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ARTICLE INFO ABSTRACT

Handling Editor: Dr M Mahdi Najafpour In this study, the structural, elastic, optical, electronic, phonon, thermodynamic, and hydrogen storage properties
of bialkali alanates MyLiAlHg (M = Na, K) were systematically investigated using density functional theory
(DFT). The compounds crystallize in a cubic structure and exhibit mechanical and thermodynamic stability, as
evidenced by their negative formation enthalpies and positive cohesive energies. Elastic constant calculations
revealed that both materials are mechanically stable yet brittle. Optical analyses indicated strong absorption and
reflectivity in the ultraviolet region, while electronic band structure results showed that the materials are wide-
bandgap semiconductors with direct transitions. Phonon dispersion confirmed the dynamic stability of KoLiAlHg,
while NayLiAlHg exhibited imaginary frequencies indicating instability. Thermodynamic properties, including
Debye temperature, melting point, and minimum thermal conductivity, support the suitability of these com-
pounds for thermal applications. Furthermore, NayLiAlHg demonstrated a higher hydrogen storage capacity,
both gravimetric (3.42 wt%) and volumetric (100.63 gH,L ™), meeting the U.S. Department of Energy’s volu-
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metric target for 2025.

1. Introduction

The energy crisis and environmental pollution are two interlinked
challenges that define the global agenda in the 21st century. The rapid
depletion of fossil fuel reserves and their adverse environmental im-
pacts, including greenhouse gas emissions and air pollution, have
necessitated the exploration of sustainable and clean energy alterna-
tives. Hydrogen energy has emerged as a promising solution due to its
high energy density, versatility, and zero-emission characteristics.
However, the efficient storage of hydrogen remains a critical factor in
unlocking its full potential. Storing hydrogen energy is essential for
addressing the intermittency of renewable energy sources, such as solar
and wind, by enabling long-term and large-scale energy storage. Unlike
conventional batteries, hydrogen storage offers scalability and flexi-
bility, making it suitable for diverse applications ranging from power
generation to transportation. Furthermore, it provides a pathway for
decarbonizing hard-to-abate sectors while contributing to global efforts
to mitigate climate change [1-3].

The compounds NayLiAlHg and KjLiAlHe hold significant impor-
tance in hydrogen storage. These compounds belong to the class of
complex alanates, known for their high hydrogen storage capacities and
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favorable thermodynamic properties. They play a critical role in
advancing the hydrogen economy, particularly by offering energy-dense
storage solutions. Their significance lies in their chemical structures,
which enable the release of substantial amounts of hydrogen through
thermal decomposition or catalyzed reactions. Moreover, their revers-
ible nature, which allows hydrogen to be repeatedly stored and released,
provides a major advantage for practical hydrogen storage systems.
Their thermal stability ensures safe storage and controlled hydrogen
release. In addition, their performance can be further enhanced through
catalytic improvements, broadening their potential applications.

NapLiAlHg and K3LiAlHg also offer significant environmental bene-
fits. Their use reduces dependency on fossil fuels and provides a clean
and sustainable energy alternative. Furthermore, their composition from
relatively abundant elements minimizes environmental impact during
production and usage [4,5].

NayLiAlHg and K3LiAlHg compounds have been significant research
subjects as hydrogen storage materials. Below is a summary of prior
studies on the structural, thermodynamic, and mechanical properties of
these compounds, along with references:

The perovskite-like crystal structure of NapLiAlHg was first investi-
gated by Brinks et al. [6] through powder neutron and X-ray diffraction
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measurements. These studies confirmed that the compound exhibits an
elpasolite-type structure. Wang et al. [7] examined the mechanisms
affecting the hydrogen storage performance of NayLiAlHg. They
demonstrated that reducing particle size or adding a catalyst could
improve its dehydrogenation performance. Graetz et al. [8] investigated
the thermodynamic properties of this compound, reporting that the
enthalpy and temperature of decomposition increase with the size of
alkali metal ions. The structure of K,;LiAlHg has also been shown to
exhibit a perovskite-type arrangement similar to NayLiAlHg. However,
due to the larger ionic size of potassium, differences in structural pa-
rameters were observed. K;LiAlHg was found to have a higher decom-
position enthalpy than NayLiAlHg, indicating differences in hydrogen
storage performance.

The investigation of mechanical, electronic, and thermodynamic
properties of transition-metal intermetallics via first-principles calcula-
tions provides critical insights into their structural stability and func-
tional applications. In particular, detailed studies on Al-Ti-N systems
such as AlTi3N, AlTisN, AlTi4N3, and Al,TisNy have yielded valuable
data on their elastic anisotropies, hardness, and dynamic stability [9].
Similarly, research on the intermetallics and its derivatives has
advanced materials engineering by elucidating mechanical strength and
electronic structure [10,11]. These works not only demonstrate the
predictive power of DFT-based computations for material properties but
also guide the design of next-generation functional materials.

When compared with other complex hydrides studied for hydrogen
storage, such as NaAlH4 [12], LiAlH4 [13], and MgoNiH4 [14], the
bialkali alanates MsLiAlHg (M = Na, K) exhibit competitive or superior
performance, particularly in terms of volumetric hydrogen capacity and
thermodynamic stability. For instance, NaAlH4 has a gravimetric ca-
pacity of ~5.6 wt% but requires higher desorption temperatures and
often needs catalyst doping for reversibility. Similarly, Mg,NiH4 exhibits
moderate hydrogen capacity (~3.6 wt%) but suffers from sluggish ki-
netics and high operating temperatures. In contrast, Na;LiAlHg offers a
balance between storage capacity (3.42 wt%, 100.63 gHy/L), moderate
desorption temperature (256.88 K), and intrinsic thermodynamic sta-
bility without requiring dopants. Moreover, unlike LiAlH4, which de-
composes exothermically and irreversibly under moderate
temperatures, M,LiAlHg compounds maintain structural and mechani-
cal integrity. These comparisons suggest that bialkali alanates not only
meet but in some cases exceed the performance metrics of traditional
alanates and intermetallic hydrides, positioning them as promising
candidates for next-generation solid-state hydrogen storage systems.

This study presents an in-depth and multifaceted first-principles
investigation of the bialkali alanates NayLiAlHg and K;LiAlHg, aiming
to fill critical knowledge gaps in their characterization for hydrogen
storage applications. While previous literature has largely focused on
isolated properties, such as crystal structure or decomposition thermo-
dynamics, our work offers a holistic approach by simultaneously
examining their structural, elastic, optical, electronic, phonon, ther-
modynamic, and hydrogen storage properties using state-of-the-art
density functional theory (DFT) methods. For the first time, we report
a complete set of elastic constants, anisotropy indices, mechanical
hardness estimations, and phonon dispersion curves for these com-
pounds, enabling a thorough evaluation of their mechanical and dy-
namic stability. Our findings reveal that NasLiAlHg not only meets but
significantly surpasses the U.S. Department of Energy’s volumetric
hydrogen storage target for 2025, with a capacity of 100.63 gHy/L,
making it a strong candidate for practical applications. Moreover, the
optical properties suggest high UV reflectivity and absorption, opening
potential avenues in optoelectronic technologies. The observation of
dynamic stability in KjLiAlHg, contrasted by the instability in
NayLiAlHg, provides critical insight into composition-dependent vibra-
tional behavior. By integrating all these perspectives, this study not only
advances the fundamental understanding of complex alanates but also
identifies viable pathways for next-generation solid-state hydrogen
storage materials.

441

International Journal of Hydrogen Energy 135 (2025) 440-456
2. Computational details

The Siesta Package Program [15] was utilized to analyze various
physical properties of MLiAlHe (M = Na, K) compounds, including
structural, electronic, elastic, vibrational, optical, and hydrogen storage
properties. This research was based on Density Functional Theory (DFT)
principles, applying the Perdew-Burke-Ernzerhof (PBE) [16] function
within the Generalized Gradient Approximation (GGA) and the
Ceperley-Alder (CA) [17] function within the Local Density Approxi-
mation (LDA) [18] to handle exchange-correlation energy. Before
initiating calculations, geometry optimizations were conducted, select-
ing the most stable and lowest-energy configurations for simulation.
Norm-conserving pseudopotentials of the Troullier-Martins type were
employed for Na, K, Li, Al, and H atoms [19], and a double zeta polar-
ized basis set was used throughout. Following optimization, the mesh
cut-off energy was set at 300 Ry. For Brillouin zone sampling, a k-point
mesh was applied using the Monkhorst-Pack method [20], with meshes
defined as 6x6x6 for MaLiAlHg. Structural refinement continued through
the conjugate-gradient (CG) method until residual forces on all atoms
were less than 0.01 eV/A~L. The Vesta program [21] further aided by
providing detailed information on each compound’s space group, lattice
parameters, and atomic positions. Finally, the volume-conserving
method along with the Siesta program was employed to determine the
second-order independent elastic constants for MsLiAlHg. The cubic
crystal system has the simplest form of elastic matrix, with only three
independent constants, C11, C12, and C44 [22]:

C.
Ci Cip Cpp %
Ceubic = Cn Ci2 Cus
Cn

Caq

Besides, some elastic constants such as Bulk modulus using By
Gy+Gr
2
(3B-2G)
2(3B+G)

By+B, :
=%, Shear modulus using Gy =

9GB
(3B+G)

calculated elastic constant values.

, Young’s modulus using E =

and Poisson’s ratio using v = were also calculated from the

3. Results and discussion
3.1. Structural properties

The structure of bialkali alanates, MLiAlHg (M = Na, K), is seen in
Fig. 1. This quaternary phase crystallizes in the cubic system with space
group Fm3m (225). The unit cell of MsLiAlHg (M = Na, K) compounds
comprises 40 atoms: 8 M atoms (Na or K), 4 Li atoms, 4 Al atoms, and
24H atoms. In the compound NayLiAlHg, the positions of the atoms are
as follows: Na occupies the 8c position (0.2500, 0.7500, 0.2500), Li is
located at the 4b position (0, 0, 0.5000), Al is found at the 4a position (0,
0, 0), and H is situated at the 24e position (0, 0, 0.7613). In the com-
pound K3LiAlHg, the positions of the K, Li, Al, and H atoms are as fol-
lows: K occupies the 8c position at (0.2500, 0.2500, 0.7500), Li is
located at the 4b position (0.5000, 0, 0), Al is found at the 4a position (0,
0, 0), and H is situated at the 24e position (0.2286, 0, 0). All structures
were optimized under conditions of zero temperature and pressure. The
results are presented in Table 1, which includes lattice parameter, unit
cell volume, formation energy, and cohesive energy, compared with
other studies in the literature. The results presented in Table 1 align with
previous theoretical and experimental studies reported in the literature
[6,23-25]. The optimized structure for NasLiAlHg (GGA-LDA) displays
average bond lengths of Al-H (1.75-1.74 f\), Li-H (1.92-1.84 f\), Na-H
(2.60-2.53 A), Li-Al (3.67-3.58 A), and Li-Na (3.18-3.10 A). The
optimized average bond lengths for K;LiAlHe (GGA -LDA) are as follows:
Al-H (1.79-1.77 A), Li-H (2.12-2.02 &), K-H (2.77-2.68 A), Li-Al
(3.91-3.79 A), and Li—K (3.39-3.28 A).

The thermal stability of alanates is a key factor influencing their
effectiveness in solid-state hydrogen storage, as it directly affects the



C. Yamgigier and C. Kiirkgii

International Journal of Hydrogen Energy 135 (2025) 440-456

Fig. 1. Crystal structures for MyLiAlHg (M = Na, K).

Table 1
Lattice parameters (a, b, ¢), volume (V), formation energy (AHg) and cohesive energy (Econ) for NagLiAlHe, and K;LiAlHg using both GGA and LDA.
Compound a(A) b (A) c(A) V (A% AHy (eV/atom) Econ (€V/atom) References
Na,LiAlHg (GGA) 7.3429 7.3429 7.3429 395.92 —0.348 3.127 This study
Na,LiAlHg (LDA) 7.1552 7.1552 7.1552 366.32 —0.437 3.117 This study
7.3848 7.3848 7.3848 - - - [6]
7.3380 7.3380 7.3380 - - - [23]
7.4065 7.4065 7.4065 - - - [24]
KoLiAlHg (GGA) 7.8265 7.8265 7.8265 479.41 —0.381 3.097 This study
K,LiAlHg (LDA) 7.5771 7.5771 7.5771 435.03 —0.516 3.336 This study
7.9383 7.9383 7.9383 - - - [25]

amount and duration of hydrogen retention. To evaluate the thermal
stability of MpLiAlHg (M = Na, K) alanates, we performed measurements
to ascertain their enthalpy of formation (AHy). The formation energy
was determined using the equation presented in Equation (1) [26].
AHf :Etot(MzLiALHG) - 2Etor(MH) _Etot(LiH) - Emt(Al) _%EtO[(HZ) (1)
In Equation (1), Egr(M2LiAlHg ), Ere(MH), Egor(LiH), Eior(Al), and Egor(Hz)
denote the total energies of MH (Na, K), LIH, Al and Hj, respectively.
The formation enthalpies calculated for NayLiAlHg, and KyLiAlHg are
—0.348 (GGA), —0.437 (LDA), —0.381 (GGA), and —0.516 (LDA) eV/
atom, respectively. A negative formation energy value signifies ther-
modynamic stability and the feasibility of experimental synthesis [27,
28]. KsLiAlHg exhibits enhanced stability due to its more negative for-
mation enthalpy energy. 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 E oy
indicates the stability of the crystal. Equation (2) delineates the formula
for the cohesive energy of the MLiAlHg (M = Na, K) compound [29].

Econ=
1 . . 3
10 Ejo(M>LiAlHg) — 2E o (MH) — Eor(LiH) — Eror (Al) _EEwt(HZ)
(2

The term E,,(M,LiAlH,) denotes the total energy of the MyLiAlHg
compound, while E(MH), Ego(LiH), Eo(Al), and Ey(H2) represent the
energy of each individual atom within the unit cell. Table 1 illustrates
that the heat release observed during the process is positive, signifying a
transition from isolated atoms to chemical compounds [30]. The find-
ings indicate the thermodynamic stability of all examined materials.
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3.2. Mechanical properties

3.2.1. The elastic constant

The elastic parameters of the bialkali alanates NasLiAlHg and
KoLiAlHg are yet not reported in previous literature to the best of our
extensive survey. The elastic properties of a solid are primarily influ-
enced by interatomic interactions and are also beneficial for compre-
hending a variety of solid-state properties at equilibrium, including
bonding nature, structural stability, elastic response to external stress,
and machinability. Three independent elastic constants: Cq;, C;3, and
Cy44, are present in a material with cubic symmetry. A cubic system is
said to be mechanically stable if it justifies the following elastic stability
conditions [31]. Due to the crystal symmetry of a cubic structure,
C11—Cyy = C33, C12—Cs3 = C13 and C44—Cs5 = Cggp. The elastic con-
stants calculated for bialkali alanates NasLiAlHg and K3LiAlHg com-
pounds are shown in Table 2. According to Born-Huang conditions, a
cubic system needs to meet the following requirements in order to be
mechanically stable [31]: C1; — C12 > 0; C11 + 2C12 > 0; Cy4 > 0. All
elastic constants of MLiAlHg (M = Na, K) compounds meet the criterion
for mechanical stability. Consequently, this suggests that MLiAlHg (M
= Na, K) compounds exhibit mechanical stability.

The diagonal elastic constants Cq1, Ca2, and C33 indicate a material’s
ability to endure tensile stress in the crystallographic a-, b-, and c-di-
rections, respectively. In cubic crystals, the equality C;;—Cg2 = Cs3
indicates that the binding forces along the crystallographic directions a-
b- and c-are uniform for M,LiAlHg (M = Na, K) compounds. The diag-
onal elastic constants, C44, Css5, and Ceg, are used to assess a material’s
reaction to shearing stress. C44 estimates the resistance to shear resulting
from tangentially applied stress on the (100) plane in the [010] direc-
tion. At the same time, C44 represents the indentation hardness of a
material. The lower value of C44 relative to C;1 in MyLiAlHg (M = Na, K)
compounds indicates that the crystal exhibits lowered resistance to
shearing strain. It is anticipated that the mechanical failure mode of
M,LiAlHg (M = Na, K) will be affected by shearing strain, as opposed to
unidirectional strains. The off-diagonal shear components, specifically
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Table 2
Computed elastic constants (Cjj), Cauchy pressure (Cp), tetragonal shear constant (C) and Kleinman parameter (¢) for NayLiAlHg, and K,LiAlHg using both GGA and
LDA.
Compounds C11(GPa) C12(GPa) C44(GPa) Cp(C12-C44)(GPa) C’ (GPa) 4 Reference
Na,LiAlHg (GGA) 65.84 20.51 32.40 —-11.89 22.67 0.46 This study
64.76 20.30 31.94 —11.64 22.23 - [36]
Na,LiAlHg (LDA) 80.12 21.97 34.99 —13.02 29.08 0.42 This study
78.79 21.82 34.44 —-12.62 22.23 - [36]
K,LiAlHg (GGA) 48.82 21.04 35.01 -13.97 13.89 0.57 This study
47.86 20.78 34.58 —13.80 13.54 - [36]
K,LiAlHg (LDA) 69.04 26.28 42.42 —16.14 21.38 0.52 This study
65.62 22.81 39.99 -17.18 21.40 - [36]

Cy2, C13, and Cgg, indicate a crystal’s resistance to volume-conserving
orthogonal distortions. The lower value of Ci2 compared to C;; in
M5LiAlHg (M = Na, K) indicates that the material has less resistance to
orthogonal distortions.

One important measurement for determining the dynamical stability
of a crystalline solid is the tetragonal shear modulus, C, which is defined
as C' = 152 [32,33]. It also provides insight on the rigidity of a crystal.
Moreover, C is associated with slow transverse acoustic waves and is
integral to the structural alterations of a system [34]. The stability of a
crystalline compound can be measured by a positive value of C, while a
negative value of C’ implies that the material is dynamically unstable.
The C values obtained for MyLiAlHg (M = Na, K) are presented in
Table I1. The positive values of C values for the calculated compounds
indicate the dynamic stability of these compounds. The Kleinman
parameter, {, which quantifies a compound’s stability under bending
and stretching, has also been calculated. The Kleinman parameter ({ =
7at842) is a dimensionless quantity that typically ranges from 0 to 1.
The Kleinman parameter [35] qualitatively indicates the contributions
of bond bending and bond stretching to the material’s mechanical
strength. The Kleinman parameter states that the lower limit of ¢ rep-
resents a significant contribution of bond stretching or shrinkage in
resisting external stress, while the upper limit reflects a significant
contribution of bond bending in resisting external load. Table 2 shows
that the Kleinman parameter values for NasLiAlHg compound are 0.46
(GGA), 0.42 (LDA) and for K5LiAlHg 0.57 (GGA), 0.52 (LDA). According
to the calculated Kleinman parameter values, for NayLiAlHg compound,
both bond bending and bond stress contributions play a role in deter-
mining its mechanical strength, while for KyLiAlHg compound, the
Kleinman parameter value is greater than 0.5, which means that the
mechanical strength is mainly provided by bond bending contributions.

We have additionally computed the Cauchy pressure, Cp, which
represents the C, = C12 — C44 characteristics of bonding in a structure at
the atomic scale [37,38]. A material exhibiting positive Cauchy pressure
is generally classified as ductile, whereas brittleness is indicated by a
negative value. According to Pettifor [39], materials with a large posi-
tive value of Cp exhibit strong metallic non-directional bonding, whereas
a negative value of Cp is associated with an angular character in the
bonding. Cauchy pressure as calculated for MsLiAlHg (M = Na, K) is
presented in Table II. The negative value of Cp for MyLiAlHg (M = Na, K)
suggests the brittle nature of MyLiAlHg (M = Na, K) as well as the

Table 3

existence of angular character bonding in the compounds.

3.2.2. The elastic moduli

Elastic moduli for polycrystalline materials can be derived from the
elastic constants of single crystals [40]. Table 3 presents the computed
polycrystalline bulk modulus (By), shear modulus (Gy), Pugh’s ratio
(B/G), Young’s modulus (E), Poisson’s ratio (v), and machinability index
(uM) for NaLiAlHg and KoLiAlHg. The bulk and shear moduli of poly-
crystalline materials are calculated applying the Voigt and Reuss ap-
proximations [41,42]. These methods provide the mathematical upper
and lower bounds of the elastic moduli. The Hill approximation [43]
utilizes the arithmetic mean of these two limits and accurately indicates
the true polycrystalline constants.

The bulk modulus, (BH = @), and the shear modulus, <GH =

G"—EGR), of a material denote its ability to endure volume alterations

induced by isotropic pressure and plastic deformation resulting from
shear, respectively. The expected elastic constant calculations reveal
that the lower shear modulus compared to the bulk modulus suggests
that the applied shear component can govern the mechanical failure of
M,LiAlHg (M = Na, K). Pugh’s ratio (B/G), which measures a solid’s bulk
to shear modulus ratio, is used to determine whether a material is brittle
or ductile [44-47]. The threshold value of the B/G ratio used to deter-
mine the brittleness and ductility of materials is 1.75. Ductility corre-
lates with a Pugh’s ratio exceeding 1.75, whereas solids with a ratio
below 1.75 demonstrate brittleness [33,48,49]. Consequently, the
computed Pugh’s ratio for MyLiAlHg (M = Na, K) compounds indicates
the material’s brittle nature, aligning with the principles of Cauchy

9GB ), is defined as the ratio of

pressure. Young’s modulus, (E = 3B+0)

tensile stress to longitudinal strain, quantifying the stiffness of a mate-
rial. As can be seen from Table 3, both the bulk modulus and Young’s
modulus of KyLiAlHg are lower than that of NasLiAlHg. The fact that the
Young’s modulus of KyLiAlHg compound has a lower value indicates
that it has less hardness than NayLiAlHg compound.

(3B-2G)

. R . _
Poisson’s ratio, (v = 3350

), is a commonly utilized parameter

that characterizes many properties, including ductility or brittleness,
compressibility, and bonding force characteristics of a material.

Polycrystalline bulk moduli Bg, By, and By, shear moduli Gg, Gy, and Gy, Young’s modulus E (all in GPa), Pugh’s ratio B/G, Poisson’s ratio (v) and machinability index

(uM) for Na,LiAlHe, and K,LiAlHe using both GGA and LDA.

Compounds Br By By Gr Gy Gy E B/G 0 u Reference
Na,LiAlHg (GGA) 35.62 35.62 35.62 27.65 28.50 28.08 66.70 1.27 0.187 1.10 This study
35.12 35.12 35.12 27.19 28.06 27.63 65.66 1.27 0.19 - [36]
Na,LiAlHg (LDA) 41.35 41.35 41.35 32.36 32.63 32.49 77.24 1.27 0.189 1.18 This study
40.81 40.81 40.81 31.78 32.06 31.92 75.96 1.28 0.19 - [36]
K,LiAlHg (GGA) 30.30 30.30 30.30 21.77 26.56 24.16 57.18 1.25 0.185 0.87 This study
29.81 29.81 29.81 21.32 26.17 23.74 56.29 1.25 0.18 - [36]
K,LiAlHg (LDA) 40.53 40.53 40.53 30.44 34.01 32.22 76.42 1.26 0.186 0.96 This study
37.08 37.08 37.08 29.68 32.56 31.12 72.95 1.19 0.17 - [36]
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Poisson’s ratio also indicates a material’s resilience under shear stress.
Enhanced stability against shear is anticipated if the value of v is
somewhat lower. The value of Poisson’s ratio is typically in the range of
—0.5 to 1.0. The critical value for determining the brittleness and
ductility of Poisson’s ratio for crystalline materials is approximately
0.26 [50]. A material is classified as ductile if the value of v exceeds
0.26, and as brittle if it is less than 0.26. Consequently, the value of v for
M,LiAlHg (M = Na, K), as presented in Table 3, signifies the material’s
brittle characteristics. Our prediction aligns entirely with the previously
examined elastic parameters in our work. Poisson’s ratio can be used to
determine the nature of chemical bonds in solid crystals. In covalent
materials, the value of v is low (about v ~ 0.10); for ionic materials, the
normal value of v is around 0.25; and for metallic materials, v is
generally about 0.33 [51]. The Poisson’s ratio of MaLiAlHg (M = Na, K)
lies between these two specific values, indicating that the chemical
bonding in these hydrides is a hybrid of covalent and ionic character-
istics. Moreover, Poisson’s ratio offers additional understanding of the
characteristics of the bonding forces. The observed range of v for
central-force solids is 0.25-0.50. If v lies within this range, the solid is
deemed to possess center inter-atomic forces. Otherwise, it is catego-
rized as a non-central force solid [52,53]. Poisson’s ratio values for the
M,LiAlHg (M = Na, K) compound are less than 0.25, indicating the
presence of non-central forces.

Machinability, defined as the ease with which a material can be
machined using cutting or shaping tools, is quantified by a parameter
referred to as the machinability index (WM = C%) [54]. Data concerning
the machinability of a material is increasingly significant in contempo-
rary industry, as it delineates the optimal economic parameters for
machine utilization, cutting forces, temperature, and plastic deforma-
tion. Machinability index can also serve as an indicator of a material’s
flexibility and lubricating properties [55,56]. NasLiAlHg exhibits a
greater M in comparison to KoLiAlHg. The elastic moduli of NasLiAlHg
above those of KyLiAlHg, suggesting that NasLiAlHg is better suited for
tool applications compared to K;LiAlHg.

3.2.3. Hardness

Hardness is a critical property of a solid in engineering for the design
of various devices. The hardness value can be calculated using the elastic
moduli. Understanding the resistance of solids to localized plastic
deformation is essential for assessing their quality. Understanding the
mechanical and structural responses of a material under stress is
essential. C44 and G are acknowledged as the most dependable indices of
solid hardness, reflecting the material’s capacity to withstand stress [57,
58]. Some equations for Miao [59], Chen [60], Tian [61], Teter [62],
and Mazhnik [63] used to calculate the hardness values of materials are
shown below.

_(1-2vE
(Hv) piao = 6(1+v) o
G 2 0.585
(e =2 { <§> G] 2 @
1.137
(HV)Tian =0.92 (G/B> GO708 ©
(HV)Teter:().]s]_G (6)
(HV)Mazhn& = yO/Y(O')E -

(o) in Equation (7) is a function of the poison ratio and is calculated as
follows:

1 —8.56 +19.562
x(0)= — 2 3
1—7.50+ 12.26% + 19.60°

(8)
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Also y, is a dimensionless constant a value of 0.096.

The (HV)miao’ (HV)Chen’ (HV)Tian’ (HV)Teter) and (HV)Mazhnik values
obtained for the MyLiAlHg (M = Na, K) compounds are presented in
Table 4.

As can be seen from Table 4, the average hardness values for both
materials are very close to each other in the calculations performed the
LDA method. However, according to the calculations performed GGA
method, the average hardness value shows that Nas;LiAlHg compound is
larger than KyLiAlHe.

3.2.4. Elastic anisotropy

Elastic anisotropy describes how the mechanical qualities of a com-
pound change depending on the direction they are pointing. It is
important to understand elastic anisotropy when designing materials
because it affects factors like lattice distortion, plastic deformation, the
formation of micro-cracks, and objects breaking down mechanically.
Table 5 shows the elastic anisotropy parameters that were determined.
Shear anisotropy factors quantify the extent of anisotropy in atomic
bonding across various planes inside a crystal. The shear anisotropy of a
cubic crystal can be assessed by three distinct parameters [40,64].

Shear anisotropy factor between (011) and (010) directions for shear
plane {100},

Caq

B 9
(C11 + C33 — 2C13) ©

Shear anisotropy factor between (101) and (001) directions for shear
plane {010},

Ag— 155
27 Cya+Css — 2C3

(10)
Shear anisotropy factor between (110) and (010) directions for shear
plane {001},

4C66

Ajm Y66
: (Ci1 + Co2 + —2C12)

an

Materials exhibiting isotropy in the bonding between distinct atomic
planes has unit values of Aj, A, and Az (A; = Ay = A3 = 1), while any
deviation from unity indicates anisotropy within the material. The ob-
tained anisotropic factor values are shown in Table 5. It is seen that A,
Ay, and A3 values are different from 1. The anisotropy factors indicate
that MyLiAlHg (M = Na, K) compounds exhibit moderate anisotropy
concerning shearing stress across various crystal planes, with all com-
ponents of the shear anisotropic factors being equal, signifying cubic
symmetry. The atomic orbitals that form bonds in various crystal planes
and orientations are the source of this anisotropy. Table 5 shows that the
anisotropic behavior of K;LiAlHg is higher than that of NasLiAlHg. The
following formula has been used to compute the Zener anisotropy (A)
factor [65]:

2Cu44

A=_24
Cll 7C12

12)

The Zener anisotropy factor is equivalent to the shear anisotropy
factor of MpLiAlHg (M = Na, K) compounds.
The log-Euclidean (A!) formula is defined by the following equation

[66]:
C_X4 2
Cia

The Voigt and Reuss approximations for the elastic constant C44 are

V _ 3 (C11—C12—-2C44) R
the Cis =53 ciracs 04 Ca

13

represented by

C44(C11—C12)
3(C11—C12)+4Casq

According to Kube and Jong [66,68], the value of A" for inorganic
crystalline compounds is within the range of 0-10.26, with 90 % of these
compounds having Al values less than 1. AL = 0 in the case of perfect

constants

El
3

, respectively [67].
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Table 4

Calculated hardness values (GPa) for Na,LiAlHg, and KoLiAlHg using both GGA and LDA.
Compound (Hy)chen (Hy)tian (Hy)teter (Hv)Miao (Hy)Mazhnik (Hy)avg
Na,LiAlHg (GGA) 7.65 7.13 4.24 5.84 3.86 5.74
Na,LiAlHg (LDA) 8.56 7.88 4.91 6.74 4.44 6.51
KoLiAlHg (GGA) 6.89 6.52 3.65 5.08 3.39 5.10
K,LiAlHg (LDA) 8.66 7.96 4.87 6.75 4.49 6.54

Table 5

Shear anisotropic factors (A;, A, and A3), anisotropy in compressibility Ag,
anisotropy in shear Ag, the universal anisotropy index AY and dg, equivalent
Zener anisotropy measure, A®, universal log-Euclidean index A;, Bulk modulus
(in GPa) B,, along crystallographic axes a, and the anisotropy of linear bulk
moduli (Ag, and Ag,) along a and c axes for Na,LiAlHg, and K;LiAlHg using both
GGA and LDA.

Parameters  Na,LiAlHg Na,LiAlHg K,LiAlHg KoLiAlHg
(GGA) (LDA) (GGA) (LDA)
A 1.429 1.203 2.521 1.984
Ay 1.429 1.203 2.521 1.984
A, 1.429 1.203 2.251 1.984
Aj 1.429 1.203 2.251 1.984
Ap 0.000 0.000 0.000 0.000
Ag 0.015 0.004 0.099 0.055
AY 0.155 0.041 1.101 0.586
dg 2.481 2.458 2.665 2.566
A% 1.429 1.203 2.521 1.984
Al 0.198 0.055 1.134 0.673
B, 106.86 124.06 90.90 121.60
Ag, 1.000 1.000 1.000 1.000
Ag 1.000 1.000 1.000 1.000

isotropy. It is challenging to determine whether a material is stratified or
lamellar based on the value of AL. However, the bulk (78 %) of these
inorganic crystalline compounds with a high A" value have a layered or
lamellar structure [66]. Compounds with elevated Al values have pro-
nounced layered structural characteristics, while those with diminished
Al values display non-layered structures. Based on the relatively low
value of AL, it can be anticipated that K;LiAlHg will display a moderately
layered configuration. However, with the extremely low value of AL,
NayLiAlHg is anticipated to demonstrate a non-layered characteristic
and exhibits a minimal degree of anisotropy specifically.

The following universal equations are used to determine the uni-
versal anisotropy index, (AY), equivalent Zener anisotropy measure, A%,
percentage anisotropy in compressibility, Ag, and anisotropy in shear,
Ag, for crystals:

BV GV
Al=—"45—"_6>0 14
BR+ Gu > 14
dz=VAU + 6 (15)
A% = 1+3A” + 1+3AU 271 (16)
12 12
BVfBR
Ag=——"21 17
=B, t By an
Gv—GR
Ap=— = 18
" Gy + Gy 18

The universal anisotropy index, which offers a unique way to
quantify bulk anisotropy in solids, was established by Ranganathan and
Ostoja Starzewski [69]. AY is known as universal because it may be
applied to a wide range of crystal symmetries. AY = 0 is the prerequisite
for an isotropic crystal. The fact that the calculated AY value has values
other than 0 indicates the anisotropy of the MsLiAlHg (M = Na, K)
compounds. All values of the Zener anisotropy index (A®Y) other than 1
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indicate anisotropy. The A®l value calculated for the (M = Na, K)
compounds shows from Table 5 that these compounds are moderately
anisotropic. For Ag and Ag, a value of zero indicates elastic isotropy,
whereas a value of one signifies the utmost anisotropy. Chung and
Buessem [70] chose not to extend Ag to crystals with lesser symmetries
due to the effect of the bulk modulus, alongside the shear modulus, on
the anisotropy of non-cubic symmetric crystal [70]. Ag significantly
predicts a lower anisotropy index compared to other measurements. Ag
zero value of Ap, representing the percentage of anisotropy in
compressibility, for MoLiAlHg (M = Na, K) compounds with a cubic
structure indicates that the bulk modulus does not affect the anisotropic
elastic and mechanical characteristics.

The anisotropies of the bulk modulus and bulk modulus along the a-,
b-, c-axis, also known as the directional bulk modulus or bulk modulus
under uniaxial strain, are defined as follows [40]:

P D & B, _ dP_B,

Ba:a%:41+a+ﬂ73b:bdb—ay C:Ca_ﬁ (19)

Where D = Ci;1 + 2C12a + Co20? + 2C13f + C334® + 2Ca3aff and for
cubic crystalsa = = 1. The bulk modulus anisotropies along the a- and
c-axes with respect to the b-axes are denoted by Ap, and Ag , respec-
tively. Ag, and Ap, values equal to 1 indicate isotropy. Therefore, it
shows that the directional bulk modulus of MsLiAlHg (M = Na, K)
compounds is isotropic. The directional bulk moduli of MsLiAlHg (M =
Na, K) compounds that have been calculated along various crystallo-
graphic axes are equivalent. This value is larger than the isotropic
polycrystalline bulk modulus.

Three-dimensional (3D) direction dependent Young modulus, linear
compressibility, bulk modulus, shear [71] modulus, and Poisson’s ratio
should all be spherical for a mechanically isotropic solid; however, any
divergence from spherical shape implies anisotropy. For NasLiAlHe and
K,LiAlHg, the VELAS generated 3D plots showing the direction depen-
dence of shear modulus, bulk modulus, Young’s modulus, Poisson’s
ratio, linear compressibility, and hardness. These are shown in Fig. 2
using GGA and Fig. 3 using LDA for NayLiAlHg and KyLiAlHg, respec-
tively. Figs. 2 and 3 illustrate a minor divergence from a spherical shape
in the 3D representations of Young’s modulus and shear modulus,
indicating a certain level of anisotropy. However, the 3D representation
of bulk modulus and linear compressibility exhibits no variation from a
spherical shape, indicating complete isotropy. Table 6 presents the
maximum and minimum values of Young’s modulus, linear compress-
ibility, shear modulus and bulk modulus, together with their ratios of
maximum to minimum. These ratios provide as valuable indicators of
elastic anisotropy.

3.3. Optical properties

The response of a material to incident electromagnetic radiation is
associated with its optical characteristics. The reaction to visible light is
particularly significant for optoelectronic applications. The reaction to
incident radiation can be entirely ascertained by several energy and
frequency-dependent optical characteristics, specifically the dielectric
function, refractive index, loss function, optical conductivity, reflectiv-
ity, and absorption coefficient. To investigate potential anisotropy in
optical properties, we computed the optical parameters of MyLiAlHg (M
= Na, K) for photon energies up to 40 eV, specifically for [100] polari-
zation orientations of the input electric field. Energy-dependent density
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Fig. 2. Three-dimensional visualizations of the directional elastic properties of (a) NayLiAlHg, and (b) KoLiAlH¢ using GGA. The illustrated parameters are,
respectively: shear modulus (G), bulk modulus (B), Young’s modulus (E), Poisson’s ratio (1), linear compressibility (LC) and hardness (H,).

of states characteristics and the electronic band structure linked the
optical properties [72,73]. The optical properties of MpLiAlHg (M = Na,
K) were derived using the frequency-dependent dielectric function [74].

(20)

e(w) =1 (0) +iez(w)
The degree of polarization and the velocity of electromagnetic waves in
the material are related to the dielectric constant’s real portion. Due to
frequency-dependent oscillations of the dipoles, the imaginary portion
gives information about how the material absorbs energy from the
entering electromagnetic field. The value of ¢(w) in the condensed
matter system is influenced by both intra- and inter-band electronic
transitions. Intra-band transitions are important at low energies, but the
inter-band part is strongly impacted by the particular features of the
electronic band structure [75]. The energy-dependent complex
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dielectric function e(w) of a material can be used to calculate its
refractive index, optical reflectivity R(®), absorption coefficient a(w),
and optical conductivity 6(®). For the [100] polarization direction of the
electric field, the determined optical characteristics of MpLiAlHg (M =
Na, K) for photon energies up to 40 eV are shown in Fig. 4. The ¢; and €2
denote the real and imaginary parts of the dielectric function, respec-
tively. The dielectric function characterizes a material’s ability to hold
an electromagnetic field and its interaction with light absorption [76,
77]. The value of static dielectric function £1(0) is 3.47, 3.82, 2.94 and
3.14 for Na,LiAlH¢ (GGA), Na,LiAlHg (LDA), K,LiAlHg (GGA) and
KoLiAlHg (LDA) respectively. This suggests that the polarizability of
NagLiAlHg is higher. The maximum values of ¢1(w) for NapLiALHg
(GGA), NayLiALHg (LDA), KoLiALHg (GGA), and KyLiALHg (LDA) are
8.65,9.43,8.79 and 7.54 at 5.5.2 eV, respectively, according to Fig. 4(a)



C. Yamgigier and C. Kiirkgii

(a)

GPa

30 34 40
2 3D
£ 10 33 £
= 0 > 0
10 ¥
S 20 32 = 20

-30

e 20

Bieex (GPa)

20 19
Guex (GPa)

A0 G,y (GPa)
0 20 Gavey (G
10 20 4 30 20

0.21

0.18
017
(b)
40 “© 40
= 20 ~ 20
< 35 £
SN} 2 0
3 3
& -20 20 o 20

- 20 40
40 0 -40
=30 20 Gaygy (GPa) -20
Gaygx (GPa) 20 o -0 Boegx (GPa) 20

0.25
0.2 &
o 0.2 _':
» o =
¥ o0 =
& e
0.1 ®)
0.15 -5

-0.2

LCx (TPa™)

40

40

International Journal of Hydrogen Energy 135 (2025) 440-456

GPa GPa
80
42 %
40 78
415 = 20
é 0 76
~-20
41 =)
=40 e
40 -60 60
2 405 o 7
0 -60
20 Buey (GPa) 4039 020 .4628 Ey (GPa)
-40 Ex (GPa) 40 4o -60
TPa' GPa
9
5
8.5
=2
kd
& 4.5
8 =9
S
> 4
75 z2
35
0
LCy (TPa™) ( .2 Hv,,y (GPa)
Hv,ypx (GPa) B
GPa GPa
415
9%
41 9
40 80
= 20
o~
405 S o L
N-20
=)
40 -40
40 60 60
-60
20 2
0 e -60 40 2'l)l .
20 Baegy (GPa) 20 i 40 Ey (GPa)
-40 Ex (GPa) 40 07 -60
TPa' GPa
’ 7
4
85 E 2 6
=0 5
8 B
2
- 4
7.5 -4 4
s 2 3
0 4 0
LCy (TPa™) - 2 Hvagy (GPa)

R iz
Hvypx (GPa) 4

Fig. 3. Three-dimensional visualizations of the directional elastic properties of (a) Na,LiAlHg, and (b) K,LiAlHg using LDA. The illustrated parameters are,
respectively: shear modulus (G), bulk modulus (B), Young’s modulus (E), Poisson’s ratio (1), linear compressibility (LC) and hardness (H,).

Table 6

Maximum, minimum, and anisotropy values of Young’s modulus (E), linear compressibility (), shear modulus (G) and bulk modulus (B) values for Na,LiAlHg, and

K,LiAlHg using both GGA and LDA.

Compound Emax Emin Ag Bmax Bmin Ap Grnax Gunin Ac Bmax Bmin Ag

Na,LiAlHg (GGA) 74.57 56.10 0.08 9.36 9.36 0.00 32.39 22.67 0.98 35.62 35.62 0.00
Na,LiAlHg (LDA) 81.58 70.66 0.04 8.06 8.06 0.00 34.99 29.07 0.05 41.35 41.35 0.00
K,LiAlHg (GGA) 75.82 36.14 0.21 11.00 11.00 0.00 35.01 13.89 0.26 30.30 30.30 0.00
K,LiAlHg (LDA) 94.34 54.55 0.16 8.22 8.22 0.00 42.42 21.38 0.19 40.53 40.53 0.00

and (b).

The refractive index, n(»), measures the deviation of light as it passes
through a compound. It provides information on the electromagnetic
wave’s phase velocity and level of propagation in a medium. Fig. 4(c)
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indicates that the static refractive index n (0) at zero frequency is 1.86
for NasLiAlHe (GGA), 1.96 for NasLiAlHg(LDA), 1.72 for KyLiAlHg
(GGA), and 1.78 for KsLiAlHg (LDA). The refractive index, n(w), in-
creases in the ultraviolet region, reaching its peak values at specific
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Fig. 4. Real and imaginary part of dielectric function for (a) K,LiAlHg, and b) Na,LiAlH. (c) Refractive index, (d) Reflectivity, (e) Absorption coefficient, and (f)

Conductivity as a function of energy for K;LiAlHg, and Na,LiAlHg,

energy levels for various compounds: 3.03 at 5.60 eV for NayLiAlHg
(GGA), 3.18 at 5.52 eV for NasLiAlHg (LDA), 2.85 at 5.68 eV for
KsLiAlHg (GGA), and 3.07 at 5.68 eV for KoLiAlHg (LDA). The elevated
value of n(®) for NayLiAlHg indicates a significant deceleration of light
waves due to electric polarization, resulting in an augmented refractive
index.

The ratio of reflected power to incident power on a material’s surface
is described by the reflectivity or reflection coefficient, also known as R
(w), which is a significant optical characteristic. It measures the amount
of incident light that is reflected off the material’s surface. By regulating
the quantity of light that is reflected or transmitted through a material’s
surface, reflectivity can be used to improve the efficiency and perfor-
mance of optical devices [78]. The static reflectance values R(0) for
NazLiAlH(, (GGA), NazLiAlH6 (LDA), KzLiA1H6 (GGA), and KzLiAlH6
(LDA) are 9 %, 10 %, 7 %, and 8 %, respectively, as determined by Fig. 4
(d). Maximum reflectance R(w) is measured for NayLiAlHg (GGA) at 42
% at 8.48 eV, NagLiAlHg (LDA) at 44 % at 8.96 eV, K3LiAlHg (GGA) at 34
% at 6.48 eV, and NayLiAlHg (LDA) at 37 % at 6.40 eV. The compounds
exhibit low reflection in the visible range and strong reflectance in the
UV, according to the reflectivity values derived from Fig. 4(d).

The quantity of light absorbed by an optical system over a specific
distance in a material is measured by the absorption coefficient of that
substance. The amount of light that is absorbed by the material and does
not pass through it is determined by the absorption coefficient. Low
absorption coefficient materials are transparent to light, meaning that
most incident light passes through unaltered, and are therefore thought
to be poor absorbers. However, materials with high absorption co-
efficients can absorb a large amount of light, which lowers the amount of
light that is transmitted. It is essential for figuring out a substance’s
optical characteristics, such as how transparent or opaque it is to various
light wavelengths [79,80]. The absorption coefficient for the com-
pounds under investigation, MsLiAlHg (M = Na, K), are shown in Fig. 4
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(e). The absorption coefficient reaches a maximum at 14.89 x 10° ecm !

at 8.08 eV for NayLiAlHg (GGA), 15.57 x 10° cm™! at 7.84 eV for
NayLiAlHg (LDA), 11.66 x 10° cm™! at 6.48 eV for KoLiAlHg (GGA), and
12.60 x 10° em™ 1 at 6.56 €V for KsLiAlHg (LDA). These compounds
are capable of efficiently absorbing light in the ultraviolet spectrum, as
seen by the abundance of peaks in the higher photon energy range of
5-10 eV.

The ability of a substance to conduct electricity in response to elec-
tromagnetic radiation, especially in the optical frequency range, is
known as optical conductivity. It measures the connection between the
radiation-induced current density and the applied electric field. Optical
conductivity for MaLiAlHg (M = Na, K) compounds are shown in Fig. 5
(f). Maximum optical conductivities for NasLiAlHg (GGA), NayLiAlHg
(LDA), K5LiAlHg (GGA) and K5LiAlHg (LDA) were obtained at 6.84, 6.80,
6.16 and 6.16 eV, respectively. Furthermore, the value of 6(®) decreases
with increasing photonic energy above 7 eV. Moreover, it is obvious that
the optical conduction of the substances happens solely in the ultraviolet
region and is not prevalent in the visible spectrum. This indicates that
the compound’s electrons would not be stimulated by incident photons
in the visible spectrum.

3.4. Electronic properties

The electronic characteristics of MpLiAlHg (M = Na, K) were exam-
ined by band structure and density of states (DOS) calculations,
employing both GGA and LDA approximations. These features offer
significant insights into the electronic and optical characteristics of the
materials. In solid-state physics, electronic band structures are essential
for comprehending the properties of different materials. They clarify the
distribution of energy levels at symmetrical places and significantly
affect a material’s magnetic, electrical, and thermal properties. The
predicted electronic band structure and high symmetry directions
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Fig. 5. The calculated energy band structures with density of states for (a) NasLiAlHg (GGA), (b) NayLiAlHg (LDA), (c) KoLiAlHg (GGA), and (d) K;LiAlHg (LDA).

within the first Brillouin zone at the equilibrium volume for MyLiAlHg band maximum both located at I'-symmetry. The band gaps for
(M = Na, K) are shown in Fig. 5(a)-(d). MpLiAlHg (M = Na, K) exhibits a NayLiAlHg (GGA), NasLiAlHg (LDA), KsLiAlHg (GGA) and KsLiAlHg
direct band gap (I'-I'), with the conduction band minimum and valence (LDA) were obtained as 2.64 eV, 2.42 eV, 2.44 eV and 2.33 eV,
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Fig. 5. (continued).

respectively. Furthermore, MsLiAlHg (M = Na, K) compounds can be
said to exhibit semiconductor properties with wide band gaps. These
compounds have potential applications in energy storage devices and
the semiconductor industry due to their electronic band gap. There are
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no experimental findings in the literature to compare the band gap re-
sults, but they are in agreement with the theoretical study of Pan et al.
[36]. Consequently, our research may provide a basis for subsequent
investigations into these compounds.
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The total density of states (TDOS) and partial density of states
(PDOS) investigations offer significant insights into the electronic
structure of materials, elucidating the distribution of potential states for
the system’s electrons. It enables the analysis of the composition and
structure of both the valence and conduction bands, elucidating the
bonding qualities and features of the material. For the NasLiAlHg com-
pound, according to both the GGA and LDA approach, it is seen in Fig. 5
(a) and (b) that the largest contributions in the conduction band in the
upper part of the fermi level up to 5 eV are due to Na-3s and Al-3s, while
the largest contributions in the 5 eV-8 eV range are due to Al-3p and H-
1s. In the valence band in the lower region of the Fermi level, the largest
contribution is observed from H-1s. For the KsLiAlHg compound, ac-
cording to both the GGA and LDA approach, it is seen in Fig. 5 (¢) and (d)
that the largest contribution in the conduction band up to 5 eV is due to
Al-3s and the largest contribution in the 5 eV-6 eV range is due to Al-3p.
In the valence band, the largest contribution is observed from H-1s.
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3.5. Phonon dynamics

We calculated the phonon dispersion spectra of MLiAlHg (M = Na,
K) compounds in the Brillouin zone along I'-X-M-I" using the GGA (PBE)
and LDA (CA) approaches. We used a density functional perturbation
theory-based finite displacement method (DFPT) to execute this calcu-
lation [81]. The characteristics of phonons are crucial for compre-
hending crystal materials. The phonon distribution spectra elucidate a
material’s phase transition, structural stability, and the influence of vi-
brations [82]. The PHONOPY software [83] was used to implement the
finite displacement method that we used in our work to find phonon
dispersions. Fig. 6 illustrates the computed phonon dispersion curves
along high-symmetry directions within the Brillouin zone of M;LiAlHg
(M = Na, K) compounds. The dispersion curves presented in Fig. 6 (c)
and (d) for KsLiAlHg provide no indication of a negative frequency
branch. This indicates that K;LiAlHg crystals exhibit dynamic stability at
zero pressure. However, it is seen from Fig. 6 (a) and (b) that there are
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Fig. 6. The phonon dispersion curves for (a) NasLiAlHg (GGA), (b) Na,LiAlHg (LDA), (c) KoLiAlHg (GGA), and (d) K,LiAlHg (LDA).
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Fig. 6. (continued).

negative frequency branches for the NayLiAlHg compound. Therefore,
Na2LiAlH6 is dynamically unstable. The result obtained for NagLiAlHg is
the same as that obtained by Opalka et al. [23]. The compound K;LiAlHg
has 40 atoms in its unit cell. The phonon dispersion curve has a total of
120 vibrational modes, of which 3 are acoustic branches and 117 are
optical branches.

3.6. Thermodynamic properties

Debye temperature (6p) is a crucial material characteristic that af-
fects lattice vibration, melting temperature, thermal expansion, specific
heats, and thermal conductivity. The Debye temperature is commonly
used to distinguish between a solid’s low and high temperature zones.
The following equation is used to determine the Debye temperature
[84]:
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h

= %

1
-t (2]

m

Here, h, kg, N, Ny, p, M and v,, are Planck’s constant, Boltzman’s
constant, number of atoms in the compound, Avagadro number, density,
molar mass and average speed of sound, respectively. The moderate
Debye temperature of M,LiAlHg (M = Na, K) indicates that the material
under study is not particularly hard and that the atomic bonding
strengths are not very strong. Also, the fact that the compound
NayLiAlHg has a larger Debye temperature than KoLiAlHg suggests that
the atomic bonds are stronger.

The following expression can be used to compute the v, in an
isotropic material given the longitudinal (v;) and transverse (v;) sound
velocities [85]:

1
2L\
3\

5 (22)
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The values of v; and v, can be represented using the polycrystalline
bulk modulus and shear modulus, according to the relation developed by
Voigt and Reuss [86]:

3B+ 4G G
Vi=(|—5, and v, =,/—
0 P

v; and v, are associated with bulk modulus and density. Lower density
and a higher bulk modulus are indicative of larger sound velocities. The
sound velocities of NasLiAlHg are higher than those of KoLiAlHg, which
is consistent with the density and bulk modulus.

The acoustic Gruneisen constant, y,, is a critical thermophysical
parameter that estimates the anharmonic effects of a solid. It is linked to
a number of significant physical processes, such as thermal expansion,
thermal conductivity, acoustic wave absorption, and the temperature
dependence of elastic characteristics. The degree of anharmonicity in-
creases as the value of y, increases. The following equation can be used
to estimate the Griineisen parameter of MyLiAlHg (M = Na, K) using
acoustic velocities [87]:

(3v7 — 4v2)
< Vi +2v )

An important degree of anharmonicity is suggested by a high Grii-
neisen constant. NasLiAlHg has the highest y, value of 1.24, as suggested
by the data in Table 7, which suggests that it has the highest degree of
nonharmonicity.

The melting temperature (Ty,) is a parameter of relevance that limits
the temperature range within which a solid can be applied. If a solid has
a high Ty, it will demonstrate a lower coefficient of thermal expansion, a
higher cohesive energy, a higher bonding energy, and a stronger atomic

interaction [88,89]. Using elastic constants, the melting point of a ma-
terial can be ascertained using the empirical relationship below [89].

(23)

3

}'a - 2 (24)

T,y =354 + 1.5(2Cy; + Cs3) (25)

The soft character of MsLiAlHg compounds is evident in the low
estimated melting temperatures. It is also observed that the melting
point of the compound NayLiAlHg is higher than that of KsLiAlHg.
Consequently, NayLiAlHg will possess a higher cohesive and bonding
energy than KyLiAlHe.

The minimal thermal conductivity (Kp;,) is the lowest value that a
compound’s inherent lattice thermal conductivity approaches at high
temperatures. The significance of this parameter is that it is not influ-
enced by the presence of defects, impurities, or imperfections in the
crystal. Clarke devised the equation which follows to estimate the Ky,
at high temperatures by employing the quasi-harmonic Debye model
[90]:

M
Kinin =kgVm (n/)—NA)

The compound with the highest Debye temperature demonstrates
the highest melting point and the greatest hardness. This outcome is
anticipated, as an elevated Debye temperature signifies a more robust
interatomic connection, leading to a higher melting point and enhanced
mechanical strength. The computed Debye temperatures for MoLiAlHg
(M = Na, K) are typically low, indicating the intrinsic softness of these

2
3
(26)

Table 7

International Journal of Hydrogen Energy 135 (2025) 440-456

material.

The thermal characteristics of MsLiAlHg (M = Na, K) compounds
within the temperature range of 0-2000 K are illustrated in Fig. 7. The
internal energy (E) increases with temperature for all materials, as
illustrated in Fig. 7(d). Conversely, the free energy (F) of MoLiAlHg (M =
Na, K) materials decreases monotonically with an increase in tempera-
ture, as depicted in Fig. 7(a). The reduction in F is contingent upon the
entropy of the MyLiAlHg (M = Na, K) materials, which escalates with
rising temperature, as illustrated in Fig. 7 (b). The rise in entropy is
attributable to the disorderness in compounds when temperature esca-
lates. Fig. 7 (c) depicts the heat capacity at constant volume (Cy) of
M,LiAlHg (M = Na, K) materials, which helps to determine how suc-
cessfully these compounds store heat. At temperatures above 750 K, the
Cy becomes constant, anticipating the excitation of all phonons above
this temperature and complying with the Dulong-Petit law.

3.7. Hydrogen storage properties

A primary obstacle in the adoption of hydrogen as a fuel is the lack of
effective methods for storing hydrogen that provide a sufficient gravi-
metric storage ratio for practical efficiency. A compelling strategy for
resolving this issue is the creation of materials capable of reversibly
storing hydrogen at high concentrations [91,92]. Hydrogen storage
techniques are categorized into three primary types: solid-state
hydrogen, liquid hydrogen, and gaseous hydrogen. A diverse array of
chemicals has been computed for this purpose, including bialkali ala-
nates. The maximal hydrogen storage capacity of MLiAlHg (M = Na, K)
compounds has been assessed by the examination of both gravimetric
and volumetric storage capacities. The bialkali alanates NasLiAlHg and
KoLiAlHg have negative formation energies, as indicated in Table I,
signifying that these materials are chemically more stable and poten-
tially amenable to experimental synthesis [46,93]. Gravimetric (Cyto)
and volumetric (C,) storage capacities were determined to investigate
the suitability of M,LiAlHg (M = Na, K) compounds as candidate
hydrogen storage materials. Equation (27) was used to calculate the
gravimetric storage capacities of MsLiAlHg (M = Na, K) compounds
[94].

(8)p
— N x100 |%

(27)
MHost + (%) MH

Cuwe =

In Equation (27), H/M represents the hydrogen to metal ratio, My rep-
resents hydrogen’s molecular weight, and My, represents the molec-
ular weight of the host material. The Cy, and Cy values for MoLiAlHg
(M = Na, K) compounds are presented in Table 8. The reported gravi-
metric storage capacities of NasLiAlHg and K3LiAlHg materials are 3.42
% and 2.50 %, respectively. Furthermore, we have established the C;
values for the molecules NasLiAlHg and K;LiAlHg as 100.63 and 83.10
gH,l ™}, respectively. As a result, the NasLiAlHg compound has a higher
storage capacity than the K;LiAlHg compound. The US Department of
Energy’s objective for 2025 is a gravimetric storage capacity of 5.5 %
and a volumetric storage capacity of 40 gHol~1. The volumetric storage
capacity of NapLiAlHg and KyLiAlHg compounds surpasses the US
Department of Energy’s target of 40 gH,l ! for practical applications.
The desorption temperature (Tges) is a critical parameter for

Calculated mass density (p in g cm™3), transverse, longitudinal, and sound velocities (v, v;, and v, in m s7L respectively), melting temperature (T, in K), Debye
temperature (0p in K), minimum thermal conductivity (K, in Wm! K1), and Griineisen constant (va) of for NayLiAlHg, and K,LiAlHg using both GGA and LDA.

Compound p Vi \| Vi Tm Op Kmin Ya

Na,LiAlHg (GGA) 1.44 4412.51 7117.86 4865.09 650.30 674.52 1.46 1.24
Na,LiAlHg (LDA) 1.56 4566.70 7372.21 5035.50 714.56 716.39 1.59 1.24
K,LiAlHg (GGA) 1.64 3842.11 6179.87 4234.88 573.67 550.83 1.12 1.23
KoLiAlHg (LDA) 1.80 4226.39 6803.41 4658.84 664.70 625.92 1.31 1.23
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Fig. 7. Calculated (a) free energy (F), (b) entropy (S), (c) heat capacity (C,), and (d) energy (E) as a function of temperature of K;LiAlHe, and NasLiAlHe,

Table 8
Calculated desorption temperature [Tqes (K)1, gravimetric [Cyw,] and volu-
metric [Cy (gHgl’l)] storage capacities for Na;LiAlHg, and KoLiAlHg.

Compound Tdes Cwito Cy
Na,LiAlHg 256.88 3.42 100.63
KoLiAlHg 281.46 2.50 83.10

hydrogen storage applications. Tqes can be determined using the sub-
sequent equation [95].
AS

Taes =

AH (28)

The generation of hydrogen gas (Hy) is the primary component
influencing the alteration in entropy during the decomposition process.
The prevailing view among scientific professionals and published liter-
ature is that the change in entropy (AS) for Hy is around —130.7 J/mol-K
at conventional temperature and pressure situations [96]. AH represents
the enthalpy of formation energy derived from Equation (1). The
desorption temperature values for Na;LiAlHg, and K;LiAlHg are 256.88K
and 281.46K, respectively. The desorption temperature values obtained
fall within the designated range of Tqes (233-333 K) established by the
United States Department of Energy for the year 2025 [97,98].

4. Conclusion

In this study, the structural, mechanical, electronic, phonon, optical,
thermodynamic, and hydrogen storage properties of MaLiAlHg (M = Na,
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K) compounds were systematically investigated using first-principles
DFT methods. Both compounds crystallize in a cubic structure and are
thermodynamically stable, with negative formation enthalpies
(NasLiAlHg: 0.348 eV/atom; K,LiAlHg: 0.381 eV/atom). Elastic con-
stants confirmed mechanical stability, though negative Cauchy pres-
sures and Pugh’s ratios below 1.75 indicate brittleness. NayLiAlHg
exhibits higher hardness and stiffness than KLiAlHg.

Electronic band structure analysis revealed direct bandgaps at the
I-point (2.64 eV for NayLiAlHg and 2.44 eV for K;LiAlHg), confirming
their semiconducting nature. Phonon calculations indicated that only
KsLiAlHg is dynamically stable, as NapLiAlHg displayed imaginary fre-
quencies. Optical analyses showed strong UV activity, with peak
reflectivity values of 42 % (NagLiAlHg) and 34 % (KoLiAlHg), alongside
high absorption coefficients in the UV region.

Thermal analyses revealed higher Debye temperature and melting
point for NayLiAlHg, implying stronger atomic bonding. Importantly,
hydrogen storage evaluations showed that NayLiAlHg meets the DOE
2025 volumetric target with 100.63 gHy/L and a gravimetric capacity of
3.42 wt%, outperforming KoLiAlHg.
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