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In this study, density functional theory (DFT) is utilized to explore the structural, electronic, optical, mechanical,
thermodynamic, and hydrogen storage properties of MCa M' Hg (M = Li, Na; M' = Co, Rh, Ir) double perovskite-
type hydrides for the first time. The structural analysis confirms that all the studied materials crystallize in the
cubic phase with space group 216 (F 43 m). The phonon dispersion analysis confirms that five hydrides —
LiCaRhHg, LiCalrHg, NaCaCoHg, NaCaRhHg, and NaCalrHg — demonstrate dynamic stability, while LiCaCoHg
shows the presence of soft modes. Furthermore, ab initio molecular dynamic (AIMD) simulations confirmed the
thermal stability of the studied materials, showing no structural deformation. All compounds exhibit indirect
bandgap semiconductor behavior based on their electronic properties, while a reduction in bandgap is observed
when the cationic atom at the M and M'-site in MCa M’ Hg is substituted. The mechanical properties findings
reveal that all the hydrides are mechanically stable and exhibit brittle behavior. We employed the Quasi-
Harmonic Debye model to analyze the thermodynamic behavior across different temperatures, and the results
align well with fundamental thermodynamic principles. The hydrogen storage characteristics reveal that the
studied materials LiCaCoHe, LiCaRhHp, LiCalrHg, NaCaCoHe, NaCaRhHg, and NaCalrHg exhibit storage capac-
ities of 5.40, 3.38, 2.47, 4.72, 3.52, and 2.31 wt%, respectively, demonstrating their potential suitability for
hydrogen storage applications. Our findings reveal that LiCaCoHg is the most suitable material for H; storage, as
it not only demonstrates the highest storage capacity within the proposed materials but also surpasses the target
values established through the US Department of Energy (DOE).

1. Introduction

Energy is essential to our daily lives and is needed to carry out nearly
all human activities. Global energy requirement is increasing swiftly
because of industrial and economic advancements, with electricity
usage in developed nations significantly exceeding the global norm [1].
Generating electricity from fossil fuels releases carbon emissions,
contributing to the greenhouse effect [2,3]. The excessive use of fossil
resources in homes and its harmful environmental consequence pose a
major challenge for engineers to develop eco-friendly energy solutions.
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Addressing climate change, ensuring energy security, and mitigating the
risks associated with resource depletion due to population growth and
technological advancement are crucial for the progress of humanity.
Promoting renewable energy to have minimal impact on the environ-
ment and human life is essential for achieving a solution. Recently,
hydrogen economy has appeared as a promising clean and sustainable
alternative for transportation and power sectors. Hydrogen stands out as
a zero carbon emission fuel with an exceptional gravimetric storage
density of 33.3 kWh kg™, along with easy integration with other energy
sources [4]. Hydrogen holds promise to function as a clean fuel in
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practical applications such as transportation, heating, and cooling, as
well as for storing excess electricity [5]. Despite the great potential of
large-scale hydrogen energy applications, the absence of safe and
affordable solutions for Hy storage and transportation continues to be a
major challenge due to its low density and gaseous nature. At present,
hydrogen storage techniques are classified into three main types: com-
pressed as gaseous form, liquified storage at extremely low tempera-
tures, and solid-state storage. Within various storage methods,
solid-state metal hydrides (MHs) offer higher gravimetric storage den-
sity for hydrogen in a secure, effective, compact, and reversible manner
[6-8]. As a result, they are increasingly gaining attention for hydrogen
technologies as energy sources.

Recently, perovskite hydride materials have gained considerable
interest in the scientific community as potential candidates for fuel in Hy
storage, owing to their high gravimetric energy capacities [9-12]. For
ABH3; perovskites, both experimental and computational investigations
have highlighted their significant performance in hydrogen storage
applications. According to Bouamrane et al. [13], NaMgHs, recognized
for its large bandgap non-conductive nature, may be produced either by
direct hydrogenation of Na and Mg blends or through high-energy ball
milling. A theoretical study by Mera et al. [14] explored perovskite
materials formed with Si and the results revealed that LiSiH3 achieved
the highest gravimetric densities of 7.94 wt%, attributed to the minimal
mass of the base substrate. In addition to single perovskites, double
hydride perovskites also show significant promise for utilization in
hydrogen economy. The large and intricate structures of double perov-
skite materials enable the integration of a greater number of hydrogen
atoms. Wang et al. [15] investigated the thermodynamic and kinetic
mechanisms involved in Hy storage process of double perovskite
NapLiAlHg. Their findings revealed that decreasing particle size,
enhancing crystal defects, and incorporating catalyst doping could
effectively enhance the hydrogen absorption and desorption perfor-
mance. Recently, compounds such as Q2FeHg (Q = Mg, Ca, Sr) [16],
MgoXHg (X = Cr, Mn) [12], A,LiCuHg (A = Be, Mg, Ca, Sr) [17], XGaSiH
(X = Sr, Ca, Ba) [18], KNaX,Hg (X = Mg, Ca) [19], and XoCaCdHg (X =
Rb, Cs) [20] have furthermore been studied as promising candidates for
hydrogen storage applications.

Inspired by the literature review, this study utilizes first-principles
approach to investigate six complex solid-state hydrides, LiCaCoHg,
LiCaRhHg, LiCalrHg, NaCaCoHg, NaCaRhHg, and NaCalrHg. Among
these six systems, NaCalrHg was successfully synthesized by Kadir et al.
[21] for hydrogen storage through the direct reaction of alkali and
alkaline earth binary hydrides with iridium powder. The structural
configuration of this material were identified through Guinier — Hagg
X-ray and neutron powder diffraction, unveiling a novel cubic lattice
arrangement. This structure adopts the F 43 m space group and re-
sembles the KyPtClg-type structure. However, the physical properties of
this material, including its stability, electronic band structure, me-
chanical behavior, thermodynamic characteristics, and hydrogen stor-
age capacity, remain unexplored. Moreover, for the other five
compounds investigated in this study — LiCaCoHg, LiCaRhHg, LiCalrHg,
NaCaCoHg, and NaCaRhHg — no data is available in the existing liter-
ature. Maximizing the potential of hydrogen energy requires an in-depth
exploration of material properties, including their crystal structures,
hydrogen absorption capacity, electronic behavior, mechanical proper-
ties, optical properties, kinetic, and thermodynamic stability. Therefore,
in this research, we have examined the aforementioned characteristics
of MCa M' Hg (M = Li, Na; M’ = Co, Rh, Ir) hydrides to gain a deeper
understanding for their potential applications in hydrogen technology.
These proposed hydride compounds exhibit a distinctive combination of
phase stability, thermodynamic, elastic, and optoelectronic properties,
offering valuable insights for developing next-generation hydrogen
storage technologies.
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2. Computational analysis

First-principles simulations were carried out within the formalism of
DFT employing the Quantum ESPRESSO (QE) package [22], which
utilizes the projector augmented wave (PAW) method. In all calculations
for MCa M’ Hg (M = Li, Na; M' = Co, Rh, Ir), the electronic interactions
were handled using the Perdew-Burke-Ernzerhof (PBE) approximation
under the generalized gradient approximation (GGA) [23,24]. Ultrasoft
pseudopotentials from the Garrity — Bennett — Rabe — Vanderbilt
(GBRV) library [25] was utilized to perform computations on single-cell
unit of the complex hydrides. To obtain a more accurate electronic
structure, the HSE06 hybrid functional [26,27], developed by Heyd,
Scuseria, and Ernzerhof, was employed. A Monkhorst-Pack k-point
mesh of 8 x 8x 8 and a plane-wave energy cutoff of 80 Ry was utilized in
simulation process to achieve the most accurate results for all the
compounds. During the structural refinement, the material’s lattice
constants and atomic coordinates were adjusted using the standard DFT
GGA-PBE formulation. The simulation identified the lowest-energy,
most stable structures through the Broyden — Fletcher — Goldfarb —
Shanno (BFGS) algorithm, and all subsequent computations were con-
ducted on the optimized structures. The valence electron configurations
for Li, Na, Ca, Co, Rh, Ir, and H are as follows: 1s? 2s' for Li, 25> 2p6 3s!
for Na, 352 3p® 4s for Ca, 3p® 3 d” 4s? for Co, 4p°® 4 d® 5s' for Rh, 5p® 5 d’
6s> for Ir, and 1s! for H. The mechanical stability has been assessed
through the determination of three elastic constants (C;1, Cy2, C44) via
the energy-strain method, which was found in the thermo_pw toolkit
and implemented into QE [28]. Various optical characteristics are
determined using the real and imaginary parts of the dielectric function
through the Kramers-Kronig relations [29]. Ab initio molecular dynamic
(AIMD) simulations were employed to examine the thermal stability of
structures at room temperature (300K). The crystal structure modeling
and visualization were carried out employing XCrySDen [30] and
VESTA software [31].

3. Results and discussion
3.1. Structural and hydrogen storage properties

The complex hydrides MCa M' Hg (M = Li, Na; M' = Co, Rh, Ir) un-
derwent geometry optimization and crystallized into cubic cells with a F
43 m (#216) space group orientation [21]. The primitive unit cell of
these compounds comprises 9 atoms, whereas the conventional unit cell
contains 36 atoms, as presented in Fig. 1. Within the unit cell of MCa M’
He¢ (M = Li, Na; M’ = Co, Rh, Ir), the M'* ion is coordinated by twelve
H!™ atoms, forming MH;, cuboctahedra that are interconnected by
sharing their corners with twelve identical MH;5 unit. The M3* ion is
surrounded by six H'~ atoms, forming M' Hg octahedra that share their
faces with four MH;, cuboctahedra and four CaH;y cuboctahedra,
creating a connected structural network. The optimized lattice constant
is obtained through the adjustment of energy in relation to volume using
the Birch-Murnaghan equation of state [32,33], as depicted in Fig. 2
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The calculated lattice constants for LiCaCoHe, LiCaRhHg, LiCalrHe,
NaCaCoHg, NaCaRhHg, and NaCalrHg are 6.78 A, 7.00 A, 7.02 A, 6.99 A,
7.21 A, and 7.22 A, respectively. Notably, the lattice constant of
NaCalrHg closely aligns with previous experimental results (a = 7.23 A)
[21], confirming the reliability of our calculations. Replacing Co atoms
with Rb and Ir increases the atomic radii, which in turn alters the
physical characteristics of these compounds, including volume (V), bulk
modulus (B), and ground state energy (E,), among others. The detailed
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Fig. 1. Side view of MCa M' Hg (M = Li, Na; M' = Co, Rh, Ir) hydrides showcasing both primitive and conventional unit cells. The M, Ca, M’ and H atoms are

represented by yellow, blue, green and red spheres, respectively.
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Fig. 2. The optimized energy-volume graphs of MCa M' Hg (M = Li, Na; M' = Co, Rh, Ir) hydrides.

information about the aforementioned properties of the unit cell are
presented in Table 1.

To assess the applicability of MCa M' Hg (M = Li, Na; M’ = Co, Rh, Ir)
compounds as an efficient material fuel for hydrogen economy, the
gravimetric storage capacity (Cyw) is a crucial parameter analyzed
through theoretical calculations. Cyq, refers to the highest quantity of
H, that a material can store per unit mass, and it increases as the

Table 1

The optimized lattice parameters (a, 1°\), volume (V, a.u.3), bulk modulus (B,
GPa), pressure derivative of bulk modulus (B'), minimum energy (Eo, Ry), and H,
storage capacity (Cuo, Wt%) of MCa M’ Hg (M = Li, Na; M' = Co, Rh, Ir).

Materials a v B B Ey Cuwon
LiCaCoHg 6.78 525.92 46.71 3.77 — 395.16 5.40
LiCaRhHg 7.00 579.98 43.72 3.38 — 267.92 3.88
LiCalrHe 7.02 586.30 45.90 3.65 — 278.54 2.47
NaCaCoHg 6.99 578.98 43.73 4.05 — 476.02 4.72
NaCaRhHg 7.21 632.56 41.01 3.92 — 348.79 3.52
NaCalrHg 7.22, this work 637.67 43.01 4.03 — 359.41 2.31

7.23 &P [21]
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hydrogen content in the material increases [34,35]. To calculate Cy,
we utilized Eq. (2), where 1\5/1 represents the hydrogen to host material
ratio, while my,;; and my denote the molar masses of the host material
and hydrogen atoms, respectively.

(2)
—<——x100 | %
Mpost + (ﬁ) my

Based on the computed gravimetric densities, it is determined that
LiCaCoHg has the highest C,, of 5.40 wt%, followed by NaCaCoHg at
4.72 wt%, LiCaRhHg at 3.88 wt%, LiCaRhHg at 3.52 wt%, LiCalrHg at
2.47 wt%, and NaCalrHg at 2.31 wt%. The U.S. DOE has established a
benchmark of 4.5 wt% for the gravimetric capacity of hydrides used in
rechargeable equipment [35,36]. So, C,w, value of two materials,
LiCaCoHg and NaCaCoHg, surpasses the target established by the U.S.
DOE, indicating that they are outstanding candidates for use in
hydrogen technology as fuel. Conversely, the C,,, value of the other four
materials — LiCaRhHg, NaCaRhHg, LiCalrHg, and NaCalrHg — falls short
of the target value. However, the storage capacity of these hydrides can

(2)

Cuwop =
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be enhanced through doping [37-39] or by employing thin films and
nanostructures, which provide greater surface areas and higher storage
capacities compared to their bulk forms [40].

3.2. Stability

Computing phonon dispersion characteristics offers important in-
formations into the dynamic stability of compounds by uncovering the
vibrational behavior of atoms within the crystal framework. Imaginary
frequencies in phonon curves signify dynamic instability in a material,
while their absence indicates stability. Fig. 3(a—f) presents the computed
phonon dispersion curves for the complex hydrides, showing no nega-
tive frequency modes for five materials — LiCaRhHg, LiCalrHg, NaCa-
CoHg, NaCaRhHg, and NaCalrHg — indicating their stability. Only
LiCaCoHg exhibits a slight negative frequency value, as shown in Fig. 3
(a). All phonon calculations in this study were conducted using the
primitive unit cell. The instability of LiCaCoHg may be overhauled in
future research by simulating a larger number of atoms with a supercell
approach. Despite the previous discussions on phonon spectra, these
calculations are typically performed at absolute zero temperature,
relying on the harmonic approximation while neglecting interactions
and energy transfer among lattice vibrations. However, considering
lattice anharmonicity, which includes thermal expansion and conduc-
tion at higher temperatures, can soften lattice vibrations and result in
temperature-dependent dynamic stability. Recently, numerous studies
have shown that a compound can remain stable at higher temperatures,
including ambient conditions, despite exhibiting imaginary frequencies
in its phonon spectrum at 0 K [41-44].

Thus, to reasonably assess the thermal stability of these hydrides
over a specific temperature range, we employ ab initio molecular dy-
namic (AIMD) simulations at 300K, running for a total of 5 ps with a
timestep of 1 fs. As shown in Fig. 4(a-f), the total energy vibration ex-
hibits smaller fluctuations over time, indicating that all the proposed
materials are generally thermodynamically stable at room temperature.
These results indicate the high thermal stability of the six MCa M’ Hg (M
= Li, Na; M’ = Co, Rh, Ir) structures.

(a) LiCaCoH

(b) LiCaRhH,
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3.3. Electronic properties

To comprehend the electronic properties of MCa M’ Hg (M = Li, Na;
M = Co, Rh, Ir) solid state hydrides, it is crucial to examine both the
band structure (BS) and the density of states (DOS) at the equilibrium
lattice constant. These computations, carried out along the high-
symmetry directions of the first Brillouin zone (BZ), utilized the GGA-
PBE (red solid lines) and HSE06 (blue dashed lines) methods, as illus-
trated in Fig. 5(a—f), offering critical insights into the electronic prop-
erties. The Fermi level, denoted as Ef, marks the boundary between the
conduction band (CB) and the valence band (VB). Fig. 5 displays the
band structure profile of the studied materials, where it is evident that
the dispersion curves in the CB do not overlap with those in the VB using
both methods, indicating its semimetallic nature. As presented in Fig. 5,
the indirect band gap (at the X-U high-symmetry point) for LiCaCoHs,
LiCaRhHg, LiCalrHg, NaCaCoHg, NaCaRhHg, and NaCalrHg is calculated
to be 2.01 (4.63) eV, 2.97 (4.62) eV, 3.41 (4.84) eV, 1.98 (4.62) eV, 3.07
(4.56) eV, and 3.36 (4.77) eV, respectively, using the GGA-PBE (HSE06)
approximation. So, it is evident that the standard DFT — PBE functional
consistently underestimates the electronic structure, particularly the
band gap. Nevertheless, despite this underestimation, the results indi-
cate that the dispersion of the VB and CB, as well as the nature of the
band gap, produce consistent outcomes with HSE06 hybrid functional.

The atomic contributions to band formation and the peaks in the
density of states (DOS) plot are clarified by presenting the atomic DOS
plot, as shown in Fig. 6(a—f). By examining the atom-projected DOS, we
observed that the VBs are primarily influenced by H-s, Ca-d, M'-p and
M'-d states, with small contributions from the M-site cations, whereas
the CBs are mainly shaped by Ca-d and M'-d states, with minimal input
from the H-s and M-site cations. Additionally, we noted that the VBM is
defined by H-s and M'-d states, while the CBM exhibits features of Ca-
d states, as illustrated in Fig. 6. The total density of states (TDOS),
which represents the various energy levels available for electrons, has
also been plotted in Fig. 6. The TDOS for all hydrides reveals a distinct
bandgap.

(©) LiCaIrH6
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Fig. 3. Phonon band structure for (a) LiCaCoHs, (b) LiCaRhHg, (c) LiCalrHg, (d) NaCaCoHg, (e) NaCaRhHg, and (f) NaCalrHg.
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3.4. Optical properties

Optical properties enable the evaluation of how a material reacts to
an incoming electromagnetic (EM) wave, facilitating the exploration of
potential applications. The optical characteristics of a material are vital
for advancements in optoelectronics and solar cell technology [11,45].
The interaction between electrons and photons in the studied materials
is crucial for comprehending the knowledge of optical properties.
Electrons typically transition to the conduction band following suc-
cessful collisions, facilitating the transfer of energy from photons to
electrons [46]. The frequency-dependent dielectric function (DF), ¢(w),
as given in Eq. (3), which consists of real part, ¢; (w), and an imaginary
part, e2(w), is widely used to assess optical characteristics. The real part,
€1(w), is derived from e;(w) through the Kramers-Kronig relation, as
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shown in Eq. (4), while the imaginary part, e;(w), is determined using
Eq. (5).

e(w) = &1 (w) + igo(w) 3
2 © 02(o) |,
g1 (w)=1 +EP/0 w’z—wzdw ©)]
P is the Cauchy integral.
4”262 00 2
£2(w) :ﬁ&j LZ [Mi(k)] fi(1—fi) 6[Ef — E — o] d’k (5)

Furthermore, by utilizing the dispersion of the real and imaginary por-
tions of DF, various optical parameters — including absorption coeffi-
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Fig. 6. Computed density of states (DOS) of MCa M' Hg (M = Li, Na; M' = Co, Rh, Ir). The vertical black dashed marker represents the Fermi level (Eg).

cient, reflectivity, refractive indices, and the extinction coefficient —
can be determined using the following formulas.

a(w) = (6)

1/2
\/Qwa;{ —e1(@) + /e (w) + s%(w)}

2

Vew) -1
Vel) +1

[V&(@) + B(@) + & (w)} v
2

()

(€))

&2 (w) + €2
2

)

@ — & (w)] v

Fig. 7(a) and (b) presents ¢; (), and &, (w), parts of the DF for MCa M'
Hg (M = Li, Na; M’ = Co, Rh, Ir) hydrides. ¢, (w), describes the material’s
capacity to store energy within an electric field, e;(w), represents its
ability to either retain or dissipate energy [47]. The actual component of
the DF, ¢, (w), for all analyzed materials, as presented in Fig. 7(a), ex-
hibits static values of 4.84 for LiCaCoHe, 5.01 for LiCaRhHg, 4.76 for
LiCalrHg, 4.48 for NaCaCoHg, 4.65 for NaCaRhHg, and 4.47 for
NaCalrHg. These values reflect different degrees of polarization, with
LiCaRhHg exhibiting the highest static dielectric response and NaCalrHg
the lowest. Negative values of ¢; (w) are observed within certain energy
ranges for each hydride. These negative values indicate plasma-like
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behavior, where the incident EM field oscillates at a frequency higher
than the solid’s plasma frequency, preventing electrons from effectively
responding to the external electric field and causing the substance to
behave as a ideal reflector. This results in reduced transmission and
increased optical loss in these energy regions, which is essential for
understanding the optical and electromagnetic characteristics of these
hydrides, highlighting their potential use in reflective coatings or energy
storage devices [48]. Furthermore, the peak values for &;(w) are
observed at 7.65 for LiCaCoHg at 5.02 eV, 7.80 for LiCaRhHg at 5.14 eV,
7.76 for LiCalrHg at 5.81 eV, 7.52 for NaCaCoHg at 5.05 eV, 8.11 for
NaCaRhHg at 5.04 eV, and 8.01 for NaCalrHg at 5.70 eV, as found in
Fig. 7(b), highlighting the energy ranges where these materials exhibit
the strongest light absorption.

The absorption coefficient provides insight into a material’s capacity
to absorb photons, where a larger value signifies more efficient photon
absorption. The absorption coefficient a(w) for MCa M' Hg (M = Li, Na;
M = Co, Rh, Ir) has been computed using Eq. (6) and is presented in
Fig. 7(c). Our analysis shows that all the investigated materials exhibit a
generally increasing trend with minor fluctuations. The principal ab-
sorption peak values observed are 13.01 x 10° em™! at 11.20 eV for
LiCaCoHg, 15.98 x 10° em™! at 10.31 eV for LiCaRhHs, 17.80 x 10°
em™! at 9.95 eV for LiCalrHg, 12.69 x 10° em™! at 10.74 eV for
NaCaCoHg, 14.95 x 10° cm™! at 9.53 eV for NaCaRhHg, and 16.29 x
10° cm~! at 9.55 eV for NaCalrHg, respectively. Also, the curves start at
a specific photon energy, confirming the existence of an energy band
gap, which aligns with the electronic properties analysis. We also
examined the frequency-dependent reflectivity R(w) of the target
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Fig. 7. Calculated spectra of (a&b) dielectric function, (c) absorption, (d) reflectivity, (e) refractive index, and (f) extinction coefficient of MCa M' Hg (M = Li, Na; M'

= Co, Rh, Ir) hydrides against photon energy.

materials, and the corresponding graphs are displayed in Fig. 7(d). The
peak reflectivity values are observed at 0.31 for LiCaCoHg at 5.02 eV,
0.35 for LiCaRhHg at 10.44 eV, 0.40 for LiCalrHg at 10.62 eV, 0.32 for
NaCaCoHg at 5.37 eV, 0.34 for NaCaRhHg at 9.86 eV, and 0.35 for
NaCalrHg at 9.69 eV.

The optical constants n(w) and k(), derived from Egs. (8) and (9),
are depicted in Fig. 7(e) and (f), respectively, exhibiting trends that align
with €;(w) and e2(w). The static refractive index values for LiCaCoHe,
LiCaRhHg, LiCalrHg, NaCaCoHg, NaCaRhHg, and NaCalrHg are 2.20,
2.23,2.18, 2.12, 2.16, and 2.11, respectively, all indicating a refractive
index higher than 1. This suggests that light slows down as it passes
through a medium composed of these hydrides, causing dispersion, since
light travels more slowly in these compounds compared to a vacuum
[48]. Notably, k(w) starts at zero for minimal photon energy and begins
to rise at certain values of photon energy. The maximum values of 1.55
at5.51eV,1.59at5.16 eV, 1.76 at 9.97 eV, 1.66 at 5.39 eV, 1.62 at 5.14
eV, and 1.69 at 9.54 eV for LiCaCoHg, LiCaRhHe, LiCalrHg, NaCaCoHg,
NaCaRhHg, and NaCalrHg, respectively, indicate effective interaction
with incident photons [19]. To the best of our knowledge, we first
investigated the optical dispersions of double perovskite-type MCa M' Hg
(M = Li, Na; M' = Co, Rh, Ir). These properties provide essential
knowledge about their performance in practical applications and serve
as motivation for researchers to conduct further experiments in this
field.

3.5. Elastic and mechanical properties

The elastic and mechanical behavior of a material are defined by its
elastic constants, which measure the correlation between applied stress
and strain. These constants dictate how a substance deforms when
subjected to external forces and its ability to return to its original shape
afterward [49]. In our research, we performed an extensive evaluation
of the elastic and mechanical properties of the studied compounds,
encompassing key parameters like the elastic constants (C11, Ci2, and
Ca4), shear modulus (G), bulk modulus (B), Young’s modulus (E), and
other pertinent properties. Since the hydride materials being studied
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exhibit cubic symmetry, their mechanical behavior can be sufficiently
expressed using just three elastic constants: Ci1, Ciz, and Cyq. It is
essential that the elastic constants fully satisfy Born-Huang criterion
[50] in Eq. (10), requiring all calculated elastic constants must have
positive values, as failure to meet this criterion prevents further evalu-
ation of the compound’s mechanical properties.

C11>0,C;; — Cip > 0,C11 +2C13 > 0,C17 > By > Cro (10)
As shown in Table 2, all the hydride materials meet the aformentioned
Born’s stability criteria with their three independent elastic constants
(Ci1, C12, and Cy4), confirming their mechanical stability and indicating
excellent stability during hydrogenation and dehydrogenation pro-
cesses. As shown in Table 2, the C;; values for the studied compounds
follow this sequence: LiCaCoHg > NaCaCoHg > LiCaRhHg > LiCalrHg >
NaCaRhHg > NaCalrHg. The elastic constant C;; value is highest for
LiCaCoHg (107.02 GPa) and lowest for NaCalrHg (82.38 GPa), indi-
cating that LiCaCoHg has the strongest resistance to longitudinal
deformation, making it the hardest material studied, while NaCalrHg is
relatively soft due to its low resistance to such deformation.

Furthermore, these evaluated elastic constants are utilized to calcu-
late the key mechanical properties of the compounds in title by applying
the following standard formulas:

(C11 + 2C12)

B=B,=Bg= an
3

Table 2

Elastic constant (Cj;, GPa) of MCa M' Hg (M = Li, Na; M’ = Co, Rh, Ir).
Materials Cn Cio Cyq
LiCaCoHg 107.02 29.05 39.12
LiCaRhHg 90.05 22.22 36.45
LiCalrHg 88.35 23.09 37.30
NaCaCoHg 96.16 22.32 38.82
NaCaRhHg 83.04 19.43 35.37
NaCalrHg 82.38 21.76 36.35
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Using the aforementioned equations, the determined parameters are
presented in Table 3. The bulk modulus (B) serve as a key parameter in
evaluating mechanical properties, as it measures a material’s ability to
withstand volumetric variations when exposed to increased external
pressure [51]. The calculated results reveal that LiCaCoHg has a higher B
value (55.04 GPa) compared to other materials, indicating its greater
resistance to volumetric changes under external stress. Furthermore, the
shear modulus (G) quantifies a material’s ability to resist shape defor-
mation [52], and LiCaCoHg’s higher G value compared to the other five
hydrides indicates that it is more resistant to shape irregularities than
the rest. Another crucial parameter is Young’s modulus (E), which
quantifies a material’s ability to stretch or compress when a force is
applied [53]. The obtained results for E suggest that LiCaCoHg is the
stiffest material, exhibiting the least tendency to stretch or compress
under applied forces.

To evaluate the ductility/brittleness of materials, three key param-
eters serve as crucial indicators: Poisson’s ratio (v), Pugh’s ratio (B/G),
and Cauchy pressure (Cp). Firstly, Poisson’s ratio (v), defined as the
positive ratio of transverse to axial strain and calculated using Eq. (17),
indicates ductility if it exceeds 0.26, whereas a value below 0.26 sig-
nifies brittleness. Secondly, The Pugh ratio (B/G), calculated as the bulk
modulus (B) divided by the shear modulus (G), is a key parameter for
assessing ductility and brittleness, with values below 1.75 signaling
brittleness, and values above 1.75 indicating ductility. Finally, Cauchy
pressure (Cp), defined as the difference between the elastic constants Cy»
and Cu4, also acts as a gauge for material’s mechanical behavior. A
positive C,, value signifies ductility, allowing significant plastic defor-
mation before fracture, whereas a negative value indicates brittleness,
making the material prone to fracture under stress with minimal
deformation. As shown by the computed values in Table 3 and the
visualization of v and B/G in Fig. 8(a-b), all the materials examined in
this study are classified as brittle based on the aforementioned criteria
(v < 0.26, B/G < 1.75, Cp < 0).

The classification of materials as isotropic or anisotropic depends on
the anisotropy factor (A), which is calculated using the following Zener
formula [54]:

2C
e (18)
Ci — Gz

Table 3

Mechanical attributes of MCa M’ Hg (M = Li, Na; M’ = Co, Rh, Ir).
Materials B G E Cp=Ci2—-Csy v B/G A
LiCaCoHg 55.04 39.06 94.77 —10.07 0.21 1.41 1.01
LiCaRhHg 44.83 35.41 84.09 — 14.23 0.19 1.27 1.07
LiCalrHg 44.84 35.36 84.00 —14.21 0.19 1.27 1.14
NaCaCoHg 46.93 38.05 89.86 —16.50 0.18 1.23 1.05
NaCaRhHg 40.63 38.90 79.70 — 15.94 0.17 1.04 1.11
NaCalrHg 41.97 33.80 79.94 — 14.59 0.18 1.24 1.20
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An A value of 1 signifies isotropic behavior, while values deviating from
1, whether higher or lower, indicate anisotropy. As listed in Table 3, the
obtained A values for LiCaCoHg, LiCaRhHg, LiCalrHg, NaCaCoHg,
NaCaRhHg, and NaCalrHg are equal to 1.01, 1.07, 1.14, 1.05, 1.11, and
0.20, respectively, proving their anisotropy. So, our analysis clearly
indicates that the anisotropic behavior becomes more pronounced as the
atomic weight of the hydride increases or as the atomic radius expands,
moving from Co to Ir or Li to Na.

3.6. Thermodynamic properties

Determining thermodynamic properties is crucial for comprehend-
ing how materials respond to temperatures that are different from their
standard state. This study utilizes the quasi-harmonic Debye model to
analyze the thermodynamic behavior of MCa M' Hg (M = Li, Na; M’ = Co,
Rh, Ir) hydrides across a temperature range of 0-800K, within the
framework of GGA approximation. Entropy (S) quantifies the random-
ness and disorder within a system, and analyzing its variation with
temperature allows us to assess the level of uncertaintly or disruption in
solids. Fig. 9(a—f) depicts the correlation between entropy (S) and tem-
perature (T) within the range of 0-800K, showing that S is zero at 0K and
increases exponentially with rising the temperature, indicating greater
disorder within the system at higher temperatures for all hydrides.
Temperature enhances thermal vibrations, causing particles in a mate-
rial to move more energetically as it rises [55]. The constant-volume
heat capacity (C,) is a key thermodynamic properties that quantifies a
material’s capacity to absorb heat while maintaining a fixed volume
[49]. Fig. 9 presents the changes in Cy with temperature for MCa M’ Hg
(M = Li, Na; M' = Co, Rh, Ir), showcasing significant patterns in their
thermal behavior. Below 350K, Cy shows a significant temperature
dependence, adhering to a T° relationship as described by the Debye T3
law [49]. When the temperature surpasses 350K, Cy increases at a
slower rate, gradually approaching the Dulong — Petit limit [56], which
represents the maximum contribution of atomic vibrations to heat ca-
pacity at elevated temperatures. Also, as shown in Fig. 9, as temperature
increases, the energy of all systems rises due to intensified atomic vi-
brations. Conversely, the free energy of these materials declines, high-
lighting their strong thermodynamic stability at elevated temperatures
[57].

4. Conclusion

The structural, optoelectronic, mechanical, thermodynamic, and
hydrogen storage performance of the MCa M' Hg (M = Li, Na; M' = Co,
Rh, Ir) hydride material, with different cation site configurations, were
analyzed using QE program. Firstly, for establishing the ground-state
structural parameters, the total energy was fitted relative to the unit
cell volume, leading to the conclusion that all six materials are stable in
cubic cells with F 43 m (#216) space group orientation. We also observe
that the calculated lattice parameter and band gap of NaCalrHg align
well alongside experimental data documented within published studies.
The phonon dispersion curves show no presence of negative frequencies,
verifying the dynamical stability of all five materials, whereas LiCaCoHg
exhibits a few imaginary frequencies. Furthermore, a comprehensive
AIMD simulation analysis confirms the complete stability of all studied
materials, as indicated by minimal fluctuations in equilibrium energy,
eliminating concerns regarding structural reliability for real-world ap-
plications. The computed elastic constants C;; and related parameters,
including B/G, v, Cp, and A, indicate that these studied materials exhibit
brittle behavior under ambient conditions and lacks significant elastic
isotropy. The heat capacity (Cy) of all materials follows the same trend,
increasing with temperature and approaching the Dulong-Petit limit at
high temperatures. The hydrogen storage analysis shows that LiCaCoHg
and NaCaCoHg exhibit excellent gravimetric capacities of 5.41 and 4.73
wt%, respectively, while LiCaRhHg, LiCalrHg, NaCaRhHg, and NaCalrHg
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Fig. 9. The change in (a) entropy, (b) heat capacity, (c) energy, and (d) free energy against the temperature of MCa M' Hg (M = Li, Na; M' = Co, Rh, Ir).

demonstrate moderate storage capacities of 3.88, 2.47, 3.52, and 2.31
wt%, respectively. Overall, the outcomes of this research a provide
significant guide for experimentalists in synthesizing these hydride
materials for hydrogen fuel applications. Also, this research offer a
foundation for theoreticians to further optimize the gravimetric storage
capacities of the investigated materials.
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