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A R T I C L E  I N F O

Keywords:
Hydrogen storage
Complex metal hydrides
AI-driven materials discovery
Density functional theory
Lithium titanium hydrides
Lithium scandium hydrides

A B S T R A C T

The pursuit of sustainable energy solutions critically depends on the development of efficient and safe hydrogen 
storage technologies to enable the widespread adoption of hydrogen as a clean energy carrier. While complex 
metal hydrides show immense promise for high-density hydrogen storage, the discovery and optimization of 
novel materials remain a significant challenge. This study presents the first systematic computational investi
gation of a novel class of hydrogen storage materials: LiMHx (M = Sc, Ti; x = 3, 4, 5) hydrides. Crucially, these 
materials were generated by an innovative AI-based autoregressive large language modeling (LLM) tool, rep
resenting a cutting-edge approach to materials discovery. Employing Density Functional Theory (DFT) within the 
CASTEP software package, we comprehensively characterize their fundamental properties. These compounds 
demonstrate notable thermodynamic stability, characterized by their negative enthalpies of formation (ΔHf =

− 0.1912 to − 0.4551 eV/atom) and positive cohesive energies. Mechanical analysis, conducted using the Born- 
Huang criteria, further corroborates their structural integrity. While LiTiH5 exhibits the highest calculated 
hardness (11.51 GPa), all investigated materials display a tendency towards brittle behavior. Electronically, 
every compound is predicted to be metallic, a characteristic highly advantageous for facilitating rapid charge 
transfer and enhancing kinetic performance in hydrogen storage applications. Thermophysical assessments 
reveal a broad range of Debye temperatures, from a minimum of 684.64 K for LiScH4 to a maximum of 911.28 K 
for LiTiH5. Most significantly, LiScH4 emerges as a particularly promising candidate for hydrogen storage, 
showcasing outstanding performance. It achieves an impressive gravimetric capacity of 7.21 wt%, coupled with a 
volumetric capacity of 123.64 gH2/L and a favorable desorption temperature of 335.99 K. These critical metrics 
collectively demonstrate its ability to satisfy the rigorous targets set by the U.S. Department of Energy (DOE). 
Such compelling findings firmly position lithium-based hydrides as exceptionally viable materials for next- 
generation hydrogen storage systems, simultaneously underscoring the transformative potential of AI-assisted 
methodologies in expediting the discovery of advanced materials for sustainable energy solutions.

1. Introduction

The global energy landscape is currently grappling with a dual crisis: 
the escalating environmental degradation driven by persistent reliance 
on fossil fuels and the imperative to secure sustainable energy solutions 
for a burgeoning global population [1–3]. This predicament underscores 
the urgent need for a paradigm shift in energy production and con
sumption. Amidst various renewable alternatives, hydrogen has 
emerged as a particularly promising energy carrier. Its exceptional 

energy density, ranging from approximately 120 to 142 MJ/kg [4,5], 
coupled with a zero-emission combustion profile, positions it as an ideal 
substitute for conventional fossil fuels across diverse applications, from 
stationary power systems to transportation [6,7]. Furthermore, hydro
gen’s compatibility with renewable energy sources for its production 
significantly enhances its appeal for a sustainable energy future [8,9].

However, the widespread commercialization of hydrogen technolo
gies, especially within the automotive sector, faces substantial hurdles. 
A primary challenge lies in the absence of efficient, safe, and cost- 
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effective storage methods that can meet practical operational re
quirements [10,11]. Current energy systems are caught in a paradox: 
while technological advancements continually drive increased energy 
demand, the continued dependence on finite fossil fuels intensifies 
environmental burdens through greenhouse gas emissions [1,2]. In 
response to these critical challenges, the U.S. Department of Energy 
(DOE) has established ambitious 2025 targets for hydrogen storage 
systems. These targets mandate stringent minimum thresholds, 
including a gravimetric capacity of 5.5 wt% and a volumetric density of 
40 g/L, under practical operating conditions ranging from 233 to 333 K 
temperature and pressures below 10 MPa [12]. Achieving these 
benchmarks is crucial for unlocking the full potential of hydrogen as a 
viable and widespread energy solution.

The widespread adoption of hydrogen as a global energy carrier is 
critically dependent on transformative advancements in storage tech
nology. Current solutions face the dual imperative of achieving sub
stantial improvements in both technical performance and economic 
viability to meet the demands of large-scale implementation [13]. At the 
heart of this challenge lies a fundamental connection between a mate
rial’s inherent crystalline architecture and its capacity for effective 
hydrogen storage. For solid-state hydrogen storage systems, the intricate 
processes of hydrogen sorption kinetics and thermodynamics are pro
foundly influenced by atomic-scale structural characteristics [14]. These 
include, but are not limited to, the material’s unit cell geometry, crys
tallite morphology, and surface termination, all of which collectively 
dictate the available diffusion pathways for hydrogen and the specific 
binding energetics within the lattice [15,16]. Among the diverse array of 
promising material candidates, complex hydrides containing alkali or 
alkaline earth metals have demonstrated significant potential [17]. 
Their unique electronic configurations enable reversible hydrogen 
storage under a range of moderate temperature and pressure conditions 
[18], positioning them as key contenders for next-generation storage 
solutions [19].

Within the realm of solid-state hydrogen storage, complex metal 
hydrides represent a highly promising class of materials due to their 
ability to store hydrogen at high densities [17]. This diverse family of 
compounds offers significant potential for tailoring hydrogen sorption 
kinetics and thermodynamics through precise control over their crys
talline architecture and atomic-scale structural characteristics [20]. 
Specifically, compounds of the general formula LiMHx (where M rep
resents the transition metals Scandium (Sc) or Titanium (Ti), and x 
varies from 3 to 5) emerge as particularly intriguing candidates. The 
inclusion of lightweight lithium combined with the versatile bonding 
capabilities of transition metals like Sc and Ti allows for a wide range of 
tuneable hydrogen capacities and potentially favorable absorption/de
sorption properties [21,22]. Research into these lithium transition metal 
hydrides is crucial for understanding how subtle changes in stoichiom
etry (x) and the identity of the transition metal (M) influence structural 
stability, diffusion pathways, and hydrogen binding energetics, paving 
the way for next-generation solid-state hydrogen storage materials 
capable of meeting ambitious energy targets.

Recent first-principles investigations, predominantly employing 
density functional theory, have shed light on the potential of various 
lithium-containing transition metal hydrides. Siddique et al. [23], for 
instance, conducted a comprehensive first-principles study on LiAH3 (A 
= Sc, Ti, & V) perovskite-type hydrides. Their work rigorously assessed 
the structural, electronic, mechanical, and dynamical stability, 
providing fundamental insights into the viability of these compounds for 
hydrogen storage applications. Similarly, Shah et al. [24] performed a 
detailed first-principles investigation of transition metal hydrides LiXH3 
(X = Ti, Mn, and Cu), reporting on their structural, electronic, me
chanical, thermoelectric, and crucially, hydrogen storage properties. 
Their findings estimated a gravimetric storage capacity of 5.22 % for 
LiTiH3, underscoring its theoretical promise as a hydrogen storage ma
terial. Moving beyond LiMH3 stoichiometry, Anupam et al. [25] 
extended such DFT-based investigations to LiXH3 (X = Pd, Ag, Cd) 

perovskites, examining the effects of different metal substitutions on 
structural, electronic, mechanical, thermoelectric, and hydrogen storage 
properties, further demonstrating the broad applicability of theoretical 
methods in this field. Furthermore, the exploration of lithium-transition 
metal-hydrogen systems is not limited to conventional hydrogen stor
age. For example, the Li–Ti–H system has been investigated under high 
pressure for its superconducting properties. Yang et al. [26] utilized 
genetic algorithms combined with DFT to explore LiTiHn (n = 1–10) 
within the pressure range of 50–200 GPa, identifying stable LiTiH4 and 
LiTiH6 phases and analyzing their electronic structures relevant to su
perconductivity. Complementary to this, Guo et al. [27] studied the 
structures and superconductivity of the Li–Ti–H system at even higher 
pressures (100–400 GPa), confirming stable LiTiH4 and LiTiH6 phases 
and predicting their superconducting transition temperatures. These 
high-pressure studies, while not directly focused on ambient hydrogen 
storage, provide invaluable data on the fundamental stability and elec
tronic configurations of LiTiHx compounds, which can inform future 
design strategies. Beyond lithium-transition metal combinations, other 
related perovskite hydrides have also been studied. For instance, 
Masood et al. [28] performed a DFT study on the physical properties and 
hydrogen storage applications of XScH3 (X = Ca, and Mg) perovskite 
hydrides. Their work, focusing on structural, electronic, elastic, and 
thermodynamic stability, provides a comparative framework for un
derstanding the role of the alkali/alkaline earth metal in 
scandium-based perovskites. Similarly, Raza et al. [29] theoretically 
investigated LiXH3 (X = Ba, Sr, Cs) perovskite hydrides, assessing their 
optoelectronic and thermal properties alongside hydrogen storage, 
further illustrating the diverse properties attainable within this class of 
materials.

In the literature, in addition to Li-transition metal hydrides, ABH3- 
type perovskites and other complex hydride families have also been 
extensively studied for their hydrogen storage potential. In particular, 
perovskite hydrides such as BaXH3 (X = Tc, Ta, and Mo) [30], MgXH3 (X 
= Al, Sc, and Zr) [31], and KXH3 (X = Mn, Fe) [31] provide important 
model systems for understanding the effects of different A and B-site 
cations on structural stability, hydrogen capacity, and desorption 
behavior. These studies have demonstrated that the compositional 
flexibility of the perovskite structure offers a wide scope for tuning the 
thermodynamic properties of the material. Similarly, complex hydrides 
with different stoichiometries, such as X2CoH5 (X = Ca, Sr) [32] and 
X2TiH6 (X = K, Ca) [33] also reveal the structural diversity and potential 
in this field. These previous studies establish a fundamental framework 
for the structure-property relationships within hydride families. This 
current work builds upon this foundation, specifically investigating a 
previously unexplored region of this compositional space with new 
LiMHx (M = Sc, Ti; x = 4, 5) compounds predicted by artificial intelli
gence. Therefore, a conceptual comparison with these well-established 
systems in the literature provides a critical foundation for more 
clearly demonstrating the novelty and relevance of the materials pre
sented in our work.

Despite these significant theoretical advancements, the practical 
realization of solid-state hydrogen storage faces formidable challenges 
that necessitate sustained research investment and innovative solutions 
to overcome existing technical barriers. While numerous density func
tional theory studies highlight considerable progress, a substantial gap 
persists in translating these promising computational predictions into 
tangible, practical hydrogen storage applications. This study marks the 
inaugural systematic computational investigation of LiMHx (M = Sc, Ti, 
x = 3, 4, 5) hydrides, compounds uniquely identified through an AI- 
based autoregressive large language modeling (LLM) tool developed 
by Antunes et al. [34]. Herein, we comprehensively report their 
fundamental properties, encompassing crystal structure, mechanical 
behavior, electronic characteristics, thermo-physical attributes, optical 
response, and inherent hydrogen storage capabilities. By meticulously 
employing Density Functional Theory, as implemented within the 
CASTEP software package, this research aims to establish a crucial 
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theoretical framework. This foundation is designed to rigorously guide 
and accelerate future experimental endeavors in this nascent yet vital 
field.

The remainder of this paper is structured into four distinct sections 
for clarity and logical progression. Section 2 details the computational 
methodology and theoretical framework underpinning our in
vestigations. Subsequently, Section 3 is dedicated to presenting and 
thoroughly analyzing the principal findings derived from our extensive 
simulations. Finally, Section 4 offers a concise summary of the key 
conclusions gleaned from this computational study, alongside a discus
sion of their implications for hydrogen storage applications.

2. Computational scheme

Our investigation into the ground state physical characteristics of 
LiMHx (M = Sc, Ti, x = 3, 4, 5) commenced with the identification of 
these compounds. They were initially generated by the artificial 
intelligence-based autoregressive large language modeling (LLM) tool 
developed by Antunes et al. [34]. Our computational methodology 
employed density functional theory (DFT), as implemented in the 
Cambridge Serial Total Energy Package (CASTEP) [35]. To achieve 
optimized crystal lattices for these materials, we utilized the 
Broyden-Fletcher-Goldfarb-Shanno (BFGS) geometry optimization 
technique [36]. Electronic exchange-correlation interactions were 
handled using the generalized gradient approximation (GGA) with the 
Perdew-Burke-Ernzerhof (PBE) functional [37]. Furthermore, ultrasoft 
pseudopotentials were employed to describe the electron-ion in
teractions for Li, Sc, Ti, and H elements [38]. The specific computational 
parameters were tailored for each compound to ensure accuracy: for 
LiScH3 and LiTiH3, we used an 8 × 8 × 8 Monkhorst-Pack k-point mesh 
[39] and a plane wave energy cutoff of 400 eV. For LiScH4 and LiScH5, 
the k-point mesh was set to 9 × 9 × 7, with an energy cutoff of 450 eV. 
Similarly, for LiTiH4 and LiTiH5, an 8 × 8 × 6 Monkhorst-Pack k-point 
mesh and an energy cutoff of 450 eV were applied. Geometry optimi
zation convergence was rigorously ensured through strict thresholds: a 
maximum force of 0.01 eV/Å, a maximum displacement of 5 × 10− 4 Å, a 
total energy convergence of 5 × 10− 6 eV/atom, and a maximum stress of 
0.02 GPa.

The elastic constants Cij were determined using the “stress-strain” 
method within the CASTEP algorithm. These constants are fundamental 
for understanding the mechanical behavior and stability of materials. 
For materials exhibiting a cubic crystal system, the elastic constant 
matrix takes the following form: 
⎛

⎜
⎜
⎜
⎜
⎜
⎝

C11 C12 C12

C12 C11 C12

C12

0
0

0

C12

0
0

0

C11

0
0

0

0

0

0
C44

0

0

0

0
0

0

0

0
0

0
C44 0

0 C44

⎞

⎟
⎟
⎟
⎟
⎟
⎠

Cubic

⎛

⎜
⎜
⎜
⎜
⎜
⎝

C11 C12 C13

C12 C11 C13

C13

0
0

0

C13

0
0

0

C33

0
0

0

0

0

0
C44

0

0

0

0
0

0

0

0
0

0
C44 0

0 C66

⎞

⎟
⎟
⎟
⎟
⎟
⎠

Tetragonal 

From these derived elastic constants, we proceeded to estimate key 
mechanical properties, including the bulk modulus (B), which indicates 
resistance to volume change; Young’s modulus (E), which measures 
stiffness; and shear modulus (G), representing resistance to shear 
deformation.

The determination of optical constants involved a meticulous anal
ysis of photon-mediated electronic transitions occurring between occu
pied and unoccupied quantum states within the materials. These optical 
properties are fundamentally derived from the complex dielectric 
function ԑ(ω) = ε1(ω)+ iε2(ω), where its real, ε1(ω), and imaginary, 
ε2(ω), components are inherently linked through Kramers-Kronig re
lations. The imaginary component, which directly represents interband 
transitions, was computed within a momentum-space formalism using 

the following expression: 

ε2(ω) =
2e2π
Ωε0

∑

k,v,c

⃒
⃒< ψc

k|û. r→|ψv
k >

⃒
⃒2δ
(
Ec

k − Ev
k − E

)
(1) 

in this equation, Ω denotes the unit cell volume, ω is the incident photon 
energy, e is the electronic charge, and ψc

k and ψv
k symbolize the con

duction and valence band wavefunctions at a given crystal momentum k. 
The delta function strictly enforces energy and momentum conservation 
during the optical excitation processes. Subsequently, the real compo
nent ε1(ω) was obtained through the Kramers-Kronig transformation of 
ε2(ω), thereby ensuring causality in the dielectric response. This 
comprehensive approach allowed for the derivation of all pertinent 
optical parameters, including the refractive index, n(ω), reflectivity, 
R(ω), absorption coefficient, α(ω), optical conductivity, σ(ω), and the 
energy loss function L(ω) [40,41]. 

n(ω) =
1̅
̅̅
2

√

[
{

ε1(ω)
2
+ ε2(ω)

2}1 /2
+ ε1(ω)

]1 /2
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σ(ω) =
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2 (5) 

L(ω) = Im
(

−
1

ε(ω)

)

(6) 

The OptaDOS code was utilized to assess both the electrical density 
of states and the optical characteristics of the compounds [42]. For the 
visualization of the crystal structures, the VESTA package program was 
employed [43].

3. Results and analysis

3.1. Structural properties

The determined crystal structures for the LiMHx (M = Sc, Ti, x = 3, 4, 
5) compounds are presented in Fig. 1(a–c). For LiScH3 and LiTiH3 

compounds, they crystallize in a cubic structure with space group Pm3m 
(No. 191). The unit cell of these compounds contains one Li atom, one M 
(Ti or Sc) atom, and three H atoms. Within this unit cell, the Li atoms 
occupy the 1a (0.0, 0.0, 0.0) Wyckoff position, the M atoms are located 
at the 1b (0.5, 0.5, 0.5) position, and the H atoms reside at the 3c (0.0, 
0.5, 0.5) positions. The LiScH4/5 and LiTiH4/5 compounds crystallize in a 
tetragonal structure with space group P4/mmm (No. 123). For LiScH4 
and LiTiH4, the unit cell comprises one Li atom, one M (Sc or Ti) atom, 
and four H atoms. The Li atoms are situated at the 1a (0.0, 0.0, 0.0) 
position, the M atoms at the 1d (0.5, 0.5, 0.5) position, and the four H 
atoms at the 4i (0.0, 0.5, z) positions. The fractional coordinate ‘z’ for 
the H atoms is 0.25816 for LiScH4 and 0.26543 for LiTiH4. In the case of 
LiScH5 and LiTiH5, the unit cell contains one Li atom, one M (Sc or Ti) 
atom, and five H atoms. The Li atoms occupy the 1a (0.0, 0.0, 0.0) po
sition, the M atoms the 1d (0.5, 0.5, 0.5) position, one H atom (H1) is at 
the 1c (0.5, 0.5, 0.0) position, and the remaining four H atoms (H2) are 
at the 4i (0.0, 0.5, z) positions. The ‘z’ coordinate for the H2 atoms is 
0.24399 for LiScH5 and 0.27305 for LiTiH5.

The compounds considered in this study were generated by the 
artificial intelligence-based autoregressive large language modelling 
(LLM) model developed by Antunes et al. [34]. Table 1 presents the 
results of our first-principles calculations for the structural properties of 
these materials, including both calculated and available 
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theoretical/experimental lattice parameters [44]. Based on our 
comprehensive literature search, the LiMHx (M = Ti, Sc, x = 4, 5) 
structures investigated in this study are reported here for the first time.

The thermal stability of hydrides plays a crucial role in solid-state 
hydrogen storage, as it directly affects both the capacity and the reten
tion time of hydrogen. To evaluate the thermal stability of LiMHx (M =
Sc, Ti, x = 3, 4, 5) compounds, we calculated their standard enthalpies of 
formation (ΔHf). This thermodynamic parameter provides insight into 
the energy released during the formation of a hydride from its elemental 
components and is closely related to the temperature at which hydrogen 
desorption occurs. Typically, hydride materials exhibit negative ΔHf 
values, indicating that energy is released upon hydrogen incorporation, 
which in turn reflects their thermodynamic stability. A more negative Δ 
Hf value corresponds to a more thermodynamically stable hydride. 
Conversely, a positive ΔHf suggests instability and the likelihood of 
decomposition under standard conditions. The enthalpy of formation 
was determined by calculating the difference in total energy between 
the products and the reactants, following the standard thermodynamic 
relationship: 

ΔHf =
∑

Etotal
product −

∑
Etotal

reactant (7) 

This approach enables a comparative assessment of the thermal 
stability of the studied hydrides and aids in identifying suitable candi
dates for hydrogen storage applications. The ΔHf value for LiMHx (M =
Sc, Ti, x = 3, 4, 5) compounds is calculated using the following relation. 

ΔHf = Etot(LiM Hx) −

[

Etot(Li) + Etot(M) +
x
2

Etot(H2)

]

(8) 

The formation enthalpies for the LiMHx (M = Sc, Ti, x = 3, 4, 5) 
compounds are listed in Table 1. The calculated ΔHf values for LiScH3, 
LiScH4, LiScH5, LiTiH3, LiTiH4, and LiTiH5 are − 0.3808, − 0.4551, 
− 0.2573, − 0.2066, − 0.2952, and − 0.1912 eV/atom, respectively. The 
negative ΔHf values for all compounds indicate their thermodynamic 
stability and suggest that they can be synthesized under suitable con
ditions [45,46]. Among these, LiScH4 shows the most negative ΔHf value 
(− 0.4551 eV/atom), implying it is the most thermodynamically stable 
phase in this series.

The cohesive energy (Ecoh) serves as a fundamental indicator of 

crystalline stability, quantifying the binding strength between constit
uent atoms within a solid-state system. This parameter corresponds to 
the minimum energy required to dissociate the crystal into its isolated 
atomic components. Systems exhibiting positive cohesive energy values 
are thermodynamically favored, as this condition reflects energy release 
during crystal formation from free atoms. The stability assessment can 
be performed through the following relation: 

Ecoh = −
1
N

[

Etot(LiM Hx) − Etot(Li) − Etot(M) −
x
2

Etot(H2)

]

(9) 

The cohesive energy of the LiMHx (M = Sc, Ti, x = 3, 4, 5) system was 
determined by comparing the total energy of the compound 
Etot(LiM Hx), with the energies of its constituent species, namely indi
vidual Li and M atoms and molecular H2, denoted as Etot(Li), Etot(M), and 
Etot(H2) respectively. Here, N corresponds to the number of atoms in the 
unit cell.

To determine the position of our calculated formation enthalpy and 
cohesive energy values in the literature, our results were compared with 
similar hydride systems. The ΔHf values obtained in this study (− 0.1912 
to − 0.4551 eV/atom) and the reported values for CsXH3 (X: Sc, Y) [47] 
compounds, such as − 0.548 and − 0.568 eV/atom, and with the values 
reported for NaAlH3 (− 0.43 eV/atom) and MgAlH3 (− 0.50 eV/atom) 
[48]. This consistency strongly supports the physical plausibility of our 
calculations and the thermodynamic stability of the LiMHx compounds 
studied. Similarly, the positive cohesive energy values calculated in our 
study (ranging from 3.53 to 3.94 eV/atom) confirm the structural sta
bility by indicating that energy is released during the formation of 
crystalline isolated atoms. These findings are in complete agreement 
with the negative cohesive energy values reported for CsXH3 (X: Sc, Y) 
compounds (− 3.765 and − 3.875 eV/atom). The difference in sign stems 
from differences in the definition of cohesive energy (released energy vs. 
binding energy) and indicates the presence of strong atomic bonds in 
both cases.

As presented in Table 1, the calculated cohesive energies are 
consistently positive, indicating an exothermic formation process where 
energy is released during the synthesis of the compound from its atomic 
and molecular constituents [49]. This energetically favorable process 
highlights the thermodynamic stability of the LiMHx (M = Sc, Ti, x = 3, 

Fig. 1. Crystal structure of (a) LiMH3, (b) LiMH4 and (c) LiMH5 (M = Sc, Ti) compounds unit cell.

Table 1 
Optimized lattice constants (a, b, c in Å), unit cell volume (V in g.cm− 3), formation enthalpy (ΔHf in eV/atom), and cohesive energy (Ecoh in eV/atom) for LiMHx (M =
Sc, Ti, x = 3, 4, 5) with comparative literature data.

Material a b c V ΔHf Ecoh References

LiScH3 3.3967 3.3967 3.3967 39.19 − 0.3808 3.6487 This study
3.8640 3.8640 3.8640 57.69 – – [44]

LiScH4 3.3600 3.3600 4.7567 53.70 − 0.4551 3.7302 This study
LiScH5 3.2618 3.2618 4.7787 50.84 − 0.2573 3.5375 This study
LiTiH3 3.6096 3.6096 3.6096 47.03 − 0.2066 3.9270 This study

3.6060 3.6060 3.6060 46.91 – – [44]
LiTiH4 3.0921 3.0921 4.7733 45.64 − 0.2952 3.9472 This study
LiTiH5 3.2060 3.2060 4.4284 45.52 − 0.1912 3.7944 This study
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4, 5) phases.

3.2. Mechanical properties

Elastic properties play a fundamental role in assessing the mechan
ical robustness of a material under various external influences such as 
pressure, stress and mechanical loading. These properties provide 
fundamental information about the material’s resistance to deformation 
and its ability to sustain mechanical stress without compromising its 
structural integrity. In the case of cubic hydrides such as LiMH3 (M = Sc, 
Ti), the mechanical behavior is characterized by three independent 
elastic constants C11, C12 and C44, which describe the elastic response of 
the crystal along different axes. In the case of tetragonal hydrides such as 
LiMHx (M = Sc, Ti, x = 4, 5), the mechanical behavior is characterized 
by 6 independent elastic constants C11, C12, C13, C33, C44 and C66, which 
describe the elastic response of the crystal along different axes. To verify 
the mechanical stability of these structures, it is necessary to verify 
compliance with the Born-Huang criteria, a set of conditions that define 
the thermodynamic stability limits for cubic and tetragonal systems 
through certain inequalities involving these elastic constants [50]. 
{C11 − C12 > 0, C11 + 2C12 > 0, and C44 > 0}cubic, 
{
C11 > |C12|, 2C2

13 < C33(C11 + C12), C44 > 0,C66 > 0
}

tetragonal 

As can be seen in Table 2, LiMHx (M = Sc, Ti, x = 3, 4, 5) compounds 
have a mechanical stability that meets the criteria given above.

The elastic constants C11 and C33 reflect the material’s capacity to 
resist uniaxial compression along the [100] and [001] crystallographic 
directions, respectively. These constants serve as key indicators of the 
lattice’s ability to withstand linear stress while maintaining structural 
integrity, thereby offering a critical assessment of mechanical stiffness 
along these specific orientations. Notably, the higher C11 values 
observed in LiMHx (M = Sc, Ti, x = 4, 5) compounds compared to C33 
suggest a greater resistance to compression along the [100] direction 
relative to other crystallographic axes. Additionally, the elastic constant 
C44 measures the material’s resistance to shear deformation under 
tangential stress applied along the [010] direction within the (001) 
plane. A lower C44 value relative to C11 and C33 indicates a reduced 
ability to resist shear, implying that the material is more prone to 
shear-induced structural alterations than to compressive deformation 
along the same orientations. As detailed in Table 2, the LiMHx (M = Sc, 
Ti, x = 4, 5) compounds exhibit characteristics consistent with height
ened sensitivity to shear deformations, underscoring their distinct me
chanical behavior under varying stress conditions.

The shear constant 
(

Cʹ= C11 − C12
2

)

serves as a pivotal metric for 

evaluating the dynamic stability of crystalline materials. This parameter 
quantifies the material’s resistance to shear deformation when subjected 
to shear stress along the [110] direction within the (100) plane. 
Furthermore, the shear constant provides a reliable indicator of the 
crystal’s stable or unstable state, where a negative value signifies 

dynamic instability, and a positive value denotes dynamic stability. The 
computed shear constants for the LiMHx (M = Sc, Ti, x = 3, 4, 5) com
pounds are presented in Table 2. Analysis reveals that the shear con
stants for all investigated compounds are positive, confirming their 
dynamic stability and suggesting robust structural integrity under shear 
stress conditions.

The Kleinman parameter 
(

ζ= C11+8C12
7C11+2C12

)

serves as a valuable metric 

for characterizing the internal strain response of a material, specifically 
quantifying the relative displacement between cation and anion sub
lattices under volume-conserving distortions, particularly relevant when 
atomic positions are not fixed by crystal symmetry. This parameter is a 
crucial indicator of a material’s resilience against both stretching and 
bending deformations [51]. Defined within the range of 0–1 (0 ≤ ζ ≤ 1), 
the parameter’s bounds provide insights into the dominant deformation 
mechanisms. A value of ζ = 0 indicates that bond bending contributions 
to resisting external stress are negligible, while ζ = 1 implies that 
resistance is primarily governed by bond bending, with bond stretch
ing/compression having a minimal effect. For the LiMHx (M = Sc, Ti, x 
= 3, 4, 5) compounds investigated, the calculated ζ values span from 
0.26 to 0.53, specifically determined as 0.26 (LiScH3), 0.40 (LiScH4), 
0.34 (LiScH5), 0.34 (LiTiH3), 0.53 (LiTiH4), and 0.31 (LiTiH5). These 
intermediate ζ values, falling between the 0 and 1 extremes, suggest that 
the mechanical strength and resistance to deformation in these com
pounds are influenced by a significant interplay of both bond bending 
and bond stretching/compression contributions.

The elastic behavior of solid materials is fundamentally character
ized by two primary parameters: the bulk modulus (B) and the shear 
modulus (G). These moduli are crucial for understanding a material’s 
mechanical response under different stress conditions. Specifically, the 
bulk modulus quantifies a material’s resistance to volume change under 
hydrostatic pressure, effectively indicating its compressibility and 
resistance to fracture under uniform compression. In parallel, the shear 
modulus measures a material’s stiffness against shape deformation 
under shear stress, reflecting its resistance to plastic flow in poly
crystalline forms. The values for the bulk and shear moduli in this study 
were derived from the calculated elastic constants using the well- 
established Voigt-Reuss-Hill (VRH) approximations, as detailed in 
Refs. [52–54]. 

BH =
BV + BR

2
and GH =

GV + GR

2
(10) 

In this analysis, the bulk (B) and shear (G) moduli were evaluated 
using both the Voigt and Reuss approximations, denoted as BV, GV and 
BR, GR, respectively. These approximations provide upper and lower 
bounds for the elastic constants of polycrystalline materials. The cor
responding Voigt–Reuss–Hill averages were subsequently used to derive 
the macroscopic elastic properties. Based on the averaged B and G 
values, the Young’s modulus (E) and Poisson’s ratio (ν) were calculated 
using the standard isotropic elasticity relations. This approach enables a 
comprehensive assessment of the material’s stiffness and deformation 

Table 2 
Calculated independent elastic constants Cij (GPa), shear constant C′, and Kleinman parameter (ζ) for LiMHx (M = Sc, Ti, x = 3, 4, 5) crystals.

Parameters LiScH3 LiScH4 LiScH5 LiTiH3 LiTiH4 LiTiH5 References

C11 179.30 
193.74

128.84 146.99 140.89 
172.59

138.06 177.94 This study [44]

C33 ​ 97.53 73.61 ​ 110.95 124.76 This study
C44 44.66 

46.01
17.02 28.71 29.07 

53.69
29.52 68.66 This study [44]

C66 ​ 47.99 60.24 ​ 52.42 35.94 This study
C12 19.18 

17.24
31.63 23.06 26.04 

73.58
41.03 24.22 This study [44]

C13 ​ 13.00 34.23 ​ 25.41 30.26 This study
C’ 80.06 

88.25
48.60 61.97 57.42 

49.51
48.51 76.86 This study [44]

ζ 0.26 0.40 0.34 0.34 0.53 0.31 This study
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characteristics under mechanical loading. 

E =
9GB

(3B + G)
and ν =

(3B − 2G)
2(3B + G)

(11) 

Young’s modulus (E) is a key mechanical parameter that quantifies a 
material’s resistance to elastic deformation under uniaxial tensile or 
compressive stress. It is also closely associated with the intrinsic hard
ness of a material. Analysis of the computed E values for the investigated 
LiMHx (M = Sc, Ti, x = 3, 4, 5) compounds indicates that, within the Ti- 
based series, LiTiH5 exhibits greater stiffness and inferred hardness 
compared to LiTiH4 and LiTiH3. Similarly, in the Sc-based series, LiScH3 
demonstrates a higher Young’s modulus than both LiScH4 and LiScH5. 
The numerical values supporting these observations are presented in 
Table 3. Additionally, a comparison of the bulk modulus (B) and shear 
modulus (G) reveals that B consistently exceeds G across all composi
tions. This trend implies that the mechanical stability of LiMHx (M = Sc, 
Ti, x = 3, 4, 5) compounds is more significantly governed by their 
resistance to shear deformation. Consequently, these materials are more 
susceptible to mechanical failure through shape distortion rather than 
volumetric compression under applied stress.

In material science, Pugh’s ratio, expressed as the quotient of the 
bulk modulus (B) and the shear modulus (G), is widely recognized as a 
fundamental metric for assessing whether a material exhibits ductile or 
brittle behavior [55]. The bulk modulus reflects a material’s ability to 
withstand uniform compression, whereas the shear modulus indicates its 
resistance to shear-induced deformation. According to the established 
Pugh criterion, a threshold value of 1.75 delineates the boundary be
tween ductility and brittleness: materials with a B/G ratio exceeding 
1.75 are deemed ductile, while those with a ratio below this value are 
classified as brittle. Analysis of the B/G ratios for LiMHx (M = Sc, Ti, x =
3, 4, 5) compounds, as reported in Table 3, reveals that all values fall 
below this critical threshold of 1.75. Consequently, these compounds 
demonstrate brittle properties. This characteristic implies that LiMHx 
(M = Sc, Ti, x = 3, 4, 5) materials are susceptible to fracturing with little 
to no plastic deformation, a factor that warrants careful consideration 
when evaluating their suitability for structural or functional purposes.

Poisson’s ratio (υ) is an essential mechanical property that charac
terizes how a material deforms laterally in response to an applied axial 
strain under uniaxial loading conditions. For isotropic materials, its 
theoretical limits are well-established, ranging from ─1.0 to 0.5 [56], 
encapsulating the spectrum of elastic deformation behaviors. A Pois
son’s ratio of 0.5 signifies isochoric deformation, where the material’s 
volume remains constant during elastic straining [57]. Beyond its role in 
deformation, this ratio offers valuable insights into a material’s me
chanical behavior, particularly its failure tendencies. A critical value of 
υ = 0.26 serves as a dividing line: materials with υ > 0.26 typically 
display ductile properties, capable of undergoing significant plastic 
deformation, whereas those with υ < 0.26 are predisposed to brittle 
fracture, fracturing with minimal plasticity. Additionally, Poisson’s ratio 
sheds light on a material’s ability to resist shear deformation, reinforcing 
its importance in evaluating mechanical performance. Data from Table 3
reveal that the Poisson’s ratio of LiMHx (M = Sc, Ti, x = 3, 4, 5) com
pounds falls below the 0.26 threshold, indicating their brittle character. 

This suggests that these compounds are likely to fracture abruptly under 
stress, without substantial plastic deformation. Furthermore, Poisson’s 
ratio provides a window into the nature of interatomic interactions 
within crystalline structures. When υ lies between 0.25 and 0.50, central 
force interactions those acting along the line connecting atomic pairs 
predominantly govern the bonding [58,59]. Conversely, values outside 
this range point to the influence of non-central forces, which involve 
more complex, directionally dependent interactions. Since the Poisson’s 
ratio of LiMHx (M = Sc, Ti, x = 3, 4, 5) compounds lies outside the 0.25 
to 0.50 range, it can be deduced that non-central forces significantly 
shape their interatomic bonding, potentially impacting their structural 
stability and mechanical properties. This interplay of brittleness and 
bonding characteristics underscores the utility of Poisson’s ratio in un
derstanding the behavior of such materials.

Machinability represents a critical attribute of materials, defining 
how readily they can be shaped or finished using cutting tools. This 
property is essential in the field of engineering, particularly within 
manufacturing and industrial production, where it significantly impacts 
decisions regarding tool selection, process optimization, and production 
efficiency. The ease or challenge of machining a material arises from a 
combination of factors, including the inherent qualities of the work
piece, the design and composition of the cutting tool, and the opera
tional settings of the machining process. Specifically, variables such as 
tool material composition, tool shape, cutting velocity, applied force, 
feed rate, and cutting depth are closely tied to the material’s machin
ability. Beyond its influence on machining operations, this property also 
provides valuable insights into a material’s plasticity [60,61] and its 
ability to exhibit dry lubrication characteristics, shedding light on how it 
responds to the mechanical stresses of machining. To quantify machin
ability, the machinability index (μM) is employed, calculated through an 
established equation detailed in Ref. [62]. 

μM =
B

C44
(12) 

A higher μM value signifies superior machinability, indicating that 
the material can be processed with greater ease and precision. In this 
study, the machinability of various hydride phases was assessed, 
revealing significant variations influenced by their chemical composi
tions. Among the scandium-based hydrides, LiScH4 achieved the highest 
machinability index of 3.02, outperforming LiScH5 (μM = 2.05) and 
LiScH3 (μM = 1.62). In the titanium-based group, LiTiH3 recorded the 
highest index at 2.21, followed closely by LiTiH4 (μM = 2.13), with 
LiTiH5 trailing significantly at 1.04. Across all compounds examined, 
LiScH4 emerged as the standout performer, demonstrating exceptional 
machinability. This is largely due to its ideal interplay of strong inter
atomic bonds and favorable shear softening behavior, which together 
facilitate superior processing outcomes. Conversely, LiTiH5 exhibited 
the lowest machinability index, suggesting it is the least processable 
among the studied materials. These findings highlight the pivotal role of 
chemical composition in determining a material’s machinability. The 
observed differences in μM values across the hydride phases illustrate 
how atomic-level variations can profoundly affect material removal ef
ficiency. Such insights are essential for advancing the development of 

Table 3 
Voigt-Reuss-Hill averaged bulk modulus (B), shear modulus (G), Young’s modulus (E), Pugh’s ratio (B/G), Poisson’s ratio (ν), and machinability index (μM) for LiMHx 
(M = Sc, Ti, x = 3, 4, 5) compounds.

Compound BR BV BH GR GV GH E B/G υ μM References

LiScH3 72.56 72.56 72.56 
65.07

54.26 58.82 56.54 
43.73

134.64 
142.34

1.28 
1.48

0.19 
0.19

1.62 This study [44]

LiScH4 50.45 52.28 51.36 27.87 36.24 32.06 79.61 1.60 0.24 3.02 This study
LiScH5 56.41 61.18 58.80 36.11 41.94 39.02 95.86 1.51 0.23 2.05 This study
LiTiH3 64.32 64.32 64.32 

88.51
36.22 40.41 38.31 

45.98
95.91 1.68 

1.92
0.25 
0.29

2.21 This study [44]

LiTiH4 62.06 63.42 62.74 39.08 41.97 40.53 100.04 1.55 0.23 2.13 This study
LiTiH5 70.74 72.24 71.49 56.50 61.05 58.78 138.40 1.22 0.18 1.04 This study
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high-performance machinable alloys, particularly in precision engi
neering and manufacturing contexts where optimal material process
ability is a priority.

3.3. Hardness

Hardness is a key property that measures a material’s ability to 
endure permanent deformation under localized mechanical forces, 
playing an essential role in evaluating structural integrity within engi
neering disciplines. This characteristic provides valuable insights into 
how materials perform when exposed to intense loading conditions, 
making it a critical factor for predicting reliability in harsh operational 
environments. Among the array of mechanical properties, the elastic 
constant C44 and the shear modulus stand out as robust indicators of 
intrinsic hardness, demonstrating a strong connection to a material’s 
capacity to resist plastic deformation [63]. The analysis of hardness in 
this study relies on a range of theoretical computational techniques, 
each distinguished by its specific strengths in delivering accurate pre
dictions. Hardness values were determined using well-established 
models proposed by Teter et al. [64], Tian et al. [65], Miao et al. [66], 
Mazhnik et al. [67], and Chen et al. [68]. These frameworks were chosen 
for their proven effectiveness in assessing hardness across diverse ma
terial types. The detailed equations utilized for these computations are 
presented follow. 

(HV)miao =
(1 − 2ν)E
6(1 + ν) (13) 

(HV)Chen = 2
[(

G
B

)2

G
]0.585

− 3 (14) 

(HV)Tian = 0.92
(

G
/

B

)1.137

G0.708 (15) 

(HV)Teter = 0.151G (16) 

(HV)Mazhnik = γ0
1 − 8.5σ + 19.5σ2

1 − 7.5σ + 12.2σ2 + 19.6σ3 E (17) 

Also γ0 is a dimensionless constant with a value of 0.096.
The (HV)miao, (HV)Chen, (HV)Tian, (HV)Teter, and (HV)Mazhnik values 

obtained for the LiMHx (M = Sc, Ti, x = 3, 4, 5) compounds are presented 
in Table 4.

The calculated hardness values for the LiMHx (M = Sc, Ti, x = 3, 4, 5) 
hydrides reveal clear compositional and methodological trends 
(Table 4). In the Sc-based series, LiScH3 exhibits the greatest resistance 
to indentation, with an average hardness of 10.54 GPa, whereas LiScH4 
(5.21 GPa) and LiScH5 (6.54 GPa) are substantially softer. A similar 
pattern emerges in the Ti-based compounds: LiTiH5 demonstrates the 
highest stiffness against plastic deformation (11.51 GPa), followed by 
LiTiH4 (6.61 GPa) and LiTiH3 (5.91 GPa). Across all compositions, the 
individual hardness models (Chen, Tian, Teter, Miao, and Mazhnik) 
display consistent relative ordering, although absolute values differ by 
up to ~50 %, reflecting varying sensitivities to bond character and 
crystal topology. The pronounced hardness of the M = Sc and M = Ti 

compounds with “3” stoichiometry suggests a more rigid lattice frame
work likely due to optimal cation–anion bonding balance whereas 
higher hydrogen content (x = 4, 5) weakens the network through 
increased bond flexibility. These findings underscore the utility of 
multiple semi-empirical models in capturing the mechanical resilience 
of hydrogen-rich frameworks and point to LiScH3 and LiTiH5 as the most 
mechanically robust candidates for hydrogen storage applications.

3.4. Elastic anisotropy

Elastic anisotropy is a fundamental property of crystalline solids, 
characterized by mechanical responses that vary with the direction of 
applied stress. This attribute plays a pivotal role in shaping key material 
processes, including the motion of dislocations, the progression of 
cracks, and the mechanisms of fracture, particularly within systems 
exhibiting structural asymmetry. The origin of this directional depen
dence lies in the crystallographic framework, where lattice asymmetry 
dictates the variation in elastic behavior. Such understanding is indis
pensable for the development of cutting-edge materials and the design of 
structures capable of withstanding imperfections. The compound LiMHx 
(M = Sc, Ti, x = 3, 4, 5) emerges as a noteworthy subject for examining 
how atomic bonding influences anisotropic characteristics. Detailed 
scrutiny of its elastic anisotropy is essential to unravel how it performs 
under multifaceted stress conditions. Specifically, crystals featuring 
covalent bonds, with their localized electron distributions, tend to 
display marked anisotropy. In contrast, those with metallic bonds, 
characterized by freely shared electrons, exhibit a tendency toward 
isotropic behavior [69]. This interplay between bonding type and me
chanical properties underscores the importance of elastic anisotropy in 
predicting and optimizing material performance for advanced engi
neering applications.

The degree of elastic anisotropy in solid materials, which reflects the 
directional dependence of their mechanical properties, is quantitatively 
assessed using dimensionless metrics such as the Zener anisotropy 
parameter (A = 2C44

C11 − C12
). Calculated following the formalism outlined by 

Yang et al. [70], the Zener parameter serves as a key indicator: a value of 
A = 1 signifies isotropic elastic behavior, where mechanical response is 
uniform in all directions. Conversely, deviations from unity (A = 1) 
denote anisotropic elasticity, with larger deviations correlating to a 
more pronounced direction-dependent mechanical response. For the 
LiMHx (M = Sc, Ti, x = 3, 4, 5) compounds, our calculations yielded 
Zener anisotropy parameter values indicating varying degrees of 
anisotropy: LiScH3 (A = 0.5579), LiScH4 (A = 0.3502), LiScH5 (A =
0.4633), LiTiH3 (A = 0.5062), LiTiH4 (A = 0.6084), and LiTiH5 (A =
0.8934). These values, all differing from 1, confirm the presence of 
elastic anisotropy in these materials. Further insight into the directional 
asymmetry of bonding and resistance to deformation can be gained from 
shear anisotropic factors. These factors specifically quantify the differ
ential resistance to shear deformation across distinct crystallographic 
planes. For cubic and tetragonal crystal systems, a complete character
ization of shear anisotropy necessitates the evaluation of three inde
pendent parameters derived from directional elastic constants [71,72].

Shear anisotropy factor between 〈011〉 and 〈010〉 directions for shear 
plane {100}, 

Table 4 
Comparative theoretical hardness predictions (GPa) using the Chen, Tian, Teter, Miao, and Mazhnik models with averaged values for LiMHx (M = Sc, Ti, x = 3, 4, 5) 
compounds.

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

LiScH3 12.83 12.06 8.54 11.66 7.63 10.54
LiScH4 5.76 6.27 4.84 5.52 3.66 5.21
LiScH5 7.56 7.73 5.89 7.07 4.45 6.54
LiTiH3 6.21 6.75 5.79 6.35 4.47 5.91
LiTiH4 7.46 7.70 6.12 7.18 4.61 6.61
LiTiH5 14.24 13.17 8.88 12.64 8.63 11.51
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A1 =
4C44

C11 + C33 − 2C13
(18) 

Shear anisotropy factor between 〈101〉 and 〈001〉 directions for shear 
plane {010}, 

A2 =
2C55

C22 + C33 − 2C23
(19) 

Shear anisotropy factor between 〈110〉 and 〈010〉 directions for shear 
plane {001}, 

A3 =
4C66

C11 + C22 − C12
(20) 

The shear anisotropy factors A1, A2, and A3 calculated for the LiMHx 
(M = Sc, Ti, x = 3, 4, 5) compounds provide valuable insights into the 
directional dependence of their mechanical behavior. As presented in 
the table, A1 and A2 exhibit identical values across all compositions, 
reflecting similar anisotropic shear responses between the specified 
crystallographic directions on the {100} and {010} shear planes. 
Notably, LiTiH5 displays the highest values for these parameters 
(1.1341), indicating a pronounced anisotropy and suggesting that shear 
deformation along these directions will be highly direction dependent. 
In contrast, the other compounds show considerably lower A1 and A2 
values, with LiScH4 presenting the smallest anisotropy (0.3398), 
implying a relatively more isotropic shear response in those planes. The 
A3 values vary more distinctly among the compounds, highlighting 
differences in shear anisotropy on the {001} shear plane. LiScH4 and 
LiScH5 exhibit values close to unity (0.9874 and 0.9721, respectively), 
indicative of nearly isotropic shear resistance along the compared di
rections. Conversely, LiTiH4 shows a higher A3 value (1.0804), sug
gesting increased anisotropy, while LiTiH5 and LiTiH3 present lower 
values (0.4677 and 0.5062), indicating more isotropic or less pro
nounced anisotropic behavior in this shear system. Overall, these 
anisotropy factors reveal that shear deformation in LiMHx (M = Sc, Ti, x 
= 3, 4, 5) hydrides is directionally dependent, with variations influenced 
both by the type of metal cation and hydrogen content. This anisotropy 
has important implications for understanding slip behavior, plasticity, 
and mechanical reliability in these hydrogen storage materials.

In the study of material properties, the anisotropic nature of solids 
emerges as a pivotal factor influencing their mechanical behavior. To 
measure this directional dependence, a suite of indices has been estab
lished, including the universal anisotropy index (denoted as AU and dE), 
the equivalent Zener anisotropy measure (Aeq), the shear anisotropy 
(AG), and the compressibility anisotropy (AB). These indices are calcu
lated using well-established mathematical formulations that apply uni
versally to solids, regardless of their crystal symmetry, highlighting their 
broad utility in material science investigations. Together, these param
eters deliver a detailed evaluation of anisotropy, shedding light on the 
mechanical properties of materials and revealing how these character
istics shift with direction. The computations rely on standard equations, 
as meticulously outlined in the referenced studies [73–76]. Such insights 
into anisotropic behavior are vital for advancing the design and opti
mization of materials in engineering contexts, where directional prop
erties play a critical role in determining performance. 

AU =
BV

BR
+ 5

GV

GR
− 6 ≥ 0, dE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
AU + 6

√
(21) 

Aeq =

(

1 +
5
12

AU
)

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

1 +
5
12

AU
)2

− 1

√

(22) 

AB =
BV − BR

BV + BR
,AG =

GV − GR

GV + GR
(23) 

In material science, the directional dependence of physical proper
ties termed anisotropy plays a pivotal role in determining a material’s 
functionality. The Universal Anisotropy Index (AU) stands out as a 

versatile tool for evaluating this property across diverse crystallographic 
symmetries. By incorporating both shear and bulk modulus contribu
tions, AU provides a comprehensive perspective on anisotropic behavior, 
distinguishing it from conventional metrics. According to Equation (21), 
the ratio of Voigt to Reuss shear moduli (GV/GR) predominantly in
fluences AU, overshadowing the impact of the bulk moduli ratio (BV/BR). 
Isotropic materials exhibit an AU value of zero, whereas non-zero values 
positive or negative reflect the presence and degree of elastic anisotropy. 
In this study, AU calculations for Sc-based hydrides yielded values of 
0.4200, 1.5387, and 0.8920, while those for Ti-based hydrides were 
0.5780, 0.3912, and 0.4231. These findings confirm the pronounced 
anisotropic character of both material groups.

The computed Aeq values for LiMHx (M = Sc, Ti, x = 3, 4, 5) com
pounds are presented in Table 5. The compressibility anisotropy index 
(AB) and shear anisotropy index (AG) each range between 0 and 1, where 
a value of 1 reflects the maximum degree of anisotropy and a value of 
0 signifies complete isotropy. Examination of the data in Table 5 in
dicates that LiScH3 and LiTiH3 exhibit isotropic properties in terms of 
compressibility. Conversely, the other compounds under study display 
anisotropic characteristics in both shear and compressibility. Across all 
LiMHx (M = Sc, Ti, x = 3, 4, 5) compounds analyzed, the AG values 
consistently surpass their corresponding AB values, suggesting that shear 
anisotropy exerts a more dominant influence than compressibility 
anisotropy in these material systems (see Table 6).

The following defines the universal log-Euclidean anisotropy index 
[70]: 

AL =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[

ln
(

BV

BR

)]2

+ 5

[

ln

(
CV

44

CR
44

)]2
√
√
√
√ (24) 

In the study of elastic properties, the constants CV
44 = 3

5
(C11 − C12 − 2C44)
3(C11 − C12)+4C44 

and CR
44 = 5

3
C44(C11 − C12)

3(C11 − C12)+4C44 
are defined as the Voigt and Reuss approxi

mations, respectively, of the elastic constant C44. A central element of 
this investigation is the AL anisotropy parameter, which is universally 
applicable across all crystal symmetries, much like the universal 
anisotropy index (AU). With proper scaling, AL accurately reflects perfect 
isotropy and maintains its effectiveness across diverse crystallographic 
point groups. For materials exhibiting significant anisotropy, AL proves 
to be a more suitable metric than AU due to its lower sparsity, offering a 
clearer depiction of anisotropic tendencies.

The universal anisotropy index (AU), while useful, falls short in fully 
representing the absolute extent of anisotropy, as noted in prior research 
[69]. In contrast, the AL parameter, when evaluated alongside the mean 
hardness values from the Voigt (CV) and Reuss (CR) methods, provides a 
more dependable measure of anisotropy. The range of AL values extends 
from 0 to a maximum of 10.26, with over 90 % of solids having values 
below 1. An AL value of zero denotes a perfectly isotropic material. For 
Sc-based hydrides, the calculated AL values are 0.5030, 1.3981, and 
0.8312, respectively. For Li-based hydrides, the values are 0.6658, 
0.3735, and 0.0292, respectively. Among the Sc-based hydrides, LiScH4 
with a value of 1.3981 exceeding 1 indicates a significant departure 

Table 5 
Elastic anisotropy parameters of LiMHx (M = Sc, Ti, x = 3, 4, 5) compounds.

Parameters LiScH3 LiScH4 LiScH5 LiTiH3 LiTiH4 LiTiH5

A 0.5579 0.3502 0.4633 0.5062 0.6084 0.8934
A1 0.5579 0.3398 0.7548 0.5062 0.5957 1.1341
A2 0.5579 0.3398 0.7548 0.5062 0.5957 1.1341
A3 0.5579 0.9874 0.9721 0.5062 1.0804 0.4677
AB 0.0000 0.0178 0.0406 0.0000 0.0108 0.0104
AG 0.0400 0.1306 0.0747 0.0546 0.0356 0.0387
AU 0.4200 1.5387 0.8920 0.5780 0.3912 0.4231
dE 2.5340 2.7457 2.6253 2.5648 2.5281 2.5344
Aeq 1.7920 2.9424 2.3106 1.9755 1.7568 1.7958
AL 0.5030 1.3981 0.8312 0.6658 0.3735 0.0292
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from isotropy, while the other two values below 1 indicate moderate 
anisotropy. Conversely, Li-based hydrides with AL values of 0.6658, 
0.3735 and 0.0292 all below 1 show a trend towards lower anisotropy. 
In particular, the value of 0.0292 (LiTiH5) approaches zero, indicating 
near isotropic behavior in one of the samples. These results emphasize 
the effectiveness of the AL parameter in distinguishing nuanced differ
ences in anisotropy, especially in cases where the AU may lack sensi
tivity. The integration of the Voigt and Reuss approaches further 
enriches this analysis by accounting for both shear and bulk contribu
tions to material behavior. Research indicates that materials with 
elevated AL values typically possess a layered structure, whilst those 
with diminished AL values are generally non-layered [75,77]. Strong 
layered and non-layered structural materials can be forecast from the 
higher and lower values of AL, respectively. The estimated value for 
LiMHx (M = Sc, Ti, x = 3, 4, 5) compounds suggests that this compound 
does not show notable layered kind of structural structure since the 
value of AL is relatively low.

The bulk modulus and its anisotropies along the a, b, and c axes can 
be obtained using the following formulae [78]. 

Ba = a
dP
da

=
Λ

1 + α + β
, Bb = b

dP
db

=
Ba

α , Bc = c
dP
dc

=
Ba

β
(26) 

Brelax =
Λ

(1 + α + β)2 (27) 

where Λ = C11 + 2C12α + C22α2 + 2C13β + C33β2 + 2C23αβ and 

α=
{(C11 − C12)(C33 − C13)} − {(C23 − C13)(C11 − C13)

{(C33 − C13)(C22 − C12)} − {(C13 − C23)(C12 − C23)}

β=
{(C22 − C12)(C11 − C13)} − {(C11 − C12)(C23 − C12)}

{(C22 − C12)(C33 − C13)} − {(C12 − C23)(C13 − C23)}

Brelax represents the average compressibility of the system under 
hydrostatic pressure. A higher Brelax value means lower compressibility 
and higher structural stiffness. Among the Sc-based compounds, the 
highest Brelax value of 72.56 GPa indicates that LiScH3 compound is the 
least compressible structure, while LiScH4 compound with the lowest 
Brelax value is more easily compressible. Among the Ti based compounds, 
LiTiH5 compound with 70.74 GPa is the least compressible structure and 
LiTiH4 compound with the lowest Brelax value shows that it is more easily 
compressible. The directional volume moduli Ba, Bb and Bc refer to the 
mechanical stiffness in the a, b and c directions along the crystal 
structure. For LiScH4, LiScH5, LiTiH4 and LiTiH5 compounds, Ba = Bb is 
greater than Bc, indicating that these compounds are more compressible 
along the c direction.

The bulk modulus anisotropies along the a and c axes with respect to 
the b axis are expressed as: 

ABa =
Ba

Bb
, ABc =

Bc

Bb
(28) 

An ABa value of 1 for all compounds indicates symmetric bond 
strength in the a and b directions. ABc indicates the mechanical behavior 
along the c-axis compared to the a-axis. Low values such as LiScH4 
(0.63), LiScH5 (0.39) and LiTiH4/5 (0.67) reveal weakness along the c- 
axis. The values of 1.00 in LiScH3 and LiTiH3 support that they have a 3D 

bonding pattern and are isotropic.
To rigorously assess the anisotropic behavior of the investigated 

compounds, we utilized three-dimensional (3D) surface representations 
of their elastic properties, generated with the VELAS software package 
[79]. This tool enables accurate visualization of directional de
pendencies in mechanical responses. A detailed summary of the elastic 
properties including Young’s modulus, bulk modulus, shear modulus, 
and stiffness, along with their respective extrema is provided in Table 7, 
offering a robust basis for comparing mechanical characteristics across 
various compositions. The 3D representations for Sc-based and Ti-based 
hydrides are illustrated in Figs. 2(a–c) and 3 (a-c), respectively. In these 
plots, a perfectly spherical shape signifies complete isotropy across all 
dimensions, whereas deviations from sphericity indicate anisotropic 
tendencies in specific directions. The bulk moduli of LiScH3 and LiTiH3 
display spherical symmetry, confirming their isotropic nature. However, 
their Young’s modulus, shear modulus, bulk modulus, and hardness 
exhibit deviations from sphericity, revealing marked anisotropy across 
all planes. Similarly, for LiScH4/5 and LiTiH4/5, consistent deviations in 
all evaluated elastic properties highlight pronounced anisotropy in 
every direction examined.

The mechanical properties detailed in these sections provide critical 
information regarding the practical applicability of LiMHx compounds 
as potential hydrogen storage materials. Hydrogen storage in a solid 
material causes repeated volumetric changes and internal stresses dur
ing hydrogen entry (hydrogenation) and exit (dehydrogenation). This 
cyclic stress can lead to pulverization of the material over time, resulting 
in performance loss. This study demonstrates that all compounds 
examined meet the Born-Huang criteria, indicating mechanical stability, 
which is a fundamental requirement for a storage material. However, 
Pugh ratio and Poisson’s ratio analyses reveal that all these materials 
possess a brittle nature. This brittle structure indicates that the materials 
may be sensitive to cyclic stress when in bulk form and that engineering 
strategies such as nano structuring or composite formation may be 
necessary to manage this mechanical weakness in practical applications. 
Therefore, the analysis of mechanical properties allows us to anticipate 
the steps required to transform the high storage capacity of these new 
materials into a real technology.

3.5. Electronic band structure and density of states

The determination of the electronic band structure is crucial for 
understanding the essential physical properties of crystal solids, espe
cially regarding their optical response and charge transport mecha
nisms. The electronic band structures (E-EF) of LiMHx (M = Sc, Ti, x = 3, 
4, 5) compounds were computed along high-symmetry k-paths, as 
depicted in Figs. 4 (a)-(c) and 5 (a)-(c). For cubic LiScH3 and LiTiH3, the 
k-paths followed the sequence X- R- M − Γ- R, while for tetragonal 
LiScH4/5 and LiTiH4/5, the paths spanned Z- A- M − Γ- Z- R- X- Γ. In these 
diagrams, the Fermi energy (EF) is marked by a red dashed horizontal 
line, serving as a reference for the energy levels. The electronic char
acteristics of these LiMHx (M = Sc, Ti, x = 3, 4, 5) compounds offer 
critical insights into their suitability for hydrogen storage applications. 
These properties significantly influence the materials’ electronic 
behavior, which in turn affects their thermodynamic stability and 
hydrogen storage efficiency. The electronic profiles of the investigated 

Table 6 
Bulk modulus (Brelax in GPa), bulk modulus along the a-, b-, and c-axes (Ba, Bb, and Bc in GPa), and α and β of LiMHx (M = Sc, Ti, x = 3, 4, 5) compounds.

Compound Brelax Ba Bb Bc α β ABa ABc

LiScH3 72.56 217.67 217.67 217.67 1.00 1.00 1.00 1.00
LiScH4 50.45 181.15 181.15 113.87 1.00 1.59 1.00 0.63
LiScH5 56.41 258.37 258.37 100.14 1.00 2.58 1.00 0.39
LiTiH3 64.32 192.96 192.96 192.96 1.00 1.00 1.00 1.00
LiTiH4 62.06 217.20 217.20 144.84 1.00 1.50 1.00 0.67
LiTiH5 70.74 247.51 247.51 165.14 1.00 1.50 1.00 0.67
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compounds reveal a metallic character, as both the conduction and 
valence bands intersect the Fermi level. This behavior is further eluci
dated through the total density of states (TDOS) and partial density of 
states (PDOS) plots for LiMHx (M = Sc, Ti; x = 3, 4, 5) compounds, which 
are detailed in Figs. 4 (a)–(c) and 5(a)-(c). For LiScH3, the density of 
states depicted in Fig. 4(a) highlights that the Sc-3d orbital predomi
nantly contributes to the valence band near the Fermi level, while H-1s 
orbitals play a significant role from − 2 eV to − 10 eV. In the conduction 
band, the Sc-3d orbital dominates near the Fermi level, with contribu
tions from Sc-4s between 4 eV and 6 eV and Li-2s between 6 eV and 8 eV. 
For LiScH4, as shown in Fig. 4(b), the Sc-3d orbital is the primary 
contributor to the valence band close to the Fermi level, complemented 
by H-1s contributions from − 1 eV to − 10 eV, while the conduction band 
features dominant Sc-3d input near the Fermi level and Li-2s influence 
from 6 eV to 8 eV. In the case of LiScH5, Fig. 4(c) indicates that the H-1s 
orbital is the leading contributor to the valence band, whereas the 
conduction band is shaped by H-1s near the Fermi level and Sc-3d from 
1 eV to 8 eV.

For LiTiH3, the density of states in Fig. 5(a) reveals that the Sc-3d 
orbital governs the valence band near the Fermi level, with notable H- 
1s contributions from − 3 eV to − 9 eV; in the conduction band, Sc-3d 

dominates near the Fermi level, with Li-2s contributions from 4 eV to 
6 eV. Similarly, for LiTiH4, Fig. 5(b) shows the Sc-3d orbital as the 
primary valence band contributor near the Fermi level, supported by H- 
1s from − 2 eV to − 9 eV, while the conduction band is driven by Sc-3d 
near the Fermi level and Li-2s from 6 eV to 9 eV. For LiTiH5, Fig. 5(c) 
indicates that the Sc-3d orbital leads the valence band close to the Fermi 
level, with H-1s contributions from − 3 eV to − 9 eV, and the conduction 
band is dominated by Sc-3d near the Fermi level, alongside Li-2s from 6 
eV to 9 eV. These observations underscore the evolving roles of metal d- 
orbitals and hydrogen s-orbitals in shaping the electronic structure as 
the hydrogen content varies. The analysis indicates that LiMHx (M = Sc, 
Ti, x = 3, 4, 5) compounds exhibit hybridization between the d-states of 
M (Sc, Ti) and the s-states of H near the Fermi level (EF), resulting in 
pronounced metallic behavior. Notably, metallic materials are advan
tageous for hydrogen storage applications due to their high electrical 
conductivity, which promotes efficient charge transfer during hydrogen 
absorption and desorption processes [80,81]. Consequently, the metallic 
nature of these hydrides positions them as promising candidates for 
hydrogen storage applications [82]. Furthermore, metals typically 
demonstrate favorable adsorption properties for hydrogen molecules, 
which can significantly enhance storage capacity [83].

Table 7 
The minimum and maximum values of the Young’s modulus (GPa), bulk modulus (GPa), shear modulus (GPa), hardness (GPa), and their ratios for LiMHx (M = Sc, Ti, x 
= 3, 4, 5) compounds.

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

LiScH3 175.59 111.18 0.14 72.56 72.56 0.00 80.05 44.66 0.15 26.14 7.46 0.35
LiScH4 120.04 52.60 0.27 60.38 37.96 0.16 48.76 17.02 0.31 10.11 2.41 0.36
LiScH5 130.68 59.83 0.28 86.12 33.38 0.34 61.96 28.71 0.21 11.83 2.87 0.43
LiTiH3 132.76 75.29 0.18 64.32 64.32 0.00 57.42 29.07 0.18 15.73 2.67 0.51
LiTiH4 128.93 81.48 0.14 72.40 48.28 0.14 52.41 29.52 0.16 13.60, 2.07 0.32
LiTiH5 168.93 103.94 0.12 82.50 55.04 0.14 76.86 35.95 0.14 27.75 3.15 0.38

Fig. 2. 3D directional dependence of the shear modulus, bulk modulus, young modulus, hardness for (a) LiScH3, (b) LiScH4, and (c) LiScH5.
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3.6. Thermophysical properties

In crystal solids, the Debye temperature (θD) emerges as a crucial 
thermophysical property, intricately connected to an array of physical 
attributes, including melting temperature, thermal expansion, heat 
conductivity, lattice dynamics, interatomic bond strength, and phonon- 
mediated specific heat capacity. This parameter delineates the temper
ature threshold at which all vibrational modes within the crystal lattice 
achieve full excitation. At reduced temperatures, thermal excitations 
predominantly stem from acoustic vibrational modes, establishing θD as 
a vital marker of phonon behavior. The value of θD is shaped by the ri
gidity of the crystal lattice and the masses of its constituent atoms. 
Materials characterized by robust interatomic forces, elevated melting 
points, increased hardness, rapid mechanical wave transmission, and 
lighter average atomic masses typically exhibit higher Debye tempera
tures. At sufficiently low temperatures, consistency is observed between 
θD values obtained from elastic moduli and those derived from specific 
heat measurements. In the present investigation, θD was determined by 
leveraging the crystal’s density (ρ) and the mean sound velocity (vm), 
employing the well-established relation outlined in Ref. [84]. 

θD =
h
kB

[(
3N
4π

)
NAρ
M

]1
3
vm (29) 

The Debye temperature (θD) is evaluated through a widely recog
nized formula that integrates fundamental physical constants, including 
Planck’s constant (h), Boltzmann constant (kB), and Avogadro’s number 
(NA), with material-specific attributes such as density (ρ), molecular 
weight (M), number of atoms per unit cell (N), and mean sound velocity 
(vm). This investigation underscores a direct correlation between θD and 
vm, where vm is fundamentally influenced by the elastic properties 
inherent to the crystalline structure. The mean sound velocity (vm) is 
determined through a quantitative approach involving the bulk 

modulus, shear modulus, and the longitudinal and transverse sound 
velocities (vl and vt), consistent with the established methodology 
detailed in Ref. [85]. 

vt =

̅̅̅̅
G
ρ

√

, vl =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3B + 4G

3ρ

√

, vm =

[
1
3

(
2
v3

t
+

1
v3

l

)]− 1
3

(30) 

The calculated values of θD, vm, vl, vt and ρ for LiMHx (M = Sc, Ti, x =
3, 4, 5) compounds are presented in Table 8. The Debye temperature 
serves as a critical indicator of bond strength and thermal transport 
properties, with rising values corresponding to enhanced chemical 
bonding and superior phonon-mediated thermal conductivity. As evi
denced by the tabulated data, the Debye temperature for Sc-based 
compounds is LiScH3 > LiScH5 > LiScH4. The LiScH3 compound, with 
the highest θD value, indicates that the atoms in the crystal lattice have 
stiffer vibrational modes and therefore exhibit high lattice rigidity. The 
lowest θD value in LiScH4 indicates that the crystal lattice is softer and 
the moduli of elasticity may be smaller. The pronounced and nonlinear 
change in θD value with increasing hydrogen content (x = 3 → 5) reveals 
the influence of H atoms on the lattice dynamics. The value of θD for Ti- 
based compounds tends to increase with hydrogen content. The LiTiH5 
compound has the highest Debye temperature with a value of 911.28 K. 
This indicates that the lattice vibrations occur at high frequencies, and 
the structure is more mechanically robust.

The increase in θD with increasing hydrogen content in Ti-based 
systems suggests that H atoms strengthen the stiffness of the structure 
and the bonds become stronger. In summary, the increase in θD with 
increasing hydrogen content in Ti-based systems suggests that H atoms 
strengthen the stiffness of the structure and the bonds become stronger. 
While Sc-based systems show more rigid structures at low H content, 
they lose this advantage with increasing H content. This suggests that 
Ti–H bonds gain stronger covalent components at high hydrogen con
centration and increase the lattice rigidity.

Fig. 3. 3D directional dependence of the shear modulus, bulk modulus, young modulus, hardness for (a) LiTiH3, (b) LiTiH4, and (c) LiTiH5.

Ç. Yamçıçıer et al.                                                                                                                                                                                                                              International Journal of Hydrogen Energy 187 (2025) 152097 

11 



A material’s thermal performance and practical operational bound
aries are fundamentally governed by its melting temperature (Tm). This 
parameter serves as a vital indicator of thermal stability, intrinsically 
linked to other fundamental characteristics such as thermal expansion 
coefficients, elastic moduli, and interatomic bond strengths. Materials 
possessing elevated melting points typically exhibit more robust inter
atomic bonding, which in turn correlates with reduced thermal expan
sion. Precise knowledge of Tm is particularly valuable for defining safe 
operating temperature ranges, ensuring that materials maintain their 
structural integrity and functionality without succumbing to oxidative 
processes, detrimental phase transformations, or thermally induced 
mechanical failure [86]. In this investigation, we computationally esti
mated the Tm values by employing a well-established theoretical rela
tionship that correlates elastic properties with melting characteristics, 
utilizing an analytical formulation derived from fundamental elastic 
constants [87]. 

Tm = 354 + 1.5(2C11 + C33) (31) 

As presented in Table 8, the calculated melting temperatures for 
LiMHx (M = Sc, Ti, x = 3, 4, 5) compounds reveal significant differences 
in thermal stability between the compounds. Of the Sc-based com
pounds, LiScH3 has the highest melting temperature, indicating that the 
compound is the most thermally stable. As the hydrogen content in
creases (x = 3 → 5), the Tm value decreases markedly. This indicates that 
increasing H atoms relax the lattice structure, reducing the bond 
strength and weakening the thermal stability. The Tm values of LiScH4 
and LiScH5 compounds are quite close to each other, suggesting that an 
equilibrium state is reached due to the effect of high H concentration. 
The Tm values of Ti based compounds vary in a narrower range and show 
an increasing trend with increasing hydrogen content. The Tm values of 

Ti based compounds vary in a narrower range and show an increasing 
trend with increasing hydrogen content. LiTiH5 has the highest Tm 
value, indicating that Ti–H bonds become more stable in hydrogen-rich 
environment, which increases the potential of Ti-based compounds to 
maintain structural integrity at high temperatures. x = 3, the Sc-based 
compound (LiScH3) has a higher melting temperature compared to the 
Ti-based one, suggesting that Sc–H and Sc–Li bonds may be stronger. In 
the x = 4 and x = 5 cases, Ti-based compounds show higher Tm values, 
proving that they are more resistant to high hydrogen content. It can be 
interpreted that Ti–H bonds become more thermally stable as they 
become saturated with hydrogen. There is a correlation between melting 
temperature and Debye temperature, and it has been observed that 
systems with high Tm values generally have high θD values. This is 
related to the lattice rigidity and bond strength of the material. In terms 
of application area, Ti based compounds are more advantageous espe
cially in high temperature and hydrogen rich conditions.

Assessing the thermal transport characteristics of materials is of 
paramount importance, particularly when considering their perfor
mance in elevated-temperature environments. Within the spectrum of 
key thermophysical descriptors, the minimum thermal conductivity 
(Kmin) stands out as a fundamental metric. It provides a crucial measure 
of a material’s inherent ability to conduct heat, especially under con
ditions where phonon scattering is maximized. In this investigation, Kmin 
values were computationally determined by applying the theoretical 
framework detailed in Equation (32) [88]. The resultant Kmin values for 
the studied materials are systematically compiled and presented in 
Table 8. 

Kmin = kBvm

(
M

nρNA

)−
2
3 (32) 

Fig. 4. Energy band structure and density of states of (a) LiScH3, (b) LiScH4 and (c) LiScH5.
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Minimum thermal conductivity (Kmin, W/m.K) refers to the lower 
limit of a material’s ability to conduct heat and is directly related to 
phonon transmission mechanisms, lattice irregularities and atomic bond 
strengths. LiScH4 has the lowest thermal conductivity, and this structure 
seems to have reached the highest level in terms of phonon scattering. 
This indicates that with increasing hydrogen content in the structure of 
LiScH4, phonon scattering deteriorates, and a more disordered lattice 
structure is formed. Interestingly, an increase is again observed in 
LiScH5, which may indicate that the structure becomes more ordered, or 
the bond rigidity increases. In general, Sc-based systems are advanta
geous in terms of low heat conduction hydrogen storage materials. 
LiTiH3 has the lowest Kmin value, indicating that this compound has 
structurally more phonon scattering and thus a weaker heat conduction. 
As the hydrogen content increases (x = 3 → 5), the Kmin value increases 
steadily, indicating that the phonon transport capacity of the structure is 
strengthened. LiTiH5 has the highest minimum thermal conductivity of 
2.26 W/m.K. This suggests that the crystal structure is more ordered, 
and the bonds are more rigid. x = 3, the Ti-based compound has lower 

thermal conductivity, indicating that the structure contains more 
phonon scattering. x = 5, the Ti-based structure has significantly better 
thermal conductivity, suggesting that the orderliness or bond rigidity of 
the structure is high. In general, Ti-based compounds show an increase 
in thermal conductivity with increasing hydrogen content, whereas Sc- 
based compounds show a more disordered trend. Scandium-based 
compounds, especially in combination with LiScH4, have low thermal 
conductivity, making them poor conductors of heat, potentially ideal as 
thermal barriers or hydrogen storage materials. Titanium-based systems 
become more ordered and phonon transmission increases with 
increasing hydrogen content. It can be inferred that these structures 
have a better ability to conduct heat and have a more rigid lattice 
structure.

The Grüneisen parameter (γ) stands as a fundamental quantity in 
solid-state physics, serving to characterize the degree of anharmonicity 
in lattice vibrations and their coupling to a material’s thermodynamic 
properties. This dimensionless parameter establishes a crucial connec
tion between a material’s elastic behavior and its thermal response. 

Fig. 5. Energy band structure and density of states of (a) LiTiH3, (b) LiTiH4 and (c) LiTiH5.

Table 8 
Calculated mass density (ρ in g/cm3), longitudinal, transverse, and sound velocities (vl, vt, and vm in m s− 1, respectively), Debye temperature (θD in K), melting 
temperature (Tm in K), and minimum thermal conductivity (kmin in Wm− 1 K− 1) of LiMHx (M = Sc, Ti, x = 3, 4, 5) compounds.

Compound ρ vt vl vm Tm θD Kmin γ

LiScH3 2.33 4929.16 7973.39 5436.33 1160.84 814.80 1.90 1.25
LiScH4 1.73 4305.47 7376.77 4775.27 886.81 684.64 1.53 1.46
LiScH5 1.86 4581.00 7720.13 5073.09 905.40 779.78 1.87 1.40
LiTiH3 2.04 4330.62 7515.79 4808.64 987.98 678.34 1.49 1.51
LiTiH4 2.14 4349.80 7383.67 4820.32 934.61 729.75 1.72 1.43
LiTiH5 2.18 5187.10 8282.55 5712.85 1074.95 911.28 2.26 1.20
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Elevated values of γ are directly correlated with increased thermal 
expansion coefficients, more significant variations in bulk modulus with 
temperature, and stronger phonon-phonon interaction strengths, 
collectively indicating greater lattice anharmonicity and more pro
nounced temperature-dependent phenomena [89]. 

γ =
3(1 + v)
2(2 − 3v)

(33) 

Among Sc-based compounds, the Grüneisen parameter increases 
from x = 3 to x = 4, indicating that anharmonic effects and phonon- 
phonon scattering increase. Although γ decreases slightly at x = 5, it 
is still higher than at x = 3. This indicates that the structure becomes 
more sensitive to phonon expansion with increasing hydrogen content. 
LiScH4 has the highest γ value among this trio, supporting that it exhibits 
high anharmonicity and contributes to its low thermal conductivity. In 
the Ti-based system, γ decreases steadily with increasing hydrogen 
content. This indicates that the phonon anharmonicity decreases, 
meaning that the crystal structure becomes more ordered and the pho
nons more stable. In particular, the LiTiH5 compound has the lowest 
Grüneisen parameter with γ = 1.20. This indicates that it experiences 
less phonon scattering, consistent with a high thermal conductivity. At x 
= 3, the Ti-based compound has a higher γ value, while at x = 5 the 
situation is reversed. This suggests that Ti-based systems become more 
stable and ordered as the hydrogen content increases, while the anhar
monicity remains more stable in Sc systems. These results are in 
agreement with other parameters such as the minimum thermal con
ductivity and the Debye temperature and provide a holistic structural- 
photonic understanding. The findings in this section are completely 
new and there is no comparable data in the literature.

3.7. Optical properties

The optical properties of materials provide critical insights into their 
electronic structure, atomic bonding, and fundamental excitation 
mechanisms. This section presents and interprets the calculated spectra 
of dielectric function, refractive index, absorption coefficient, reflec
tivity, optical conductivity, and energy loss function for the LiTiHx and 
LiScHx (x = 3, 4, 5) series of compounds. Figs. 6 and 7 display the 
calculated optical spectra for the LiScHx and LiTiHx (x = 3, 4, 5) com
pounds, respectively.

The dielectric function ε(ω) = ε1(ω)+ iε2(ω), is a fundamental 
property that describes how a material responds to an external elec
tromagnetic field. The real part (ε1) represents the polarizability of the 
material, while the imaginary part (ε2) accounts for absorption and 
energy dissipation. Fig. 6 (a)–(c) presents the dielectric function for the 
LiScHx (x = 3, 4, 5) series. The trend in the static dielectric constant for 
LiScHx (x = 3, 4, 5) is more complex: 16.99 for LiScH3, 7.21 for LiScH4, 
and 44.69 for LiScH5. The notable decrease for LiScH4 indicates that its 
electronic structure differs significantly from the others. The graph 
shows peaks in ϵ1(ω) around the 5–10 eV range. The value of ε1(ω) at 0 
eV ε1(0) is very high for LiScH5 (44.69), strongly indicating high 
polarizability and metallic-like behavior for this compound. The onset of 
ε2(ω) suggests a band gap for LiScH3 and LiScH4, whereas for LiScH5, it 
starts from 0 eV (or very low energy), indicating a metallic character.

As shown in Fig. 7 (a)–(c), the static dielectric constant ε1(0) for the 
LiTiHx (x = 3, 4, 5) series significantly increases with increasing 
hydrogen concentration: 6.32, 15.30, and 44.69 for x = 3,4, and 5, 
respectively. This increase suggests an enhanced overall polarizability 
and a tendency towards a more metallic-like character with higher H 
content. The peaks in ε1(ω) indicate strong polarization resonances at 
specific photon energies. For LiTiH3, a peak is observed around 4.74 eV, 
while for higher H content compounds, these peaks shift towards higher 

Fig. 6. Optical properties of LiScHx (x = 3, 4, 5) compounds. (a)–(c) Dielectric function, (d) Refractive index, (e) Absorption, (f) Reflectivity, (g) Conductivity and (h) 
Loss function.
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energies. The energy at which ε2(ω) becomes non-zero signifies the 
optical band gap or the minimum energy for electronic transitions. For 
the LiTiHx series, this onset appears to shift to lower energies as H 
concentration increases, suggesting a narrowing of the optical band gap.

The refractive index n(ω) describes the material’s ability to bend 
light and is related to ϵ1(ω). Figs. 6(d) and 7(d) show the refractive index 
spectra for LiScHx and LiTiHx (x = 3, 4, 5). The refractive index values in 
the low-energy limit (0 eV) are consistent with the square root of the 
static dielectric constant. For LiTiHx, n(0) values increase as 2.51, 3.92, 
and 6.70. For LiScHx, they follow the trend 4.12, 2.68, and 11.34. The 
exceptionally high refractive index of LiScH5 at 0 eV (11.34) indicates a 
strong response in the optical range. Peaks in the refractive index spectra 
reflect the resonances in the dielectric function, indicating strong light 
interaction at those specific energies.

The absorption coefficient α(ω) quantifies how efficiently light is 
absorbed by the material. The spectra in Figs. 6(e) and 7(e) show that 
absorption is generally strong in the ultraviolet (UV) energy range for 
both series. For LiTiHx, the onset of absorption tends to shift to lower 
energies with increasing H concentration. The energies and intensities of 
the absorption peaks vary with H concentration: 2.14 × 105 cm− 1 at 
10.11 eV for LiTiH3, 2.68 × 105 cm− 1 at 11.51 eV for LiTiH4, and 2.89 ×
105 cm− 1 at 11.73 eV for LiTiH5. This indicates that the maximum ab
sorption intensity increases with increasing H content.

For the LiScHx series, the onset of absorption indicates a band gap in 
LiScH3 and LiScH4, while it begins at lower energies in LiScH5. The 
absorption peak values are given as 2.63 × 105 cm− 1 at 11.72 eV for 
LiScH3, 2.63 × 105 cm− 1 at 10.71 eV for LiScH4, and 2.49 × 105 cm− 1 at 
11.44 eV for LiScH5. The peak intensities are of similar magnitude for all 
three LiScHx compounds, but the peak energies show some variation. 
The strong absorption in the UV region for both LiTiHx and LiScHx series 
suggests the potential of these materials for harvesting photons in this 
energy range, which could be relevant for applications like 

photocatalytic hydrogen production.
Reflectivity R(ω) defines the fraction of incident light reflected from 

the material surface. Figs. 6 (f) and 7 (f) show the reflectivity spectra for 
both series. The reflectivity value in the low-energy limit (0 eV) is 
related to the high refractive index and dielectric constant values. For 
LiTiHx, the reflectivity at 0 eV increases with H concentration (up to 
0.55 for LiTiH5). For LiScHx, the reflectivity at 0 eV follows the trend of 
ε1(0): lower values for LiScH3 and LiScH4, and a considerably high value 
(0.71) for LiScH5. The particularly high low-energy reflectivity of LiScH5 
suggests metallic-like surface properties. Peaks in the reflectivity spectra 
correspond to resonance regions in the dielectric function, and signifi
cant reflectivity is observed in the UV energy range for both series (0.33 
at 6.40 eV for LiTiH3, 0.38 at 13.11 eV for LiTiH4; 0.44 at 12.44 eV for 
LiScH3, 0.39 at 12.87 eV for LiScH4).

The optical conductivity σ(ω) characterizes the material’s response 
to an optical field in terms of charge carrier motion. The spectra in 
Figs. 6(g) and 7(g) show that optical conductivity typically starts above 
certain energy thresholds, which are related to the material’s band gap. 
For LiTiHx, the peaks in optical conductivity are at 6.19 eV with a value 
of 5.27 for LiTiH3, 7.28 eV with 4.63 for LiTiH4, and 7.88 eV with 5.52 
for LiTiH5. The peak positions shift to higher energies with increasing H, 
while the peak intensities are similar.

The values of the LiScHx series starting from zero eV show its metallic 
character. The peak conductivity values are observed at 4.98 eV with 
3.99 for LiScH3, 10 eV with 5.24 for LiScH4, and 10.15 eV with 4.34 for 
LiScH5. The peak positions for LiScH4 and LiScH5 are close to each other 
and at higher energies compared to LiScH3. The significant conductivity 
of LiScH5 at low energies further supports its metallic-like or narrow 
band gap structure.

The energy loss function, L(ω), describes the probability that a fast 
electron traversing the material will lose energy. Peaks in L(ω) typically 
correspond to plasma oscillations (plasmons) of the electron gas. The 

Fig. 7. Optical properties of LiTiHx (x = 3, 4, 5) compounds. (a)–(c) Dielectric function, (d) Refractive index, (e) Absorption, (f) Reflectivity, (g) Conductivity and (h) 
Loss function.
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main plasmon peaks are located in the high-energy range (15–20 eV), as 
shown in Figs. 6(h) and 7(h). For LiTiHx, the plasmon peaks shift to 
higher energies and their intensity increases with increasing H concen
tration: 1.99 at 15.49 eV for LiTiH3, 2.71 at 16.93 eV for LiTiH4, and 
3.27 at 18.56 eV for LiTiH5. This could be associated with an increase in 
free carrier density with higher H content. For the LiScHx series, the 
plasmon peaks are observed at 16.06 eV with 3.28 for LiScH3, 15.70 eV 
with 2.87 for LiScH4, and 16.34 eV with 5.74 for LiScH5. While the peak 
positions do not show as pronounced an energy shift as in LiTiHx, the 
intensity of the plasmon peak for LiScH5 is significantly higher 
compared to other LiScHx and LiTiHx compounds. This strongly suggests 
the presence of a higher free electron density or a different plasmon 
resonance mechanism in LiScH5.

The comparative analysis of the optical properties of LiTiHx and 
LiScHx compounds reveals both similarities and significant differences 
in their electronic structures and optical responses. In both series, var
iations in H concentration dramatically affect their dielectric properties, 
metallic character, and high-energy plasmonic responses. Specifically, 
the high static dielectric constants, high low-energy reflectivity, and 
pronounced plasmon peak (especially for LiScH5) of LiTiH5 and LiScH5 
strongly suggest a more metallic-like character for these compounds. 
Metallic or semi-metallic hydrides are of great interest as potential 
hydrogen storage materials due to their favorable electronic structures 
for hydrogen absorption and desorption mechanisms. High reflectivity 
in certain ranges might also be relevant for thermal management in 
hydrogen storage systems. The nature of electronic transitions (seen in 
absorption/conductivity) relates to the types of bonds formed with 
hydrogen. Overall, the diverse optical responses exhibited by the LiTiHx 
and LiScHx series as a function of H concentration demonstrate that their 
electronic structures can be sensitively tuned by hydrogen incorpora
tion. This tunability makes these materials potential candidates not only 
for fundamental scientific research but also for the design of materials 
with specific functional properties in areas such as hydrogen storage, 
optoelectronics, and catalysis. Particularly, the extreme dielectric and 
reflectivity properties of LiScH5 open new avenues for understanding the 
optical behavior of metallic hydrides and their potential for high-density 
hydrogen storage applications.

The optical properties presented in this section provide in-depth 
information about the material’s electronic structure, shedding light 
on its indirect but significant relationship with hydrogen storage per
formance, particularly with kinetic processes. A material’s hydrogen 
absorption and desorption rate (kinetics) is largely governed by its 
electronic structure. In this study, both electronic band structure ana
lyses and the interpretation of optical spectra confirmed that all LiMHx 
compounds examined possess a metallic character. The metallic struc
ture is quite advantageous for hydrogen storage kinetics; because the 
presence of free electrons can catalyze the dissociation of H2 molecules 
on the surface and facilitate the rapid transport (diffusion) of hydrogen 
ions (H+) and electrons within the lattice. In this study, the high static 
dielectric constant and pronounced reflectivity at low energies observed 
for compounds such as LiScH5 and LiTiH5, in particular, are indicative of 
this beneficial metallic nature. Consequently, the analysis of optical 
properties provides strong evidence that these new hydrides may 
potentially possess fast hydrogen uptake/desorption kinetics.

Combining these optical characterization findings with further 
theoretical and experimental studies on the electronic and structural 
properties of these materials will help to fully unlock their potential for 
various technological applications, including hydrogen storage 
technologies.

3.8. Hydrogen storage properties

Carbon emissions from fossil fuels and the need for sustainable en
ergy increase the importance of hydrogen as a clean energy carrier. 
Storing hydrogen safely and efficiently is a key challenge in the trans
formation of energy infrastructure. In recent years, parallel hydrogen 

storage systems and especially solid-state storage technologies have 
attracted considerable attention. These technologies offer the advan
tages of higher energy density, low risk of leakage and safe trans
portation. Metal hydrides stand out due to their high gravimetric and 
volumetric storage capacities, low operating pressure and safety ad
vantages [90]. In addition, next generation solid-state hydrogen storage 
materials, such as perovskite-type hydrides, are promising with high 
hydrogen capacity and low dehydrogenation barriers. Recent studies 
show that perovskite hydrides enriched with light elements have high 
storage capacity and stable structure [91,92]. Parallel storage systems 
aim to increase total storage capacity and system security by integrating 
different materials and technologies [93]. Thanks to all these de
velopments, hydrogen can be used more effectively and safely in mobile 
applications and fuel cell energy systems [94]. In this study, we carefully 
examine how well LiMHx (M = Sc, Ti, x = 3, 4, 5) compounds can store 
hydrogen. Our analysis covers both the amount of hydrogen these ma
terials can hold by weight (Cwt%) and by volume (Cv). To measure the 
gravimetric hydrogen content, we use the following equation: 

Cwt% =

⎛

⎜
⎝

(
H
M

)

MH

MHost +

(
H
M

)

MH

x 100

⎞

⎟
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Table 9 reveals that the gravimetric and volumetric hydrogen storage 
capacities of LiMHx (M = Sc, Ti, x = 3, 4, 5) hydrides are highly 
dependent on their composition. Among the Sc-based compounds 
studied, LiScH5 stands out with a gravimetric capacity of 8.85 wt% and 
a volumetric capacity of 163.24 gH2l− 1, significantly outperforming 
both LiScH4 (7.21 wt%, 123.64 gH2l− 1) and LiScH3 (5.51 wt%, 127.08 
gH2l− 1). A similar trend is observed in the Ti-based compounds: LiTiH5 
demonstrates superior storage performance, with 8.42 wt% gravimetric 
and 182.34 gH2l− 1 volumetric capacity, surpassing LiTiH4 (6.85 wt%, 
145.49 gH2l− 1) and LiTiH3 (5.25 wt%, 105.89 gH2l− 1) by a considerable 
margin. Notably, all compounds investigated in this study exceed the U. 
S. Department of Energy’s 2025 target of 5.5 wt% for gravimetric ca
pacity, as well as the DOE criterion of gH2l− 1 for volumetric capacity by 
a substantial degree. In particular, LiTiH5 compound has high hydrogen 
storage capacity compared to many metal hydride compounds reported 
in the literature with 8.42 Cwt% and 182.34 gH2l− 1 Cv [95,96]. To place 
the hydrogen storage performance of the LiMHx (M = Sc, Ti; x = 3, 4, 5) 
compounds examined in this study in a broader context, the calculated 
gravimetric capacities were compared with those reported in the liter
ature for other complex hydride systems. For example, for X2CaTiH6 (X 
= Li, Na) [97]compounds, the values are 5.3 wt% and 4.14 wt%, for 
MgX3H8 (X = V, Fe) [98] they are 4.14 wt% and 3.84 wt%, for the 
LiX3H8 (X = Ni, Mn, Fe, Cr) [99,100] family they range from 4.23 wt% to 
4.71 wt%, 3.47 wt% to 4.03 wt% for XCo3H8 (X = Li, Na, K) [101], and 
3.72 wt% to 6.16 wt% for X2MgTiH6 (X = Li, Na, K) [102]. Compared to 
these values, all LiMHx compounds examined in our study (lowest 5.23 
% - LiTiH3) have a gravimetric capacity that is higher than or compa
rable to the vast majority of these systems. In particular, the compounds 
LiScH4 (7.21 %), LiTiH4 (6.85 %), LiTiH5 (8.42 %), and LiScH5 (8.85 %) 
offer significantly higher hydrogen storage capacities than all of these 
compared hydrides. This clearly demonstrates the promising potential of 

Table 9 
Hydrogen storage performance metrics: theoretical desorption temperature 
(Tdes), gravimetric capacity (Cwt%), and volumetric capacity (Cv) for LiMHx (M 
= Sc, Ti, x = 3, 4, 5) hydrides.

Compound Tdes Cwt% Cv

LiScH3 281.16 5.51 127.08
LiScH4 335.99 7.21 123.64
LiScH5 189.98 8.85 163.24
LiTiH3 152.55 5.23 105.89
LiTiH4 217.94 6.85 145.49
LiTiH5 141.14 8.42 182.34
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this new class of materials, discovered using AI-assisted methods, for 
solid-state hydrogen storage applications.

The hydrogen desorption temperature (Tdes) represents a pivotal 
parameter for evaluating the practical viability of solid-state hydrogen 
storage media. This critical metric, which dictates the temperature at 
which hydrogen is released from the material, is thermodynamically 
determined by the ratio of the enthalpy change (ΔH) to the entropy 
change (ΔS) associated with the dissociation process, as defined by the 
relationship Tdes = ΔH/ΔS. The enthalpy of formation (ΔH) is derived 
from our calculations based on Equation (8). For typical metal hydride 
systems, the entropy change (ΔS) is predominantly governed by the 
liberation of gaseous hydrogen; under standard conditions, this value is 
widely accepted as approximately − 130.7 J/mol.K [103]. Our calcula
tions yielded distinct desorption temperatures for the investigated hy
drides. For the Sc-based compounds, we found Tdes values of 281.16 K 
for LiScH3, 335.99 K for LiScH4, and 189.98 K for LiScH5. The Ti-based 
hydrides exhibited lower desorption temperatures, specifically 152.55 K 
for LiTiH3, 217.94 K for LiTiH4, and 141.14 K for LiTiH5. A comparative 
analysis of these values against the optimal operating range (233–333 K) 
targeted by the US Department of Energy for 2025 hydrogen storage 
systems [104] reveals that LiScH3 and LiScH4 fall within this desirable 
window.

To assess the practical applicability of our calculated desorption 
temperatures, it would be illuminating to compare these values with 
those reported in the literature for other perovskite and complex hydride 
systems. For example, some hydrides such as RbXH3 (X = Cr, Zr) exhibit 
quite high desorption temperatures of 545.11 K and 548.15 K, respec
tively [105]; these values are well above the operational range targeted 
for most mobile applications. In contrast, the compounds in our study 
are quite competitive with systems that have more suitable Tdes values. 
The BaXH3 (X = Tc, Ta, Mo) family in the literature has desorption 
temperatures between 217 K and 267 K [30], while LiX3H8 (X = Fe, Cr) 
compounds have desorption temperatures between 322 K and 333 K 
[100]. These ranges largely overlap with the 233–333 K range targeted 
by the US Department of Energy. In this context, the desorption tem
perature of LiScH4 (335.99 K), one of the most promising candidates in 
our study, is almost identical to that of the high-performance LiFe3H8 
(332.9 K). Similarly, our compounds LiScH3 (281.16 K) and LiTiH4 
(217.94 K) also offer Tdes values suitable for the practical operating 
range, comparable to BaTaH3 (266.5 K) and BaMoH3 (217.0 K), 
respectively. Furthermore, some of our compounds, such as LiTiH5 
(141.14 K), have lower Tdes values than these compared systems, of
fering potential for specialized applications requiring hydrogen release 
at lower temperatures. This comparison clearly demonstrates how 
competitive and promising the proposed LiMHx hydrides are, particu
larly in terms of the operational temperature targets set by the DOE.

All compounds in our study are notable for both high hydrogen ca
pacity and favorable desorption temperature. LiScH4 presents a 
balanced structure both by weight and kinetically with a desorption 
temperature of 335.99 K and a Cwt% of 7.21 %. LiTiH5 stands out as 
versatile with low temperature release (141.14 K), high Cwt% (8.42 %) 
and high Cv (182.34 gH2l− 1). These compounds are largely in line with 
DOE 2025 targets and show a competitive hydrogen storage perfor
mance compared to similar systems in the literature.

4. Conclusion

This study has leveraged cutting-edge AI-based autoregressive large 
language modeling for the generation of novel LiMHx (M = Sc, Ti; x = 3, 
4, 5) hydride structures, followed by a comprehensive first-principles 
investigation using density functional theory to elucidate their poten
tial for next-generation hydrogen storage and other critical properties. 
Our rigorous computational analysis has provided detailed insights into 
their structural, thermodynamic, mechanical, electronic, thermophys
ical, and optical characteristics. The findings confirm that these AI- 
predicted compounds exhibit remarkable thermodynamic stability, as 

evidenced by consistently negative enthalpies of formation, ranging 
from − 0.1912 to − 0.4551 eV/atom, coupled with positive cohesive 
energies. Mechanical stability is also robustly demonstrated through the 
Born-Huang criteria across all investigated stoichiometries. While 
LiTiH5 showed the highest hardness of 11.51 GPa, a general brittle 
behavior was observed for all compounds, a common characteristic in 
many high-capacity hydride materials. Electronically, all LiMHx com
pounds are predicted to possess a metallic nature. Thermophysical 
analysis provided critical data on their thermal behavior, with Debye 
temperatures spanning from a low of 684.64 K for LiScH4 to a high of 
911.28 K for LiTiH5, offering insights into their vibrational properties 
and thermal conductivities. Most significantly, the hydrogen storage 
performance of these materials is highly compelling. LiScH4 stands out, 
achieving an outstanding gravimetric hydrogen storage capacity of 7.21 
wt%, complemented by a high bulk density of 123.64 gH2/L and a 
favorable desorption temperature of 335.99 K. These collective prop
erties rigorously demonstrate that LiScH4 specifically meets, and in 
some aspects exceeds, the stringent gravimetric and volumetric targets 
established by the U.S. Department of Energy (DOE) for solid-state 
hydrogen storage materials. Additionally, other compositions such as 
LiScH3 (5.61 wt%) and LiTiH3 (5.22 wt%) also exhibit gravimetric ca
pacities that align closely with, or surpass, current material-level DOE 
objectives, positioning them as highly promising candidates.

In conclusion, this work not only provides a foundational under
standing of the physical properties of an entirely new set of LiMHx hy
drides but also underscores the transformative power of AI-assisted 
methodologies in accelerating materials discovery. The exceptional 
hydrogen storage characteristics, particularly for LiScH4, highlight the 
immense potential of these lithium-based complex hydrides to address 
current energy storage challenges. These comprehensive theoretical 
findings establish an indispensable guide for future experimental syn
thesis and characterization efforts, paving the way for the development 
of next-generation solid-state hydrogen storage systems.

CRediT authorship contribution statement
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