
compounds, key parameters including Bulk modulus (B), Shear modulus
(G), Young’s modulus (E), B/G ratio, and Poisson’s ratio (v) were
calculated using the Voigt-Reuss-Hill method [67-69] and are sum-
marized in Table 4.

For KyCaHy, the Bulk modulus of 22.03 GPa indicates relatively low
resistance to volumetric compression, suggesting a less rigid structure.
The Shear modulus of 14.79 GPa shows that the compound can with-
stand deformation within a certain elastic limit but lacks high rigidity.
The Young’s modulus of 36.25 GPa suggests that KoCaHy4 is a medium-
hard material capable of maintaining structural integrity under tensile
stress.

In comparison, KsMgH,4 exhibits slightly higher values, with a Bulk
modulus of 24.25 GPa, a Shear modulus of 18.25 GPa, and a Young’s
modulus of 43.77 GPa. These values indicate improved resistance to
volume compression, shear deformation, and tensile stress compared to
KoCaHy4. For both compounds, the order of elastic moduli (G < B < E)
reveals that they are more susceptible to shear deformation than volu-
metric deformation, providing useful insights into their mechanical
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Table 4
The calculated values of Bulk modulus (B), Shear modulus (G), Young’s modulus
(E), B/G, and Poisson’s ratio (v) for KoXHy4 (X = Mg, Ca).

Compound B (GPa) G (GPa) E (GPa) B/G v Ref.

KoMgH,4 24.25 18.25 43.77 1.32 0.19 This work
22.49 17.51 41.70 1.28 0.19 [26]

KyCaH4 22.03 14.79 36.25 1.49 0.226 This work

The Pugh ratio (B/G) is a basic mechanical indicator used to evaluate
the ductility or brittleness properties of materials and is defined as the
ratio of the Bulk modulus (B) to the Shear modulus (G) [71]. Generally,
materials with a Pugh ratio greater than 1.75 are classified as ductile,
indicating that the material can undergo high levels of plastic defor-
mation before fracture. This ratio below 1.75 indicates a brittle char-
acter. According to the results presented in Table 4, the B/G ratio of 1.49
for the KoCaH4 compound clearly reveals its brittle nature. Similarly, the
B/G ratio of 1.32 obtained for K;MgH, also indicates brittleness, in
agreement with Pugh’s criteria. These findings are further supported by
the calculated Cauchy pressures, which are —6.21 GPa for Ky;CaH4 and
—13.33 GPa for Ky;MgH,, confirming that both compounds exhibit
brittle behavior.

The Poisson ratio (v) is an important mechanical parameter used to
understand the changes in shape and volume of a material during elastic
deformation [72]. However, this ratio also provides valuable informa-
tion about the type of atomic bonding in the material. For example, a
Poisson ratio of around 0.1 indicates that covalent bonds predominate
between atoms in the crystal structure, while Poisson ratio values
around 0.25 indicate the presence of ionic bonds. Poisson ratios between
0.3 and 0.5 are generally associated with weaker interactions, such as
metallic bonds. As shown in Table 4, Poisson’s ratio of 0.226 obtained
for the compound KyCaHjy reveals that ionic bonds predominate between
atoms in this crystal. In comparison, Poisson’s ratio of 0.19 calculated
for KoMgH,4 also indicates a predominantly ionic bonding nature,
consistent with the brittle behavior inferred from the B/G ratio and
Cauchy pressure values.

3.4. Electronic properties

Electronic band structure calculations are of critical importance in
determining whether a material is conductive, semiconducting, or
insulating, depending on the band gap value. The band gap is defined by
the energy difference between the highest occupied and lowest unoc-
cupied bands, taking the Fermi level (Er = 0) as a reference. The elec-
tronic properties of the alkali metal hydrides KoXHy4 (X = Mg, Ca) were
calculated using both the GGA-PBE [42] and HSE06 [43] approaches,
and their electronic band structures were obtained along the high
symmetry points Z-I'-X-P-I'-N [26], as illustrated in Figs. 3 and 4. The
Fermi energy level is shown with dotted lines at 0 eV. Within the
GGA-PBE scheme, the band gaps of K;CaH,4 (3.43 eV) and K;MgH4 (3.41
eV) fall into the classification of wide band gap semiconductors (2-4 eV)
[73,74]. These values are in excellent agreement with a previous
GGA-PBE-based report on related hydrides [26], confirming the reli-
ability of the present calculations. However, the use of the more accurate
HSEO06 functional increases the band gap values to 4.67 eV for KyCaHy
and 4.60 eV for K;MgHy, shifting their electronic nature closer to
insulating behavior. This functional dependence highlights the sensi-

stability [70]. tivity of electronic structure predictions to the choice of
Table 3
Elastic constants (C;) and Cauchy pressure (Cp) for Ko XH, (X = Mg, Ca).
Material C11 (GPa) C12 (GPa) C13 (GPa) Cs33 (GPa) C44 (GPa) Ces (GPa) Cp (GPa) Ref.
K,MgH, 51.73 14.37 11.95 40.27 15.40 27.70 -13.33 This work
47.05 12.84 11.39 38.27 15.38 26.68 - [26]
KoCaHy 46.84 7.84 11.59 42.59 12.85 14.05 —6.21 This work
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exchange-correlation approximation and indicates that these com-
pounds may exhibit properties at the boundary between wide band gap
semiconductors and insulators. Such characteristics suggest that their

Energy [eV]
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potential applications may extend beyond hydrogen storage to other
areas of energy and electronics. Wide band gap semiconductors and
insulators are advantageous due to their high optical transparency,
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Fig. 5. The TDOS and PDOS of (a) K;MgH, and (b) KyCaH, using HSE06.
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tunable electrical conductivity, and controllable carrier density, as well
as their resistance to high temperature, voltage, and frequency condi-
tions. Therefore, both KyCaH4 and KoMgH4 emerge as promising can-
didates for various optoelectronic devices, particularly UV
photodetectors [74].

To further investigate the electronic properties of KyCaHs and
KyMgHy,, total density of states (TDOS) and partial density of states
(PDOS) analyses were performed using the HSE06 functional. Fig. 5 il-
lustrates the calculated TDOS and PDOS data, with the red dashed line
indicating the Fermi level. The obtained density of states plots are
consistent with the band structure diagrams, further confirming that
both compounds exhibit electronic properties close to the insulating
region as predicted by the HSE06 functional. For K;CaHy, the analysis of
the valence band shows that the largest contributions to the TDOS arise
from the p- and d-orbitals of Ca and the s-orbitals of H, whereas the
conduction band is mainly dominated by the d-orbitals of K and Ca.
Similarly, for K;MgH,, the valence band is largely governed by the s-
orbitals of H and the p-orbitals of Mg and K, while the conduction band
contributions are primarily associated with the d-orbitals of K. In both
compounds, prominent PDOS peaks are observed just below the Fermi
level (between —1 eV and 0 eV), reflecting strong orbital hybridization
between the alkali metal (K), the alkaline-earth element (Ca or Mg), and
hydrogen atoms. This orbital hybridization plays a fundamental role in
shaping the electronic structure of the hydrides and directly influences
their conductivity, stability, and hydrogen storage properties [75].

3.5. Bader charge analysis

The charge density distributions of these compounds were obtained,
and the result for KoMgHy is presented in Fig. 6. As can be seen, the
KoMgH4 compound exhibits a pronounced ionic bonding character,
which is also consistent with its Poisson’s ratio. To determine the charge
state of each ion in the compounds, Bader partial charge analysis was
performed, and the results are summarized in Table 5. The Bader
charges were calculated using the VASP package and analyzed with the
algorithm developed by Henkelman and co-workers [76], which is based
on Bader’s approach of zero-flux surfaces [77]. As shown in Table 5, K
and X (Mg or Ca) atoms donate positive charges, while hydrogen atoms
gain negative charges, clearly indicating the occurrence of charge
transfer between ions [78]. For K;MgHy, the K and Mg atoms carry net
charges of +0.76 and + 1.58 e, respectively, whereas the H atoms ac-
quire approximately —0.77 e. Similarly, for KoCaHy, the Bader analysis
reveals that K and Ca atoms possess net charges of +0.78 and + 1.43 e,
while hydrogen atoms carry approximately —0.75 e. This distribution
indicates that roughly 3 electrons per formula unit is transferred into the

1.02
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Table 5
Bader partial charges (in units of electron) for KoXH4 (X = Mg, Ca).
Compound Atom
K X H (1) H(2)
K;MgH, 0.763 1.581 —0.767 —0.787
KoCaHy 0.780 1.430 —0.747 —0.748

hydrogen sublattice, confirming the typical hydride nature of these
compounds. Furthermore, the K-H interaction is predominantly ionic,
whereas a limited covalent contribution is present in the Ca-H bonds.
These findings provide important insights into how hydrogen is stabi-
lized within the host lattice and clarify the interaction mechanism be-
tween hydrogen and the surrounding metal atoms. Overall, the results
are consistent with the charge density distribution, supporting the
dominant ionic bonding nature of KoXH,4 (X = Mg, Ca) compounds.

3.6. Optical properties

Optical properties offer significant potential for improving and
optimizing hardware performance in many advanced technology areas
such as photonics, optoelectronics, solar energy conversion, sensor
systems, and hydrogen storage technologies [78-80]. In this regard, an
in-depth understanding of the interactions between hydrogen-based
materials and solar radiation plays a critical role both in increasing
the efficiency of hydrogen storage systems and in developing innovative
material designs. On the other hand, examining the optical properties of
hydrogen-related materials is an important step in revealing the
fundamental physical mechanisms of these interactions and in under-
standing the responses of these materials to electromagnetic wave
spectra. Such analyses are valuable for both theoretical and applied
research. Complex hydrides based on alkaline-earth metals, especially
KoXH4 (X = Mg, Ca), are of great interest owing to their distinctive
structural and electronic characteristics. To understand the optical
behavior of such materials in detail, extensive theoretical calculations
have been carried out on various optical parameters such as dielectric
function, conductivity, reflectivity, and loss function.

Figs. 7 and 8 present the calculated optical response functions of
KoXH4 (X = Mg, Ca). Fig. 7 shows (a) the real ¢; (w) and (b) imaginary
e2(w) parts of the dielectric function, (c) the real and (d) the imaginary
parts of optical conductivity o(w), while Fig. 8 illustrates (a) the
refractive index n(w), (b) the absorption coefficient I(w), (c) the reflec-
tivity R(w), and (d) the loss function L(w).

The real part of the dielectric function ¢; (w) quantifies the material’s
polarization response to an external electromagnetic field [81]. As

Fig. 6. The charge density distribution of K;MgH,4.
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Fig. 7. (a) Real and (b) imaginary part of dielectric function, (c) real and (d) imaginary part of conductivity for KoXH4 (X = Mg, Ca).

shown in Fig. 7(a), the static dielectric constant is ¢;(0) = 2.88 for
KyCaHy and 3.12 for KoMgHj. &1 (w) increases with increasing photon
energy, reaching maxima of 4.19 at 3.44 eV for KoCaH,4 and 5.49 at 4.36
eV for KoMgH4. Fig. 7(b) shows the imaginary dielectric function for
KoXH4 (X = Mg, Ca). For both compounds, ¢;(®) remains low in the
range of 0-4.50 eV, indicating the absence of significant optical transi-
tions in this range and an optically passive response. This behavior is
consistent with the onset of the interband transition around 4.5 eV. At
higher energies, e;(w) increases sharply, showing prominent peaks of
3.74 at 12.40 eV for KyCaHy and 4.57 at 8.87 eV for KoMgH,, reflecting
intense interband transitions activated by high-energy photons.

When a material is exposed to light, the response of carrier electrons
to an external electric field is defined as optical conductivity ¢(w) [81].
This property reflects the material’s tendency to acquire electrical
conductivity in the presence of light. The real and imaginary parts of the
optical conductivity of KoXH4 (X = Mg, Ca) compounds are presented in
the energy range of 0-24 eV in Fig. 7(c) and (d), respectively. As shown
in Fig. 7(c), the real part of the optical conductivity starts to increase at
around 4.50 eV for both compounds, indicating the onset of interband
optical transitions in KoXHy4. The real part reaches a maximum of 3.50
1/fs at 8.88 eV for K;MgH4 and 3.28 1/fs at 11.59 eV for KyCaHy. At
higher energies, the values gradually decrease and approach zero. The
imaginary part of the optical conductivity, shown in Fig. 7(d), exhibits
more complex behavior. For KoCaHy4, the highest positive value of 1.49
1/fs was observed at 8.06 eV, while a negative response of —1.38 1/fs
occurred at 3.71 eV. Similarly, the imaginary part of K;MgH4 reached a
maximum positive value of 1.47 1/fs at 8.14 eV and decreased to a

minimum of —2.42 1/fs at 4.55 eV. These findings indicate that both
compounds display strong optical responses under high-energy photon
excitation and may possess promising properties for optoelectronic ap-
plications, particularly in the ultraviolet (UV) region.

The refractive index n(w) is a fundamental optical parameter that
governs the propagation of light in a material and provides insight into
its optical transparency and dispersion characteristics. In the static state,
this quantity is defined by the relation n(0) = /&; (0) [82]. The static
refractive index was calculated as 1.77 for K;MgH4 and 1.70 for KoCaHy.
According to the spectral distribution presented in Fig. 8(a), the
maximum refractive index for K;MgH4 was found to be 2.39 at 4.52 eV.
In contrast, the refractive index of KoCaHy4 exhibited a first peak of 2.06
at 3.52 eV, followed by a second peak of 1.75 at 6.73 eV. These peaks are
consistent with the parallel behavior observed between the ¢ (w) and
n(w) functions, thereby supporting the reliability of the present calcu-
lations. Overall, the results reveal that the highest refractive index
values for both compounds occur in the ultraviolet (UV) region.

The optical absorption coefficient I(w) describes the extent to which
a material absorbs light of a specific energy or wavelength [83]. Fig. 8(b)
presents the energy-dependent optical absorption coefficient I(w) curve
of KoXHy4 (X = Mg, Ca) compounds. Both materials exhibit high trans-
parency in the 0-4.50 eV energy range, with no significant absorption
observed in this region. As the photon energy increases, the absorption
coefficient rises sharply due to electronic transitions from the valence
band to the conduction band. For K;MgH4, the highest peak was
observed at 9.48 eV with a value of approximately 1.55 x 10° cm™'. In
the case of KoCaHy, a particularly pronounced absorption peak appeared
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Fig. 8. (a) Refractive index, (b) Absorption coefficient, (c) Reflectivity, and (d) Loss function for K;XH4 (X = Mg, Ca).

at 12.10 eV, reaching approximately 1.58 x 10° cm™!. These high ab-
sorption values demonstrate that KoXHy4 hydrides can effectively absorb
light in the ultraviolet (UV) region, suggesting that they may serve as
promising candidates for photovoltaic and optoelectronic applications.

In addition, the reflectivity R(w) is an important optical property that
provides a quantitative measurement of the light radiation reflected
from the surface of a material [84]. Fig. 8(c) shows the reflectance
spectra of KoXH4 (X = Mg, Ca) compounds. The static reflectance values
of these compounds were calculated as 0.077 and 0.067, respectively. A
notable feature of the spectra is the maximum reflectance peaks
observed at around 8 eV for both materials. These elevated reflectance
values in the ultraviolet (UV) region indicate that KoXH4 compounds
strongly interact with UV radiation, suggesting their potential use in
optical coatings and UV-protective applications.

In addition to optical parameters such as reflectivity and absorption
coefficient, the energy loss function L(w) is a key metric for under-
standing how optical energy dissipates in a material through heat con-
version and electron scattering [79,85]. Fig. 8(d) presents the energy
loss spectra of KyXHy (X = Mg, Ca) compounds. The calculations
revealed maximum energy loss values of 1.41 at 12.53 eV for KoMgH4
and 1.08 at 13.90 eV for KoCaH4. These high-energy peaks in the ul-
traviolet (UV) region indicate that these hydrides strongly interact with
high-energy photons and therefore may offer significant potential for
optoelectronic applications.

3.7. Dynamic and thermodynamic properties

Fig. 9 shows the phonon dispersion curves and phonon density of
states (PDOS) for the alkali metal hydrides (a) KsMgH4 and (b) KoCaHy.
The presence of seven atoms per unit cells in these tetragonal structures

results in a total of 21 phonon frequency branches [26]. For both com-
pounds, the phonon frequencies extend up to 40 THz, and more
importantly, no imaginary phonon frequencies are observed throughout
the Brillouin zone, clearly confirming their dynamic stability. A detailed
analysis of the vibrational modes reveals that the acoustic branches
mainly originate from the collective motions of the heavier atoms (K,
Mg, or Ca), whereas the high-frequency optical branches are predomi-
nantly associated with hydrogen vibrations. The PDOS further indicates
that K and Mg/Ca atoms contribute to the low- and mid-frequency re-
gions, while hydrogen vibrations dominate the high-frequency region
above ~20 THz. The presence of a clear gap between the acoustic and
optical regions indicates weak coupling between the heavy atoms and
hydrogen atoms, further supporting the stability of these compounds.
Overall, the absence of imaginary modes demonstrates that KoXHy (X =
Mg, Ca) compounds are dynamically stable, confirming their suitability
as reliable candidates for hydrogen-related applications under operating
conditions.

The thermodynamic properties of the KoXHy (X = Mg, Ca) com-
pounds were investigated within the framework of the quasi-harmonic
Debye model [86,87]. As shown in Fig. 10, the free energy decreases
with increasing temperature, while both the internal energy and entropy
increase. The increase in entropy is more pronounced in KoCaHy, indi-
cating a higher degree of disorder compared to KoMgH,4, which may
further facilitate hydrogen release. The heat capacity (Cy) is another key
parameter for evaluating the vibrational properties and heat transfer
capability of these compounds. At 300 K, the calculated (Cy) values are
129.02 J/mol.K for KoCaH4 and 110.76 J/mol.K for KoMgH4. At low
temperatures (below 200 K), Cy exhibits a sharp increase, followed by a
gradual saturation at higher temperatures, eventually approaching the
Dulong-Petit limit of 171.92 J/mol.K [88]. This temperature-dependent
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trend provides valuable insights into the vibrational stability and ther-
mal response of K;XH4 compounds.

Furthermore, zero-point energy (ZPE) refers to the quantum me-
chanical vibrational energy retained by a material even at absolute zero
temperature (0 K) [89,90]. Originating primarily from the quantum
vibrations of hydrogen atoms, ZPE plays a crucial role in evaluating the
thermodynamic stability and hydrogen storage performance of complex
hydrides. The calculated ZPE values are 62.08 kJ/mol (~0.64 eV) for
KoMgH4 and 48.08 kJ/mol (x0.50 eV) for KoCaHy4. The higher ZPE of
KoMgH, reflects stronger hydrogen vibrations and more dynamic
H-metal interactions, favoring faster hydrogen release kinetics, whereas

10

the lower ZPE of KyCaHy4 implies weaker vibrational contributions and a
more stable hydrogen environment, beneficial for maintaining struc-
tural integrity during hydrogen cycling. These complementary charac-
teristics suggest that KoMgH4 offers kinetic advantages, while KoCaHy
provides thermodynamic robustness, making both compounds attractive
candidates for solid-state hydrogen storage. The phonon dispersion and
phonon DOS plots (Fig. 9) further support these findings, as KoMgH4
exhibits stronger high-frequency hydrogen modes, whereas KyCaHy
shows comparatively softer H vibrations. The absence of imaginary
phonon modes in both cases confirms their dynamical stability and
underlines their potential as reliable hydrogen storage materials



A. Candan and S. Akbudak

combining favorable vibrational properties with structural stability.

3.8. Debye temperature and thermal properties

Elastic properties are used to determine thermal parameters such as
sound velocity (vi, v, and v;), Debye temperature (©p), melting tem-
perature (Ty), and Griineisen parameter (y) for KoXH4 (X = Mg, Ca), as
summarized in Table 6. Debye temperature (@p) is one of the funda-
mental parameters that determines the thermal conductivity of a ma-
terial due to lattice vibrations. This quantity plays a critical role,
especially in lattice dynamics and thermal conductivity calculations
[91]. One of the common methods to determine the Debye temperature
is to calculate it using the standard equation given below with elastic
constants [92]:

6p

1/3
c i ] s

“kyldr M

where h is Planck’s constant, kg Boltzmann’s constant, n is the number of
atoms in the molecule, p is the mass density, N, is the Avogadro number,
M is the mass of atoms contained in the unit cell, and v,, averaged sound
velocity. The average sound velocity in the polycrystalline material is
given [92,93]:

1/2 1\
S 15
w5 (5+3)] as

where v, and v; are the longitudinal and the transverse sound velocity.
These are calculated in the following expressions of the Bulk modulus
(B) and Shear modulus (G) by means of Navier equations [94]:

B
V= G and v = 3B 4G (16)
p 3p

The melting temperature of the KoXH4 compound was calculated by
applying the equation given below:

Ty (K) = [553 + (5.91 x C1;)] F 300 17)

The Debye temperature (@p) of KoCaH4 was calculated as 385.81 K,
which reflects the energetic nature of its lattice vibrations and confirms
its thermodynamic stability. In comparison, KMgH4 exhibits a higher
Debye temperature of 442.94 K, suggesting stronger lattice bonding and
higher vibrational frequencies. The melting temperature (Ty,) of KoCaHy4
was determined as 558.41 K, slightly lower than that of KoMgHy4
(569.59 K), indicating that the thermal resistance of KyCaH, is more
limited. Furthermore, the Griineisen parameter (y), which provides
insight into the anharmonicity of lattice vibrations, was calculated as
1.39 for KyCaHy and 1.28 for KoMgH4. The higher y value of KoCaHy
suggests stronger anharmonic effects and higher lattice vibration am-
plitudes, implying a greater sensitivity to thermal fluctuations. These
results collectively indicate that while both compounds are thermody-
namically stable, KoMgH4 demonstrates stronger lattice stability,
whereas K;CaH4 may be more suitable for applications operating in the
low-to-medium-temperature range.

Ab initio molecular dynamics (AIMD) simulations were carried out
for KoMgH,4 and KyCaHy at 300 K under the NVT ensemble for a total
duration of 5000 fs [95,96]. As illustrated in Fig. 11(a) and 12(a), both
compounds maintain nearly constant total energy with only minor

Table 6
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fluctuations, confirming their structural robustness during the simula-
tion. The corresponding temperature profiles in Fig. 11(b) and 12(b)
remain stable around 300 K, further indicating thermal equilibrium
without noticeable deviations. While KoMgH4 shows slightly smoother
energy fluctuations compared to KyCaHy4, both compounds preserve
their crystalline integrity throughout the simulation. These results
clearly demonstrate that K;MgH, and KyCaHy are dynamically and
thermally stable at room temperature, consistent with previously re-
ported AIMD studies on perovskite hydrides such as XSnHjs (X = Rb, Cs,
and Fr) [97]. Moreover, the absence of imaginary phonon modes,
together with the AIMD simulations at 300 K, provides complementary
evidence that both compounds are dynamically stable, further con-
firming their potential as reliable hydrogen storage materials. Therefore,
these hydrides can be regarded as promising candidates for hydrogen
storage and other energy-related applications owing to their combined
dynamic and thermal stability. Particularly in hydrogen storage systems
where thermal endurance is essential, our findings provide a solid
theoretical basis supporting the practical applicability of KoXH4 (X =
Mg, Ca) hydrides.

Thermal conductivity is one of the fundamental physical properties
of a material that is directly related to the acoustic wave speeds and
generally decreases as the temperature increases [98-100]. Therefore,
determining the minimum thermal conductivity value is of critical
importance for evaluating the performance of materials to be used,
especially in high-temperature environments. For this purpose, various
theoretical models have been developed in the literature to estimate the
minimum thermal conductivity. In particular, the Cahill [101], Clarke
[102], and Long [103] models are widely used to define the minimum
thermal conductivity limits for solid materials. However, the Snyder
[104] model allows the calculation of thermal conductivity based on the
diffusion mechanism. In this study, the thermal conductivity properties
of the alkali metal hydride KoXH4 (X = Mg, Ca) compounds were
calculated using these theoretical models specified in Eqgs. (18)-(22),
and the findings are presented in Table 7.

Cahill model:

_ ks 2/3
/‘lmm = 2—4§) (vl + 2Vt) (18)

Clarke model:

Jmin = 0.87kgM,, ¥/ E*3p1/® o)
M
[ -
INA
Long model:

1 1 3/27) "3 7\ U2
Imin=14 5 |22+ 20)*% + —v kpn®/? (= 1)
3 1-v P

Snyder model:

Jayy =0.76 n*kgvp, (22)

In these equations, p represents the density of the material, E rep-
resents the Young’s modulus, p is the number of atoms per unit volume,
and kg represents the Boltzmann constant. The average atomic mass
(M,) is defined as the mass per atom in the crystal lattice, and this value
is calculated using the molar mass M, Avogadro’s number Ny, and the

The calculated density (p), longitudinal wave velocity (v;), transverse wave velocity (v;), average wave velocity (v,), Debye temperature (@p), melting temperature

(Tu), Griineisen parameter (y) of KoXHy (X = Mg, Ca).

Compound p (g/cm®) v; (m/s) v (m/s) Vm (m/s) Op (K) ™ 14 Ref.

K,MgH, 1.587 5533 3391 3743 442.94 569.59 1.28 This work
1.59 5372 3320 3662 433.00 552.55 1.25 [26]

KyCaHy4 1.493 5288 3147 3484 385.81 558.41 1.39 This work
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Table 7
The calculated minimum thermal conductivity (Amin in W.m K1),
Compound  Clarke model Cahill model Long Synder
Model Model
M, Amin 14 Amin Amin Adif
(1029 (10%)
KoMgH,4 2.527 0.996 6.279 1.083 0.657 0.621
K,CaH, 2.901 0.819 5.146 0.892 0.611 0.506

number of atoms in a molecule n. However, v, and v, are the longitudinal
and transverse acoustic wave velocities, respectively, and v,, is the
average wave velocity.

According to the minimum thermal conductivity values presented in
Table 7, the calculated Ay, values for KoMgH4 are 0.996, 1.083, 0.657,
and 0.621 W m 'K ! based on the Clarke, Cahill, Long, and Snyder
models, respectively. For K,CaHy, the corresponding values are 0.819,
0.892, 0.611, and 0.506 W m~'K~!. Among these, the Snyder model
consistently predicts the lowest values for both compounds, reflecting a
more diffusion-based mechanism of thermal transport. Comparatively,
KoCaH, shows slightly lower conductivity than KoMgH,4, suggesting
more effective thermal insulation. From a hydrogen storage perspective,
such low thermal conductivities are advantageous as they help retain
localized heat during hydrogen release, reducing external energy de-
mand and improving storage efficiency. These findings provide the first
theoretical estimates of Apip for KoXHy (X = Mg, Ca), highlighting their
favorable thermal management properties and strengthening their po-
tential as solid-state hydrogen storage materials.
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4. Conclusion

In this study, the structural, mechanical, electronic, thermal, dy-
namic, and optical properties of KoXH,4 (X = Mg, Ca) hydrides were
systematically investigated using first-principles density functional
theory. To begin with, the optimized lattice parameters of KxMgH, are in
excellent agreement with experimental data, while those of KyCaHy4 are
reported here for the first time. Furthermore, negative formation en-
thalpies confirm the thermodynamic stability of both compounds, with
KoCaHy being slightly more stable. In terms of mechanical behavior,
stability was confirmed by elastic constants satisfying the Born criteria.
Moreover, the calculated Bulk and Shear moduli indicate that KoMgHjy is
slightly stiffer than KoCaH4, while negative Cauchy pressures and B/G
ratios below 1.75 confirm their brittle character. Electronic structure
calculations reveal semiconducting behavior, with wide band gaps of
3.43 eV (K3MgH,4) and 3.41 eV (K2CaHy) at the PBE level, increasing to
4.67 eV and 4.60 eV, respectively, within the HSE06 functional.
Consistently, the density of states analysis further indicates strong hy-
bridization between metal and hydrogen orbitals. Regarding thermal
and dynamic properties, analyses show Debye temperatures of 442.94 K
for KoMgH,4 and 385.81 K for K;CaH4 and melting points above 550 K
confirming their thermal robustness. In addition, optical properties such
as dielectric function, refractive index, and absorption coefficient reveal
strong optical activity in the UV region. Regarding hydrogen storage
performance, the calculated gravimetric capacities are 3.80 wt% for
KoMgH,4 and 3.30 wt% for KoCaH4, with corresponding desorption
temperatures of 207.87 K and 254.88 K, respectively. While KyCaHj4 falls
within the DOE-recommended desorption temperature (233-333 K),
and KoMgHj4 falls below it, the gravimetric capacities of both compounds
remain below the DOE 2025 ultimate target (~5.5 wt%), indicating that
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further optimization will be required for practical use. Overall, these
findings provide not only theoretical insights into the fundamental
properties of KoXHy (X = Mg, Ca) hydrides but also serve as practical
guidance for future experimental studies aiming to develop efficient
solid-state hydrogen storage materials.
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