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A B S T R A C T

First-principles density functional theory calculations were performed to investigate the structural, elastic, 
electronic, optical, thermodynamic, and hydrogen storage properties of LiMg2H5, NaMg2H5, and KMg2H5 
compounds. All structures crystallize in the orthorhombic Pmmn phase and exhibit negative formation energies 
(− 0.207, − 0.183, and − 0.242 eV), indicating thermodynamic stability. The calculated bulk and shear moduli are 
45.27 and 35.22 GPa for LiMg2H5, 22.48 and 19.53 GPa for NaMg2H5, and 36.63 and 26.67 GPa for KMg2H5, 
revealing strong interatomic bonding and mechanical stability. The corresponding Poisson's ratios (0.19–0.24) 
confirm brittle elastic behavior. The electronic band gaps are 2.97 eV for LiMg2H5, 3.07 eV for NaMg2H5, and 
2.76 eV for KMg2H5, verifying their semiconducting character, which is suitable for hydrogen-related applica
tions. Optical analysis indicates pronounced interband transitions in the ultraviolet region with plasmon peaks 
around 9–12 eV. The Debye temperatures obtained from thermodynamic analysis are 807.62 K, 547.98 K, and 
588.16 K, respectively, implying stable lattice dynamics. The theoretical gravimetric hydrogen capacities are 
8.32 wt%, 6.58 wt%, and 5.43 wt%, with corresponding desorption temperatures of 152.47 K, 135.14 K, and 
178.59 K. These results provide detailed insight into the structural stability, mechanical hardness, electronic 
nature, and hydrogen storage potential of Mg-based hydrides.

1. Introduction

The growing concerns over global warming, depletion of fossil fuel 
reserves, and environmental degradation have intensified the search for 
sustainable and clean energy sources. Among various renewable alter
natives, hydrogen has emerged as one of the most promising energy 
carriers due to its high energy density (142 MJ kg− 1), carbon-free 
combustion product, and suitability for integration into diverse energy 
systems such as fuel cells, hybrid vehicles, and grid-scale storage [1–5]. 
Unlike conventional fossil fuels, hydrogen combustion generates only 
water as a byproduct, making it an environmentally benign solution for 
reducing greenhouse gas emissions and mitigating climate change. 
However, the safe and efficient storage of hydrogen remains one of the 
major technological challenges that hinder its widespread utilization in 
practical energy applications [6,7]. Hydrogen can be stored in gaseous, 
liquid, or solid forms. Although gaseous and cryogenic liquid storage 

methods are technologically mature, they suffer from serious disad
vantages such as low volumetric density, high pressure requirements, 
and severe safety concerns. In contrast, solid-state hydrogen storage 
materials, particularly metal and complex hydrides, have gained great 
attention due to their high volumetric and gravimetric capacities, good 
reversibility, and inherent safety [8–10]. Metal hydrides can store 
hydrogen through reversible chemical bonding between metal atoms 
and hydrogen, providing a compact and safe storage medium compared 
to compressed or liquid hydrogen systems. Among the known hydride 
families, magnesium-based hydrides (MgH2, Mg2MH6, and related 
compounds) have attracted considerable research interest because of 
their low cost, abundance, light weight, and relatively high hydrogen 
content (up to 7.6 wt%) [11–13]. However, pure MgH2 suffers from 
sluggish hydrogen absorption/desorption kinetics, as well as a high 
decomposition temperature (~573 K), which limits its practical appli
cation. Therefore, various strategies such as alloying, doping, and 
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substitution with alkali or transition metals have been proposed to 
improve the thermodynamic stability and hydrogen release character
istics of Mg-based systems [14–16]. In recent years, complex hydrides 
composed of alkali (Li, Na, K) and alkaline-earth (Mg, Ca) metals have 
emerged as a new class of hydrogen storage materials exhibiting tunable 
thermodynamic and structural properties [17–19]. These hydrides 
typically feature mixed ionic–covalent bonding environments, allowing 
modification of hydrogen binding energies through cation substitution. 
For instance, LiMgH3, LiMg2H5, and Li2MgH4 systems have been re
ported to possess high hydrogen capacities and relatively lower 
desorption enthalpies compared to MgH2, indicating enhanced revers
ibility and kinetics [20]. Na- and K-substituted counterparts, such as 
NaMg2H5 and KMg2H5, are of particular interest because the larger ionic 
radii of Na+ and K+ can expand the lattice, weaken metal–hydrogen 
bonding, and consequently facilitate hydrogen desorption at lower 
temperatures [21]. Experimental and computational studies have shown 
that the thermodynamic and mechanical stability of these compounds 
strongly depend on the type of alkali metal involved, which controls 
both lattice parameters and hydrogen diffusion pathways [21–23].

Abdellaoui et al. [24] investigated the effect of substituting light 
elements such as boron (B) and lithium (Li) into MgH2 and demonstrated 
that dual substitution (in the Mg4BLiH12 compound) significantly im
proves the storage performance. The modified system achieved a 
gravimetric capacity of 9.45 wt% and a volumetric capacity of 123 g H2 
L− 1, surpassing pure MgH2, while simultaneously lowering the desorp
tion temperature due to weakened Mg–H bonding, thereby enhancing 
the hydrogen release kinetics. In parallel, Gao et al. [25] provided a 
comprehensive review of Li/Mg-based hydrides for both hydrogen and 
lithium storage applications, highlighting remarkable progress in cata
lytic design, thermodynamic tuning, nanostructuring, and external 
field-assisted techniques. Their study emphasized that optimizing ion 
transport pathways and improving structural stability through advanced 
modification strategies can significantly enhance ionic conductivity, 
reversibility, and overall storage efficiency, positioning Li/Mg hydrides 
as promising candidates for next-generation high-energy storage sys
tems. Complementing these findings, Moharam et al. [26] conducted 
first-principles (DFT) simulations on XMgNiH4 (X = Ba, Li) compounds 
and reported hydrogen storage capacities ranging from 6.2 wt% to 7.7 
wt%, along with negative formation energies and semiconducting 
behavior. Their electronic structure analysis revealed hybridization 
between Ni-d and H-s/p orbitals, contributing to the structural stability 
and hydrogen binding strength of these hydrides These findings indicate 
that alkali-metal substitution in Mg-based hydrides offers a promising 
route for optimizing both thermodynamic and mechanical properties for 
hydrogen storage applications. However, a comprehensive under
standing of the structure–property–hydrogen storage relationship in 
XMg2H5 (X = Li, Na, K) systems is still limited. Most previous works have 
focused either on thermodynamics or on electronic structure alone, 
without providing a detailed correlation among their elastic, electronic, 
optical, and thermal characteristics.

To bridge this gap, the present study employs first-principles density 
functional theory (DFT) calculations to provide a holistic understanding 
of the structural, elastic, electronic, optical, thermodynamic, and 
hydrogen storage properties of LiMg2H5, NaMg2H5, and KMg2H5 com
pounds. The orthorhombic Pmmn phase of these hydrides is systemati
cally analyzed to reveal how the substitution of alkali metals affects the 
bonding environment, stability, mechanical behavior, and hydrogen 
release mechanisms. Elastic constant analysis is conducted to evaluate 
mechanical stability and ductility, which are critical for cyclic hydrogen 
absorption/desorption operations. Electronic band structure and density 
of states (DOS) calculations are performed to determine the nature of 
chemical bonding and to assess the semiconducting characteristics that 
can influence charge transport during hydrogenation. Optical functions 
such as dielectric response, reflectivity, and energy-loss spectra are 
investigated to explore photon–electron interactions and potential ap
plications in optical sensing and diagnostics. Additionally, 

thermodynamic parameters including Debye temperature, melting 
point, and minimum thermal conductivity are derived to understand 
lattice dynamics and heat transport properties. Finally, the theoretical 
gravimetric and volumetric hydrogen capacities are calculated to assess 
the potential of these hydrides in meeting the U.S. Department of Energy 
(DOE) targets for 2025. Through these comprehensive analyses, this 
study aims to (i) clarify the influence of alkali-metal substitution on the 
structural stability and bonding nature of Mg-based hydrides, (ii) 
correlate mechanical stiffness and anisotropy with hydrogen absorp
tion/desorption reversibility, (iii) explore the electronic and optical 
signatures associated with hydrogen–metal interactions, and (iv) eval
uate their thermodynamic feasibility and storage performance under 
practical conditions. By systematically comparing Li-, Na-, and K-based 
Mg2H5 compounds, this work not only elucidates the fundamental 
mechanisms governing their stability and hydrogen storage capability 
but also provides valuable theoretical guidance for designing next- 
generation lightweight hydrogen storage materials with optimized 
thermodynamic and mechanical characteristics. The findings are ex
pected to serve as a reference framework for future experimental and 
computational efforts focused on tailoring complex hydrides for sus
tainable hydrogen energy technologies [14,27].

In contrast to previous studies that primarily focus on isolated 
properties of magnesium-based hydrides, this work provides a 
comprehensive and systematic first-principles investigation of the 
XMg2H5 (X = Li, Na, K) series in the orthorhombic Pmmn phase. The 
primary novelty of this research lies in its holistic approach, integrating 
thermodynamic stability and phonon dynamics with a highly detailed 
analysis of elastic anisotropy and frequency-dependent optical responses 
aspects that have remained largely unexplored for these specific com
pounds. Our findings reveal that all investigated materials exhibit 
exceptional gravimetric hydrogen storage capacities: 8.32 wt% for 
LiMg2H5, 6.58 wt% for NaMg2H5, and 5.43 wt% for KMg2H5. Notably, 
both LiMg2H5 and NaMg2H5 clearly surpass the U.S. Department of 
Energy (DOE) 2025 target of 5.5 wt%, while KMg2H5 remains highly 
competitive, meeting the requirements for high-capacity solid-state 
storage. Furthermore, the establishment of a direct correlation between 
alkali-metal substitution and directional mechanical integrity provides a 
crucial theoretical benchmark for predicting the structural durability of 
these hydrides during long-term hydrogen absorption/desorption 
cycling. By situating these multi-physical properties within a compara
tive framework, this study fills a significant gap in the literature and 
offers vital insights for the design of next-generation, high-capacity, and 
mechanically robust hydrogen storage materials.

2. Calculation methods

All first-principles calculations were performed within the frame
work of density functional theory (DFT) using the CASTEP program 
[28]. The exchange–correlation interactions were treated using the 
generalized gradient approximation (GGA) with the Per
dew–Burke–Ernzerhof (PBE) functional [29]. The structural optimiza
tions were carried out employing the 
Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm [30] until the 
convergence criteria were satisfied. A plane-wave energy cutoff of 500 
eV was applied for LiMg2H5 and NaMg2H5, and 550 eV for KMg2H5 to 
ensure total-energy convergence. The Brillouin zone was sampled using 
Monkhorst–Pack k-point meshes [31] of 16 × 6 × 9 for LiMg2H5 and 
NaMg2H5, and 12 × 4 × 13 for KMg2H5. The energy convergence 
tolerance for self-consistent field iterations was set to 5 × 10− 6 eV, and 
the maximum residual stress during structural optimization was con
strained below 0.02 GPa. The self-consistent field (SCF) loop conver
gence criterion was fixed at 5 × 10− 7 eV/atom, while the maximum 
ionic displacement allowed between successive steps was 5 × 10− 4 Å. 
After full relaxation, the equilibrium structures were visualized and 
analyzed using the VESTA software package [32], which was employed 
to generate the crystal structure illustrations and to examine atomic 
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coordination and bonding geometry.
These convergence parameters ensured reliable determination of 

total energies, atomic forces, and stress tensors, providing high accuracy 
for the evaluation of structural, electronic, and elastic properties.

Elastic constants (Cij) were calculated using the finite strain method 
(stress-strain relationship) provided in the CASTEP elasticity tool. For all 
systems, spin polarization was not included as the compounds are non- 
magnetic, and DFT + U was not applied since the materials do not 
contain highly localized d or f electrons. Phonon dispersion relations 
were derived using the finite displacement method to verify dynamical 
stability. The use of the GGA-PBE functional without the DFT + U 
correction was justified by the absence of partially filled d or f orbitals in 
the constituent Li, Na, K, and Mg atoms, as PBE is known to accurately 
describe the delocalized s and p states in these systems. Numerical 
convergence was strictly verified by testing the sensitivity of total en
ergy and stress tensors against the plane-wave cutoff and k-mesh 
density.

It is important to acknowledge certain methodological limitations 
inherent in the current DFT approach. First, the GGA-PBE functional is 
employed for exchange-correlation effects, which is known to system
atically underestimate electronic band gaps compared to experimental 
values. While PBE provides a reliable description of structural and 
elastic trends, it may also lead to slight deviations in the absolute values 
of formation energies. Second, vibrational contributions and zero-point 
energy (ZPE) effects are neglected in the total energy calculations. In 
hydride systems, H-related vibrational modes can significantly influence 
thermodynamic stability and desorption enthalpies. Finally, while the 
present results provide a robust framework for comparing the XMg2H5 
series, higher-level methods such as GW corrections or hybrid func
tionals would be required for more precise quantitative alignment with 
experimental electronic and thermodynamic data.

3. Results and discussions

3.1. Structural properties

The structure of XMg2H5 (X = Li, Na, K) is seen in Fig. 1. This qua
ternary phase crystallizes in the orthorhombic structure with space 
group Pmmn (No:59). The unit cell of XMg2H5 compounds comprises 16 
atoms: 2 X atoms (Li, Na, or K), 4 Mg atoms, and 10 H atoms. In the 
compound LiMg2H5, the positions of the atoms are as follows: Li oc
cupies the 2a position (0.00000 0.00000 0.61614), Mg is located at the 
4e position (0.00000 0.20767 0.25001), and H1 is situated at the 2a 
position (0.00000, 0.00000, 0.22653), H2 is located at the 4e position 
(0.00000, 0.18499, 0.86375), H3 is situated at the 4e position (0.00000, 
0.36236, 0.49407). In the compound NaMg2H5, the positions of the Na, 

Mg, and H atoms are as follows: Na occupies the 2a position at (0.0000, 
0.0000, 0.76249), Mg is located at the 4e position (0.0000, 0.18657, 
0.28863), and H1 is situated at the 2a position (0.00000, 0.00000, 
0.16595), H2 is located at the 4e position (0.00000, 0.22811, 0.84442), 
H3 is situated at the 4e position (0.00000, 0.36138, 0.48475). In the 
compound KMg2H5, the positions of the K, Mg, and H atoms are as 
follows: K occupies the 2a position at (0.00000, 0.00000, 0.02636), Mg 
is located at the 4e position (0.0000, 0.33901, 0.46919), H1 is situated 
at the 4e position (0.00000, 0.17622, 0.51063), H2 is located at the 4e 
position (0.00000, 0.35094, 0.97438), H3 is situated at the 2b position 
(0.00000, 0.50000, 0.47521). All structures were optimized under 
conditions of zero temperature and pressure. The optimized ortho
rhombic Pmmn structures of LiMg2H5, NaMg2H5, and KMg2H5 are shown 
in Fig. 1. The results are presented in Table 1, which includes lattice 
parameter, unit cell volume, formation energy, and cohesive energy.

To evaluate the thermodynamic stability of XMg2H5 (X = Li, Na, K), 
we performed measurements to ascertain their energy of formation 
(ΔEf). The formation energy was determined using the equation pre
sented in Equation (1) [7]. 

ΔEf =Etot(XMg2H5) − Etot(X) − 2Etot(Mg) −
5
2

Etot(H2) (1) 

In Equation (1), The term Etot(XMg2H5) denotes the total energy of the 
XMg2H5 compound. Etot(X), Etot(Mg), and Etot(H2) denote the total en
ergies of X (Li, Na, K), Mg, and H2, respectively. The formation energies 
calculated for LiMg2H5, NaMg2H5, and KMg2H5 are − 0.207 eV, − 0.183 
eV, and − 0.242 eV, respectively. A negative formation energy value 
signifies thermodynamic stability and the feasibility of experimental 
synthesis. The findings indicate the thermodynamic stability of all 
examined materials.

The cohesive energy, represented as Ecoh, serves as a critical 
parameter for evaluating system stability. Bond strength denotes the 
energy necessary to disrupt atomic bonds in a crystal and isolate its 
individual components. The magnitude of Ecoh indicates the stability of 
the crystal. Equation (2) delineates the formula for the cohesive energy 
of the XMg2H5 (X = Li, Na, K) compound [7]. 

Ecoh = −
1
10

[

Etot(XMg2H5) − Etot(X) − 2Etot(Mg) −
5
2

Etot(H2)

]

(2) 

The term Etot(XMg2H5) denotes the total energy of the XMg2H5 

compound, while Etot(X), Etot(Mg), and Etot(H2) represent the energy of 
each individual atom within the unit cell.

3.2. Elastic properties

Elastic constants play a crucial role in evaluating the mechanical 

Fig. 1. Optimized crystal structures of (a) LiMg2H5, (b) NaMg2H5, and (c) KMg2H5. The large spheres represent alkali metal atoms (Li: green, Na: yellow, K: purple), 
medium-sized spheres indicate Mg atoms (orange), and small spheres correspond to H atoms (pink).
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stability, and structural robustness of crystalline materials under 
external stresses. In the present study, the elastic constants (Cij) of 
orthorhombic LiMg2H5, NaMg2H5, and KMg2H5 were calculated using 
the DFT framework. These constants quantify the material's resistance to 
deformation and provide direct insight into interatomic bonding 
strength. Hydrogen storage materials experience repeated expansion 
and contraction during hydrogen absorption/desorption, resulting in 
internal stresses that can lead to micro-cracking or pulverization. 
Therefore, elastic behavior is directly related to the durability and 
cyclability of the material. High bulk modulus (B) values imply good 
resistance to volume change, while high shear modulus (G) indicates 
resistance to shape distortion-both are desirable for reversible hydrogen 
storage. Conversely, brittleness may cause particle fragmentation upon 
cycling.

For orthorhombic structures like XMg2H5 (X = Li, Na, and K), the 
mechanical behavior is defined by three separate elastic constants: C11, 
C22, C33, C44, C55, C66, C12, C13, and C23 [33]. These constants show how 
the crystal responds to stress along different axes. To ensure the me
chanical stability of these structures, it is essential to validate adherence 
to the Born-Huang criteria, which delineate the thermodynamic stability 
limits for orthorhombic systems through specific inequalities related to 
these elastic constants. 

C11 + C33 − 2C13 > 0, C22 + C33 − 2C23 > 0, C11 + C22 − 2C12 > 0, C11 >

0, C22 > 0, C33 > 0, C44 > 0, C55 > 0, C66 > 0, C11 + C22 + C33 + 2(C12 +

C13 + C23) > 0, 1/3 (C12 + C13 + C23) < B < (C11 + C22 + C33)      (3)

Table 2 shows the elastic constants of the orthorhombic structures 
that were calculated. The data shows that the predicted elastic constants 
are positive and fit well with the well-known Born stability criterion for 
an orthorhombic structure, which is provided in equation (3). Therefore, 
XMg2H5 is mechanically stable in this orthorhombic structure.

To evaluate the mechanical stability, stiffness, and ductility of the 
studied materials, several elastic moduli derived from the elastic con
stants were analyzed in detail. In this context, the bulk modulus (B), 
shear modulus (G), Young's modulus (E), Poisson's ratio (υ), and the B/G 
ratio were calculated to assess the elastic behavior of the compounds. 
Furthermore, the anisotropy factor (A) was examined to determine the 
degree of deviation of the crystal structure from isotropic behavior. The 
calculated elastic parameters are presented in Table 3. The bulk modulus 
(B) represents a material's resistance to uniform (isotropic) compression, 
where higher B values indicate lower compressibility and, consequently, 
a more rigid structure. The shear modulus (G) reflects the resistance of 

atomic bonds to shear deformation. According to the calculated results, 
the LiMg2H5 compound exhibits the highest stiffness with B = 45.27 GPa 
and G = 35.22 GPa, while NaMg2H5 shows the lowest elastic strength 
with B = 22.48 GPa and G = 19.53 GPa. These findings suggest that the 
presence of lithium enhances the ionic bonding strength, leading to a 
denser atomic arrangement and a more compact crystal structure. The 
Young's modulus (E) characterizes the stiffness of a material under 
elastic deformation and indicates its resistance to externally applied 
stresses. The calculated results reveal that LiMg2H5 exhibits the highest 
rigidity with E = 83.91 GPa, followed by KMg2H5 (E = 64.39 GPa) and 
NaMg2H5 (E = 48.64 GPa). These findings indicate that the Li- 
containing compound is structurally more rigid and less susceptible to 
elastic deformation compared to the other two hydrides. Poisson's ratio 
(υ) defines the lateral expansion tendency of a material when subjected 
to longitudinal stress. Typically, materials with υ < 0.26 are considered 
brittle, whereas those with υ > 0.26 exhibit ductile characteristics. Ac
cording to the results, all compounds have Poisson's ratios in the range of 
0.19–0.24, confirming their brittle nature. This observation is consistent 
with the general mechanical behavior of metal hydrides, which are 
known for their intrinsic brittleness. Another important criterion for 
evaluating ductility is the Pugh ratio (B/G). Materials with B/G > 1.75 
are classified as ductile, while those with B/G < 1.75 are brittle. The 
obtained values (1.29 for LiMg2H5, 1.63 for NaMg2H5, and 1.37 for 
KMg2H5) indicate that all three compounds are brittle, although 
NaMg2H5 exhibits relatively higher ductility among them due to its 
higher B/G ratio. The machinability index (μᴹ) was evaluated as B/C44 
in the study, and it was accepted that higher μᴹ values indicate better 
machinability. In this context, KMg2H5 (μᴹ = 2.36) exhibits the best 
machinability, while NaMg2H5 (μᴹ = 1.56) shows moderate machin
ability and LiMg2H5 (μᴹ = 1.07) shows the lowest machinability.

According to the data presented in Table 4, the NaMg2H5 compound 
exhibits the highest values of the universal anisotropy index (AU =

1.9568) and related sub-metrics (AB, AG, dE, Aeq, and AL), indicating a 
strong dependence of its elastic behavior on the crystallographic 
orientation. In contrast, LiMg2H5 demonstrates the lowest anisotropy 
parameters, reflecting an almost isotropic elastic nature. The KMg2H5 
compound occupies an intermediate position, showing a moderate level 
of anisotropy between the two extremes. Overall, NaMg2H5 exhibits the 
most direction-dependent elastic response, whereas LiMg2H5 behaves 
more homogeneously. These results clearly indicate that the substitution 
of alkali metals (Li → Na → K) significantly influences the anisotropic 
characteristics of the hydrides and enhances the directional variation in 
their mechanical responses.

In storage environments, elastic anisotropy (A ∕= 1) affects processing 
and operation by inducing direction-dependent deformation during 
powder compaction and pelletization, leading to non-uniform stress 
distribution. During hydrogen absorption/desorption cycles, anisotropic 
lattice strain can promote localized stress accumulation and microcrack 
formation, potentially reducing mechanical durability. Therefore, lower 
elastic anisotropy is advantageous for maintaining structural integrity 
and reliable operation under repeated hydrogen storage cycles.

The elastic properties of XMg2H5 (X = Li, Na, K) serve as a funda
mental indicator of their structural response during the repetitive lattice 
expansion and contraction inherent in hydrogen absorption/desorption 
cycling. During hydrogenation, the interstitial occupation of hydrogen 
induces significant internal strain; materials with a high bulk modulus 
(B), such as LiMg2H5 (45.27 GPa), demonstrate a superior ability to 
accommodate these stresses without undergoing immediate lattice 

Table 1 
Lattice parameters (a, b, c), unit-cell volume (V), formation energy (ΔEf, eV/f.u.), and cohesive energy (Ecoh, eV/atom) for XMg2H5 (X = Li, Na, K).

Material a b c V ΔEf Ecoh References

LiMg2H5 3.1016 8.9930 5.7796 161.21 − 0.207 2.924 This study
NaMg2H5 3.0693 9.4769 6.1932 180.14 − 0.183 2.864 This study
KMg2H5 4.0773 12.4896 3.8623 196.69 − 0.242 2.858 This study

Table 2 
Calculated elastic constants (Cij, GPa) and derived parameters (C′, Cp, ζ) for 
orthorhombic LiMg2H5, NaMg2H5, and KMg2H5 hydrides.

Parameters LiMg2H5 NaMg2H5 KMg2H5

C11 98.66 88.99 68.81
C22 111.33 97.77 61.27
C33 66.50 37.63 86.81
C44 42.43 20.39 15.50
C55 36.51 23.50 31.80
C66 32.46 7.91 41.83
C12 15.69 12.00 26.18
C13 24.46 14.43 15.49
C23 28.28 16.13 15.22
C' 41.48 38.49 21.31
Cp − 12.05 − 9.08 − 5.38
ζ 0.31 0.29 0.52
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distortion or mechanical failure. Conversely, the degree of elastic 
anisotropy (AU) is directly linked to the development of micro-cracks at 
grain boundaries. In highly anisotropic systems like NaMg2H5 (AU =

1.9568), the non-uniform directional expansion creates localized stress 
concentrations, which act as precursors for mechanical degradation and 
particle pulverization over extended cycling. Furthermore, the G/B ratio 
(Pugh's ratio) and Poisson's ratio indicate that the inherent brittleness of 
these hydrides necessitates a robust elastic framework to maintain 
structural integrity. By quantifying these elastic parameters, we can 
predict the 'mechanical fatigue' resistance of the host lattice, which is a 
decisive factor in determining the long-term cycle life and safety of 
solid-state hydrogen storage systems.

As presented in Table 5, the calculated Vickers hardness values 
reveal the comparative resistance of the studied compounds to plastic 
deformation. The highest average hardness is observed for LiMg2H5 
(HVaᵥg = 6.98 GPa), indicating strong ionic bonding and a compact 
crystal lattice. In contrast, NaMg2H5 exhibits the lowest hardness (HVaᵥg 
= 3.26 GPa), which can be attributed to weaker interatomic bonding 
and a relatively loose atomic arrangement. The KMg2H5 compound 
displays a moderate hardness of HVaᵥg = 5.09 GPa, representing a 
transitional mechanical behavior between the Li- and Na-based hy
drides. The observed hardness trend (LiMg2H5 > KMg2H5 > NaMg2H5) 
is in good agreement with the corresponding elastic moduli (E and G), 
confirming that higher elastic stiffness directly correlates with greater 
hardness. Overall, the results demonstrate that the hardness of metal 
hydrides strongly depends on the strength of ionic bonding, the degree 
of atomic packing, and bond topology within the crystal structure.

The assessment of Vickers hardness (HV) and the machinability index 
(μᴹ) provides essential insights into the structural durability and prac
tical handling of powdered XMg2H5 (X = Li, Na, K) hydrides. Although 
these materials are typically utilized in powdered form, they are often 

processed into pellets or compact blocks to optimize volumetric density 
and thermal management within storage tanks. In this context, Vickers 
hardness is a critical parameter for evaluating the resistance of these 
hydrides to plastic deformation during the compaction process and for 
predicting their structural stability under the internal stresses generated 
by repeated hydrogen absorption and desorption cycles. Furthermore, 
the machinability index reflects the material's response to mechanical 
strain; a higher index, as observed in KMg2H5 (μᴹ = 2.36), suggests 
better adaptability during the fabrication of hydride-based reactors. 
These mechanical indicators also serve as proxies for 'pulverization 
resistance,' where higher hardness levels, particularly in LiMg2H5 (HV =

6.98 GPa), indicate a greater ability to maintain particle morphology 
and prevent excessive fragmentation (pulverization) during long-term 
operational cycling. Therefore, integrating these mechanical metrics is 
vital for designing robust solid-state storage systems that can withstand 
mechanical degradation over thousands of cycles.

As presented in Table 6, the volumetric elastic parameters indicate 
that LiMg2H5 exhibits the highest rigidity with an average bulk modulus 
of Brelax = 44.62 GPa, while NaMg2H5 possesses the lowest value (Brelax 
= 29.23 GPa), and KMg2H5 occupies an intermediate position (Brelax =

36.51 GPa). The comparison of directional bulk moduli (Ba, Bb, Bc) re
veals significant differences among the crystallographic axes in 
NaMg2H5, which is consistent with its large anisotropy ratios (α = 0.84, 
β = 3.06). In contrast, LiMg2H5 displays smaller anisotropy parameters 
(α = 0.81, β = 1.52), suggesting a nearly isotropic elastic behavior, 
whereas KMg2H5 shows moderate and balanced directional responses (α 
= 1.22, β = 0.94). These findings clearly demonstrate that the type of 
alkali metal atom (Li, Na, K) strongly influences both the compressibility 
and the elastic anisotropy of the hydrides. Specifically, the incorporation 
of Na increases directional asymmetry in bonding, leading to the highest 
degree of anisotropy, while LiMg2H5 exhibits the most homogeneous 
and isotropic elastic response.

The directional elastic metrics summarized in Table 7 indicate that 
the NaMg2H5 compound exhibits the highest anisotropy in E, B, and G 
moduli (AE = 0.28, AB = 0.44, AG = 0.25). In contrast, LiMg2H5 presents 
lower anisotropy indices, reflecting a more homogeneous elastic 
response, while KMg2H5 demonstrates an almost isotropic volumetric 
behavior with AB = 0.07. Notably, the presence of Bmᵢn < 0 (− 2.33 
TPa− 1) in NaMg2H5 suggests the possibility of negative linear 

Table 3 
Polycrystalline elastic moduli derived from C(ᵢⱼ): Voigt/Reuss/Hill bulk (BV, BR, BH), shear (GV, GR, GH), Young's modulus E, Pugh ratio B/G, Poisson's ratio ν, and 
machinability index μᴹ for XMg2H5.

Compound BV BR BH GV GR GH E B/G υ μM

LiMg2H5 45.93 44.62 45.27 36.15 34.30 35.22 83.91 1.29 0.19 1.07
NaMg2H5 34.39 29.23 22.48 22.48 16.58 19.53 48.64 1.63 0.24 1.56
KMg2H5 36.74 36.51 36.63 28.49 24.85 26.67 64.39 1.37 0.21 2.36

Table 4 
Calculated elastic anisotropy parameters of orthorhombic XMg2H5 (X = Li, Na, 
K) hydrides, including shear anisotropy factors (A, A1, A2, A3), bulk and shear 
anisotropy indices (AB, AG), universal anisotropy index (AU), directional Young's 
modulus difference (dE), equivalent anisotropy factor (Aeq), and elastic limit 
anisotropy (AL).

Parameters LiMg2H5 NaMg2H5 KMg2H5

A 1.0228 0.5296 0.7274
A1 1.4599 0.8341 0.4975
A2 1.2041 0.9115 1.0811
A3 0.6008 0.5133 1.6162
AB 0.0145 0.0812 0.0031
AG 0.0263 0.1511 0.0683
AU 0.2995 1.9568 0.7390
dE 2.5099 2.8208 2.5960
Aeq 1.6397 1.9568 2.1509
AL 0.0290 0.1617 0.0062

Table 5 
Calculated Vickers hardness values (HV, GPa) of orthorhombic LiMg2H5, NaMg2H5, and KMg2H5 hydrides estimated using different theoretical models (Chen, Tian, 
Teter, Miao, and Mazhnik) along with their average hardness (HV)avg.

Compound (HV)Chen (HV)Tian (HV)Teter (HV)Miao (HV)Mazhnik (HV)avg

LiMg2H5 8.98 8.61 5.32 7.25 4.74 6.98
NaMg2H5 3.34 4.33 2.95 3.32 2.24 3.26
KMg2H5 6.42 6.56 4.03 5.21 3.26 5.09

Table 6 
Volumetric elastic parameters: relaxed bulk modulus Brelax and directional 
components (Ba, Bb, Bc), with anisotropy indicators α and β.

Compound Brelax Ba Bb Bc α β

LiMg2H5 44.62 148.58 184.19 97.52 0.81 1.52
NaMg2H5 29.23 143.23 171.18 46.75 0.84 3.06
KMg2H5 36.51 115.30 94.35 123.25 1.22 0.94
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compressibility along certain crystallographic directions, leading to an 
Aβl = ∞ result. This phenomenon implies that under hydrostatic loading, 
direction-dependent deformation becomes pronounced, and the crys
tallographic texture should be carefully considered in mechanical 

design. Overall, the introduction of Na into the hydride lattice induces 
bond-directional asymmetry, resulting in the most anisotropic elastic 
response among the compounds studied.

Generally, a value of “0” in anisotropy indices indicates perfect 

Table 7 
Directional elastic parameters and hardness anisotropy indices of orthorhombic XMg2H5 (X = Li, Na, K) hydrides. The table presents the maximum and minimum 
values of Young's modulus (Emax/Emᵢn), bulk modulus (Bmax/Bmᵢn), shear modulus (Gmax/Gmᵢn), and Vickers hardness (Hvmax/Hvmᵢn), along with their respective 
anisotropy indices (AE, AB, AG, AHv).

Compound Emax Emin AE Bmax Bmin AB Gmax Gmin AG Hvmax Hvmin AHv

LiMg2H5 103.55 54.98 0.18 61.39 32.51 0.19 44.48 25.74 0.12 21.47 4.27 0.41
NaMg2H5 90.42 27.04 0.28 57.05 15.58 0.44 40.60 7.91 0.25 17.51 − 2.33 inf
KMg2H5 84.85 42.42 0.17 41.08 31.45 0.07 41.82 15.50 0.21 21.79 0.17 0.59

Fig. 2. Three-dimensional anisotropy surfaces of orthorhombic XMg2H5 (X = Li, Na, K) hydrides: (a) LiMg2H5, (b) NaMg2H5, and (c) KMg2H5. The directional 
distributions of bulk modulus (B), Young's modulus (E), shear modulus (G), Poisson's ratio (ν), and Vickers hardness (HV) are illustrated.
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isotropy (same properties in all directions). An increase in the value in 
either the negative or positive direction indicates an increase in the 
material's directional dependence. The negative value of the hardness 
anisotropy index for NaMg2H5 (− 2.33) highlights the significant 
disparity in mechanical resistance along different crystallographic di
rections. This pronounced negative value is a direct consequence of the 
weaker atomic bonding in specific planes compared to LiMg2H5, making 
NaMg2H5 the most anisotropic compound in the studied series.

The three-dimensional (3D) anisotropy surfaces of LiMg2H5, 
NaMg2H5, and KMg2H5 are presented in Fig. 2(a–c). The directional 
distributions of the bulk modulus, Young's modulus, shear modulus, 
Poisson's ratio, and Vickers hardness reveal distinct elastic and me
chanical anisotropies among the compounds. LiMg2H5 exhibits nearly 
spherical surfaces, implying a more isotropic and mechanically stable 
character, while NaMg2H5 shows highly distorted and elongated shapes, 
indicating pronounced anisotropy and directional dependence of stiff
ness and hardness. KMg2H5 lies between these two extremes, displaying 
moderate anisotropy. These results confirm that alkali-metal substitu
tion significantly influences the elastic and hardness anisotropy of 
XMg2H5 hydrides, with Li-substituted compounds being the most 
isotropic and mechanically robust.

The systematic variations in the physical properties of the XMg2H5 
series are illustrated in Fig. 3, providing a clear visualization of the 
trends driven by alkali metal substitution. As shown in Fig. 3(a–b), the 
lattice parameters and unit-cell volume exhibit a consistent expansion as 
the ionic radius increases from Li+ to K+. This structural dilation directly 
correlates with the observed mechanical softening; specifically, the 
elastic moduli (B, G, E) reach their maximum in the compact LiMg2H5 
lattice and show a significant reduction in the expanded NaMg2H5 sys
tem (Fig. 3(d)). Furthermore, the formation energy remains negative 

across the entire series (Fig. 3(c)), confirming that thermodynamic sta
bility is maintained despite the substantial changes in structural volume 
and mechanical stiffness.

3.3. Electronic properties

The electronic band structure and the corresponding total and pro
jected density of states (PDOS) of the Li–Mg–H compound is presented in 
Fig. 4(a). As seen from the band dispersion along the high-symmetry 
directions in the Brillouin zone, the material exhibits a direct band 
gap of 2.97 eV at the Γ-point. The relatively large band gap confirms the 
semiconducting nature of the compound, suggesting its potential for 
optoelectronic and hydrogen-storage-related applications where elec
tronic insulation is favorable. The PDOS analysis reveals that the H-s 
states play a dominant role in the formation of both the valence band 
maximum (VBM) and conduction band minimum (CBM). This finding 
highlights the crucial role of hydrogen in defining the electronic char
acter of the compound, consistent with the expected ionic bonding na
ture of complex hydrides. In contrast, the Li-s and Mg-s states contribute 
only marginally near the band edges, indicating that alkali and alkaline- 
earth atoms primarily act as charge donors, stabilizing the lattice but 
contributing less to the band-edge electronic states.

The band structure and PDOS of the Na–Mg–H compound is illus
trated in Fig. 4(b). The calculated band gap is 3.07 eV, which is larger 
than that of many conventional hydrides, indicating that the material 
belongs to the class of wide band gap semiconductors. Unlike direct-gap 
semiconductors, the Na–Mg–H compound exhibits an indirect band gap, 
since the valence band maximum (VBM) and conduction band minimum 
(CBM) are located at different high-symmetry points of the Brillouin 
zone. This indirect nature is expected to result in weaker optical 

Fig. 3. Consolidated trends of physical properties for XMg2H5 (X = Li, Na, K) series: (a) Lattice parameters (a, b, c), (b) unit-cell volume, (c) formation energy (ΔEf ), 
and (d) VRH-averaged elastic moduli (Bulk, Shear, and Young's moduli).
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absorption efficiency, which may limit its optoelectronic performance. 
However, the presence of a sizable band gap is still advantageous for 
hydrogen storage applications, as suppressed electronic conductivity 
reduces energy losses during reversible storage processes.

The PDOS analysis further clarifies the orbital contributions to the 
electronic structure. The valence band near the Fermi level is dominated 
by H–s orbitals, with additional but smaller contributions from Mg–s 
states. On the other hand, the conduction band minimum primarily 
originates from Na–s and Mg–s orbitals, suggesting that hydrogen states 
largely govern the occupied bands, while metal states stabilize the un
occupied ones. This distribution highlights the crucial role of hydrogen 
in determining the electronic behavior of the compound, while Na and 
Mg mainly act as electron donors supporting the hydride framework. In 
addition, the conduction bands of the Na–Mg–H system are relatively 
dispersive, which implies lower effective masses for electrons and 
potentially higher carrier mobility compared to other alkali-based hy
drides. This feature could positively influence charge transport and 
diffusion-related processes within the lattice, although the indirect band 
gap character might still restrict strong optical transitions. Overall, the 

electronic structure analysis confirms that Na–Mg–H is a wide-gap, 
semiconducting hydride, in which hydrogen plays a central role in 
defining its electronic characteristics, making it a promising material for 
hydrogen storage applications. The band structure and PDOS of the 
K–Mg–H compound is illustrated in Fig. 4(c). The calculated band gap is 
2.76 eV, which is slightly smaller than that of the Li–Mg–H compound. 
In contrast to the direct gap nature of the Li-based system, the K–Mg–H 
compound exhibits an indirect band gap, as the valence band maximum 
and conduction band minimum are located at different high-symmetry 
points. This indirect gap character generally leads to weaker optical 
absorption efficiency compared to direct-gap semiconductors, which 
may influence its optoelectronic performance. Nevertheless, its semi
conducting nature remains significant for practical applications in 
hydrogen storage systems where electronic conductivity suppression is 
beneficial. The PDOS analysis again confirms that H-s orbitals dominate 
near the Fermi level, particularly around the VBM and CBM, empha
sizing the central role of hydrogen in determining the electronic prop
erties of the hydride. The contribution from K-s and Mg-s states is 
limited, supporting the view that alkali and alkaline-earth metals mainly 
donate electrons to stabilize the hydride framework. Interestingly, the 
conduction band structure of the K-based compound is slightly flatter 
compared to the Li counterpart, implying heavier effective masses for 
electrons and consequently lower carrier mobility. This distinction may 
have implications for diffusion-related electronic processes within the 
lattice.

The semiconducting nature of XMg2H5 compounds is beneficial for 
hydrogen storage for several reasons. Firstly, a well-defined band gap 
indicates a high degree of ionic–covalent bonding stability within the 
hydride framework, which is essential for structural integrity during 
cycling. Secondly, the suppression of electronic con
ductivity—characteristic of wide-bandgap semiconductors—tends to 
reduce parasitic charge-driven hydrogen loss and energy dissipation 
during reversible storage processes. This electronic insulation is favor
able for maintaining the stability of the hydride at room temperature 
while allowing for controlled hydrogen release upon thermal activation.

3.4. Optical properties

Optical properties derived from first-principles density functional 
theory (DFT) calculations provide direct insight into the electronic ex
citations, interband transition channels, screening behaviour, and col
lective electronic responses of a material. In practice, the frequency- 
dependent complex dielectric function, ε(ω) = ε1(ω) + iε2(ω), is 
computed from the calculated Kohn–Sham states (within the 
independent-particle approximation or with additional many-body 
corrections) and is then used to derive a set of experimentally measur
able optical constants such as the absorption coefficient, refractive 
index, reflectivity, optical conductivity and energy-loss function. These 
optical fingerprints report on transition energies (linked to the band 
structure and band gap), the orbital character of participating states, and 
the degree of electronic screening and plasmonic response. For hydride 
materials and hydrogen storage applications, optical properties are 
relevant for several reasons. First, the onset of optical absorption and the 
strength of interband transitions provide an alternative probe of the 
band gap and the direct/indirect nature of electronic transitions - in
formation that affects photogenerated carriers and any photo-assisted 
hydrogen release processes. Second, the static and low-frequency 
dielectric response quantify electronic screening and polarizability; 
higher screening can modify hydrogen binding energies and diffusion 
barriers through changes in Coulomb interactions. Third, optical con
ductivity and loss spectra (plasmon peaks) reflect free-carrier and col
lective responses that change upon hydrogenation/dehydrogenation 
and thus can be used as non-destructive spectroscopic diagnostics. 
Finally, the wavelength range over which the material is transparent, or 
absorbing determines how optical or spectroscopic techniques (UV–Vis, 
EELS, IR) can be applied to monitor hydrogen uptake and structural 

Fig. 4. Electronic band structure and density of states for (a) LiMg2H5, (b) 
NaMg2H5, and (c) KMg2H5.
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changes in operando. Consequently, a detailed panel-by-panel analysis 
of the computed optical functions is informative both for fundamental 
understanding and for practical sensing or device design in hydrogen 
storage research.

Fig. 5(a–c) show the real and imaginary parts of the dielectric 
function for LiMg2H5, NaMg2H5, and KMg2H5, respectively.

The real part ε1(ω) and imaginary part ε2(ω) for the Li-based com
pound show a pronounced absorption band (peak in ε2) centered at low 
to mid-ultraviolet energies (roughly in the 4–7 eV window in the plotted 
curves). The relatively large magnitude of ε2 at that energy indicates 
strong interband transitions, consistent with allowed transitions from 
hydrogen-derived valence states into metal-dominated conduction 
states. The real part exhibits dispersive behavior: ε1 decreases with en
ergy across the main absorption and crosses through a region of reduced 
positive value beyond the peak, consistent with resonant screening 
associated with those interband excitations. The relatively large low- 
energy (near-static) ε1 indicates moderate electronic polarizability. 
Together, these features imply that the Li compound supports stronger 
optical transitions and higher polarizability than the heavier alkali an
alogues, a result that can be traced back to stronger orbital overlap and 
wider band dispersion in the Li system. The Na analogue shows quali
tatively similar structure in ε2(ω) but with slightly reduced peak in
tensity and a small shift in the main absorption maximum compared to 
the Li system. The lower ε2 amplitude indicates somewhat weaker 
transition matrix elements or reduced joint density of states at those 
excitation energies. ε1(ω) follows the expected dispersive trend with a 
moderate static value and a pronounced variation near the absorption 
band. These observations are consistent with the Na compound having 
slightly narrower bandwidths and weaker overlap than the Li case, 
producing less intense optical transitions while still maintaining signif
icant absorptive behaviour in the UV. For the K-based compound the 
imaginary part ε2 displays the smallest peak intensity among the three, 

and the main absorption feature is slightly red-shifted (toward lower 
energy) relative to Li and Na. The real part shows a comparable, though 
somewhat reduced, low frequency ε1. The reduced ε2 suggests weaker 
optical transition strength, in line with the K system's larger ionic radius, 
decreased orbital overlap and heavier effective masses inferred from the 
band structure. The redshift and weakened intensity of optical transi
tions in KMg2H5 are consistent with more localized states and an 
increased indirect character of transitions.

Fig. 5(d) shows the refractive index as a function of energy for 
LiMg2H5, NaMg2H5, and KMg2H5. The refractive index spectra for the 
three compounds show a prominent peak in the near-UV (a few eV), 
followed by a decrease toward higher energies and a gradual rise at the 
highest energies shown. The static (zero-frequency or low-energy) 
refractive index is moderate (on the order of ~2 for these com
pounds), with LiMg2H5 giving the largest static index and KMg2H5 the 
smallest. This trend mirrors the differences in low-frequency ε1 and 
indicates that the Li system is the most optically dense and polarizable at 
low photon energies. From a hydrogen storage perspective, the static 
dielectric response (and hence n(0)) influences Coulomb screening and 
can affect the energetics of charged defects and hydrogen diffusion 
barriers; materials with larger dielectric screening generally reduce 
Coulombic interactions and can modify migration energies.

Fig. 5(e–h) show the absorption coefficient, reflectivity, conductiv
ity, and loss function as a function of energy for LiMg2H5, NaMg2H5, and 
KMg2H5, respectively. All three spectra show an absorption onset in the 
near-UV and a broad, intense absorption band extending through the UV 
(the plotted scale shows a strong peak in the several-eV range). LiMg2H5 
exhibits the largest peak absorption coefficient, NaMg2H5 is intermedi
ate, and KMg2H5 the weakest. The absorption of onset energy is closely 
connected to the electronic band gap and the allowedness of transitions; 
the stronger absorption for Li is consistent with a relatively more direct/ 
allowed character and stronger transition matrix elements, whereas the 

Fig. 5. (a–c) frequency-dependent dielectric function (ε1(ω), ε2(ω)), d) Refractive index spectra n(ω), e) Absorption coefficient α(ω), f) reflectivity R(ω), g) optical 
conductivity σ(ω), and h) energy-loss function (ELF) for LiMg2H5, NaMg2H5, and KMg2H5.
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weaker absorption in K is consistent with more indirect or less allowed 
transitions. Practically, stronger absorption at lower energies enables 
optical probing (UV–Vis) of electronic changes upon hydrogenation, 
while weaker absorption makes optical detection more challenging but 
may reduce photogenerated carrier effects in applications. Reflectivity 
spectra show a broad maximum in the UV (roughly in the same energy 
window as the absorption peaks) with magnitudes that follow the order 
Li > Na > K. Reflectivity at low photon energies is relatively low, sug
gesting moderate transparency in the visible-near-infrared region for all 
three hydrides. The UV reflectance maxima correlate with the dielectric 
response and are symptomatic of strong interband transitions and 
increased refractive index in that spectral window. For device design or 
spectroscopic monitoring, the low visible reflectivity implies that 
reflectometric techniques would be more informative in the UV range 
where the materials exhibit stronger optical contrast. The computed real 
part of the optical conductivity shows a pronounced peak co-located 
with the main absorption band; Li shows the largest peak conductiv
ity, Na intermediate and K lowest. Because optical conductivity is pro
portional to the joint density of states and transition probability, the 
behaviour mirrors the trends seen in ε2 and the absorption. The rela
tively low conductivity at low energies (near DC limit) confirms a 
semiconducting character with small intrinsic free-carrier contribution 
— a favorable attribute for reversible hydrogen storage because sup
pressed electronic conductivity tends to reduce parasitic charge-driven 
hydrogen loss mechanisms. The relative magnitudes of the optical 
conductivity peaks also inform on how efficiently photoexcited carriers 
could be generated and participate in diffusion or reaction processes. 
The loss function exhibits a distinct plasmon-like peak for each com
pound in the UV (roughly around 9–12 eV in the plotted curves). 
LiMg2H5 shows the highest-energy and most intense plasmon peak, 
NaMg2H5 is slightly lower in energy/intensity, and KMg2H5 displays the 
lowest plasmon energy and smallest amplitude. These plasmon positions 
reflect the effective delocalized electron density and screening in the 
compounds: a higher plasmon energy signifies a larger free-electron-like 
response (higher effective valence electron density or stronger itiner
ancy), while the downward shift for the heavier alkali indicates reduced 
free-electron character. The plasmonic behavior can be probed directly 
by electron energy-loss spectroscopy (EELS) and is sensitive to changes 
in electron density upon hydrogen uptake/release-thus making the loss 
function a useful diagnostic for hydrogenation state and for under
standing collective electronic effects that may influence desorption ki
netics. The full set of calculated optical functions paints a consistent 
picture: substituting the alkali metal from Li → Na → K progressively 
reduces the intensity of interband optical transitions, slightly red shifts 
the principal features, and lowers the plasmon energy. These trends are 
consistent with larger cation size, reduced orbital overlap, narrower 
band dispersion and heavier effective masses in the heavier alkali sys
tems. From a hydrogen storage viewpoint, the semiconducting character 
and low low-frequency optical conductivity are advantageous for 
reversible storage because they minimize electronic leakage and non- 
thermally driven loss channels; meanwhile, the computed absorption, 
reflectivity and loss spectrum provide concrete spectral windows 
(mainly in the UV) where optical and EELS experiments can monitor 
hydrogenation and electronic-structure changes. Finally, because stan
dard DFT approximations (e.g., GGA/PBE) tend to underestimate 
fundamental gaps, we recommend that the qualitative spectral trends 
described here be combined with higher-level many-body corrections 
(GW, hybrid functionals) if precise quantitative agreement with exper
iment is required, particularly for absorption edge positions and plas
mon energies.

The calculated optical constants, particularly the absorption coeffi
cient and energy-loss spectra, serve as vital diagnostic tools for hydrogen 
sensing applications. The distinct shift in plasmon peaks (9–12 eV) and 
changes in reflectivity upon alkali-metal substitution provide unique 
spectroscopic fingerprints. These characteristics enable the monitoring 
of hydrogenation/dehydrogenation states in real-time through non- 

destructive optical techniques such as UV–Vis spectroscopy or Electron 
Energy-Loss Spectroscopy (EELS). Thus, these results are not only 
fundamental but also offer a theoretical basis for designing optical-based 
hydrogen sensors and diagnostics for hydride performance.

3.5. Thermodynamic properties

The thermophysical parameters of the LiMg2H5, NaMg2H5, and 
KMg2H5 compounds, including the density (ρ), transverse (vt), longitu
dinal (vl), and average sound velocities (vm), melting temperature (Tm), 
Debye temperature (θD), minimum thermal conductivity (Kmᵢn), and 
Grüneisen parameter (γ), are summarized in Table 8.

These parameters provide crucial insights into the lattice dynamics, 
thermal stability, and heat transport characteristics of the hydrides. The 
Debye temperature (θD) represents a fundamental physical parameter 
that significantly influences a material's lattice vibrations, melting 
behavior, thermal expansion, specific heat capacities, and thermal 
conductivity. It serves as a key indicator for differentiating between the 
low- and high-temperature regimes of a solid. The Debye temperature 
can be calculated using the following relation [34]: 

θD =
h
kB

[(
3N
4π

)
NAρ
M

]1
3
vm (4) 

Here, h, kB, N, NA, ρ, M, and vm denote Planck's constant, Boltzmann's 
constant, the number of atoms per formula unit, Avogadro's number, 
density, molar mass, and the average sound velocity, respectively. 
Furthermore, for isotropic materials, the average sound velocity (vm) can 
be determined from the longitudinal (vl) and transverse (vt) sound ve
locities using the following relation [34]: 

vm =

[
1
3

(
2
v3

t
+

1
v3

l

)]− 1
3

(5) 

The longitudinal (vl) and transverse (vt) sound velocities can be 
expressed in terms of the polycrystalline bulk and shear moduli based on 
the relations formulated by Voigt and Reuss [35]: 

vl =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3B + 4G

3ρ

√

and vt =

̅̅̅̅
G
ρ

√

(6) 

The longitudinal (vl) and transverse (vt) sound velocities are directly 
related to the bulk modulus and the density of the material.

Among the investigated hydrides, LiMg2H5 exhibits the highest 
sound velocities (vt = 5312.19 m/s, vl = 8596.23 m/s, and vm =

5859.01 m/s) and the largest Debye temperature (θD = 807.62 K). These 
results indicate a relatively strong interatomic bonding and high lattice 
stiffness, implying that LiMg2H5 possesses the most rigid lattice struc
ture among the studied compounds.

The melting temperature (Tm) is an important physical parameter 
that defines the upper temperature limit for the usability of a solid 
material. A solid exhibiting a higher Tm typically possesses a lower 
thermal expansion coefficient, greater cohesive and bonding energies, 
and stronger atomic interactions [36]. Based on the elastic constants, the 
melting temperature of a material can be estimated through the 
following empirical relation [37]: 

Tm =354 + 1.5(2C11 +C33) (7) 

The elevated Debye temperature also suggests a lower phonon 
scattering rate and, consequently, enhanced thermal stability. More
over, its high melting temperature (Tm = 749.74 K) further confirms the 
superior thermal resistance of LiMg2H5 under elevated temperatures. In 
contrast, NaMg2H5 exhibits the lowest Debye temperature (547.98 K) 
and sound velocities, reflecting a softer lattice and weaker interatomic 
interactions. This behavior can be attributed to the larger ionic radius of 
Na compared to Li, which expands the lattice and reduces the bond 
strength. Accordingly, NaMg2H5 displays the lowest melting point 
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(677.42 K) among the series, indicating relatively lower thermal 
robustness. The KMg2H5 compound shows intermediate characteristics, 
with a Debye temperature of 588.16 K and an average sound velocity of 
4559.42 m/s. Although its density (1.57 g/cm3) is the highest, sug
gesting heavier atomic packing, the lower Debye temperature and 
moderate melting point (690.65 K) imply that the increased atomic mass 
of K contributes to reduced phonon frequencies and lower lattice 
stiffness.

The minimum thermal conductivity (Kmᵢn) represents the lower limit 
of a material's intrinsic lattice thermal conductivity attainable at 
elevated temperatures. This property is particularly important because it 
remains unaffected by structural imperfections, impurities, or lattice 
defects. Clarke proposed the following equation, based on the quasi- 
harmonic Debye model, to estimate Kmᵢn under high-temperature con
ditions [38]: 

Kmin = kBvm

(
M

nρNA

)−
2
3

(8) 

The minimum thermal conductivity (Kmᵢn) values follow the trend 
LiMg2H5 (1.73 W/m⋅K) > KMg2H5 (1.18 W/m⋅K) > NaMg2H5 (1.13 W/ 
m⋅K), which aligns with the variation in the Debye temperatures and 
average sound velocities. This correlation demonstrates that phonon- 
mediated heat transfer is more efficient in Li-containing hydrides, 
whereas heavier alkali elements reduce the phonon transport capability.

Additionally, the Grüneisen parameter (γ), which characterizes 
anharmonic effects and thermal expansion, ranges from 1.25 to 1.47. 
The following equation can be used to estimate the Grüneisen parameter 
of XMg2H5 (X = Li, Na, K) using acoustic velocities [39]: 

γa =
3
2

((
3v2

l − 4v2
t
)

v2
l + 2v2

t

)

(9) 

The lowest γ value for LiMg2H5 indicates minimal lattice anharmo
nicity and greater structural stability, while higher γ values for NaMg2H5 
and KMg2H5 signify stronger phonon–phonon interactions, leading to 
increased lattice vibrations and lower thermal conductivity.

Overall, these results suggest that LiMg2H5 exhibits superior ther
mophysical performance, with enhanced thermal stability, stronger 
bonding, and better heat transport behavior, making it a promising 
candidate for hydrogen storage applications under varying thermal 
conditions. In contrast, Na- and K-substituted hydrides show progres
sively softer and more anharmonic lattices, which may influence their 
hydrogen desorption kinetics and structural stability at high 
temperatures.

3.6. Hydrogen storage properties

The transition toward sustainable energy systems necessitates the 
replacement of carbon-based fuels with environmentally friendly alter
natives, and hydrogen is widely regarded as a promising clean energy 
carrier. However, developing materials capable of storing hydrogen 
efficiently and safely remains one of the main technological challenges. 
Solid-state hydrogen storage systems, particularly metal hydrides, have 
gained significant attention due to their high energy density, low 
operation pressure, and enhanced safety characteristics compared to 
compressed or liquid hydrogen methods. Among them, perovskite-type 
and complex hydrides have attracted interest owing to their favorable 

hydrogen sorption kinetics and high reversible capacity. In this study, 
the hydrogen storage performance of LiMg2H5, NaMg2H5, and KMg2H5 
compounds was systematically evaluated in terms of desorption tem
perature (Tdes), gravimetric capacity (Cwt%), and volumetric capacity 
(Cv). The obtained results reveal that both the hydrogen content and 
behavior of description are strongly influenced by the choice of alkali 
metal. To measure the gravimetric hydrogen content, we use the 
following equation [40]: 

Cwt% =

⎛

⎜
⎝

(
H
M

)

MH

MHost +

(
H
M

)

MH

x 100

⎞

⎟
⎠% (10) 

As shown in Table 9, LiMg2H5 exhibits the highest gravimetric 
hydrogen storage capacity of 8.32 wt% and a volumetric capacity of 
102.97 gH2L− 1, followed by NaMg2H5 with 6.58 wt% and 92.16 gH2L− 1, 
and KMg2H5 with 5.43 wt% and 84.40 gH2L− 1, respectively.

The superior performance of LiMg2H5 is attributed to the smaller 
ionic radius of Li+, which promotes denser hydrogen packing and 
stronger metal–hydrogen interactions. All investigated materials surpass 
the U.S. Department of Energy (DOE) 2025 target of 5.5 wt% for 
gravimetric capacity, confirming their potential for practical hydrogen 
storage applications. The desorption temperature (Tdes) is another key 
factor determining the usability of a storage material [41].

The hydrogen desorption characteristics of XMg2H5 (X = Li, Na, K) 
compounds were determined by considering a specific reaction pathway 
where the complex hydride decomposes into an alkali hydride, metallic 
magnesium, and molecular hydrogen (XMg2H5 → XH + 2 Mg + 2H2). 
Based on this decomposition route, the calculated desorption tempera
tures (Tdes) are 235.82 K for LiMg2H5, 334.23 K for NaMg2H5, and 
267.74 K for KMg2H5. These values provide a realistic assessment of the 
thermal energy required for hydrogen release under practical condi
tions. Specifically, the desorption temperature of 334.23 K for NaMg2H5 
is particularly noteworthy for solid-state storage applications, as it 
operates slightly above ambient temperature, enabling controlled 
hydrogen delivery. Despite the formation of the XH intermediate phase, 
the gravimetric storage capacities remain high at 8.32 wt%, 6.58 wt%, 
and 5.43 wt% for the Li, Na, and K-based systems, respectively, with 
LiMg2H5 and NaMg2H5 successfully meeting the DOE 2025 targets.

3.7. Phonon (vibrational) properties

Phonon properties play a central role in evaluating the dynamic 
stability and hydrogen-related behavior of solid-state hydrogen storage 
materials. In systems containing light elements such as hydrogen, 
vibrational characteristics are significant because hydrogen atoms 
strongly influence both the stability of the host lattice and the energetics 
of hydrogen adsorption and release. For this reason, phonon dispersion 

Table 8 
Calculated thermophysical parameters including density (ρ), transverse (vt), longitudinal (vl), and average (vm) sound velocities, melting temperature (Tm), Debye 
temperature (θD), minimum thermal conductivity (Kmᵢn), and Grüneisen parameter (γa) for LiMg2H5, NaMg2H5, and KMg2H5 compounds.

Compound Р (g/cm3) vt (m/s) vl (m/s) vm (m/s) Tm (K) θD (K) Kmin Wm− 1 K− 1 γa

LiMg2H5 1.25 5312.19 8596.23 5859.01 749.74 807.62 1.73 1.25
NaMg2H5 1.41 3717.94 6398.66 4125.29 677.42 547.98 1.13 1.47
KMg2H5 1.57 4126.84 6789.54 4559.42 690.65 588.16 1.18 1.31

Table 9 
Theoretical desorption temperature (Tdes, K), gravimetric capacity (Cwt.%), and 
volumetric capacity (Cv) of XMg2H5.

Compound Tdes Cwt.% Cv

LiMg2H5 235.82 8.32 102.97
NaMg2H5 334.23 6.58 92.16
KMg2H5 267.74 5.43 84.40
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relations were calculated to assess the vibrational stability of the 
investigated structures and to gain deeper insight into their suitability 
for hydrogen storage applications. As illustrated in Fig. 6(a–c), the 
phonon dispersion curves of LiMg2H5, NaMg2H5, and KMg2H5 calcu
lated along the high-symmetry Γ–X–S–Y–Γ path show that all vibrational 
modes remain positive across the entire Brillouin zone.

The complete absence of imaginary modes confirms that the struc
tures are dynamically stable and do not show any tendency toward 
lattice instability under small atomic displacements. This result is 
especially significant for hydrogen storage materials, as dynamic sta
bility is a prerequisite for maintaining structural integrity during 
hydrogen absorption and desorption processes, which are typically 
accompanied by thermal fluctuations.

The structures investigated contain 16 atoms per unit cell, resulting 
in a total of 48 phonon branches, in accordance with the 3 N rule. 
Among these, three branches correspond to acoustic modes, while the 
remaining 45 branches are optical modes. The acoustic phonon branches 
originate smoothly from zero frequency at the Γ point, reflecting the 
collective, in-phase motion of atoms within the lattice and confirming 
the mechanical consistency of the crystal structures. These modes are 
closely related to the elastic response of the material and provide indi
rect insight into its mechanical robustness. The large number of optical 
phonon modes observed at higher frequencies is a direct consequence of 
the multi-atomic unit cell and the presence of hydrogen atoms. Due to 
their low atomic mass, hydrogen atoms contribute predominantly to 
high-frequency vibrational modes, which are clearly visible in the 
phonon spectra. These high-frequency optical modes indicate strong and 
directional metal–hydrogen interactions, suggesting that hydrogen is 
firmly bound within the crystal framework. Such vibrational behavior is 
generally associated with good hydrogen retention and reduced risk of 
premature hydrogen release under ambient conditions.

From a hydrogen storage perspective, the distribution of phonon 
modes provides valuable information about both thermal stability and 
desorption behavior. The absence of soft modes at low frequencies 
suggests that the lattice remains stable upon thermal excitation, while 
the well-separated high-frequency hydrogen-related optical modes point 
to a balanced binding strength. This balance is essential for practical 
hydrogen storage, as excessively weak bonding would lead to hydrogen 

loss, whereas overly strong bonding could result in unacceptably high 
desorption temperatures. Furthermore, the smooth dispersion of both 
acoustic and low-frequency optical modes indicates a well-ordered 
vibrational landscape, which is favorable for reversible hydrogen 
diffusion within the lattice. Such vibrational characteristics imply that 
hydrogen atoms can migrate in a controlled manner without triggering 
structural degradation, an important requirement for long-term cycling 
stability. Overall, the phonon dispersion results demonstrate that the 
materials investigated are vibrationally and dynamically stable, with 
phonon features that are well aligned with the key requirements for 
efficient and reversible hydrogen storage.

4. Conclusion

In this study, we present a detailed first-principles analysis of the 
structural, elastic, electronic, vibrational, thermodynamic, and 
hydrogen storage characteristics of orthorhombic XMg2H5 (X = Li, Na, 
K) hydrides. The calculated negative formation energies indicate that all 
compounds are thermodynamically stable in the Pmmn phase, suggest
ing that their experimental synthesis is feasible. Among the investigated 
systems, LiMg2H5 stands out due to its compact crystal structure, the 
highest bulk and shear moduli, and the largest Debye temperature, 
indicating strong interatomic interactions and enhanced mechanical and 
thermal robustness. By comparison, NaMg2H5 exhibits lower stiffness 
together with pronounced elastic anisotropy, underscoring the direc
tional nature of its mechanical response, whereas KMg2H5 shows in
termediate rigidity accompanied by improved machinability. Despite 
these differences, all compounds are predicted to be intrinsically brittle, 
a behavior commonly observed in complex metal hydrides.

The electronic properties further reveal that all XMg2H5 compounds 
are wide-band-gap semiconductors, with hydrogen-derived states play
ing a dominant role near both the valence and conduction band edges. 
This electronic structure reflects a predominantly ionic bonding char
acter, which is advantageous for reversible hydrogen storage. Consistent 
with these findings, optical calculations identify strong interband tran
sitions in the ultraviolet region and plasmon resonance features in the 
9–12 eV energy range, offering distinct spectroscopic fingerprints that 
could be used to monitor hydrogenation and dehydrogenation 

Fig. 6(a). The phonon dispersion curves for LiMg2H5.
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processes. To evaluate lattice dynamics and structural robustness, 
phonon dispersion calculations were also carried out for all XMg2H5 
systems. The complete absence of imaginary phonon frequencies across 
the Brillouin zone confirms that LiMg2H5, NaMg2H5, and KMg2H5 are 
dynamically stable in the orthorhombic Pmmn structure. This result 
lends additional confidence to the predicted physical properties and 
supports the suitability of these hydrides for practical applications.

From the perspective of hydrogen storage performance, LiMg2H5 
provides the highest gravimetric (8.32 wt%) and volumetric hydrogen 
capacities, surpassing the U.S. DOE 2025 target, while NaMg2H5 is 

distinguished by its lower hydrogen desorption temperature, indicative 
of easier hydrogen release. Taken together, these results highlight a 
clear trade-off between storage capacity, thermal stability, and desorp
tion behavior that can be systematically tuned through alkali-metal 
substitution.
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