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This paper explores the structural, electronic, mechanical, optical, and 
thermodynamic characteristics of complex hydrides YXMnH6 (X = Hg, Zn) to be 
used in hydrogen storage. The investigation is carried out through first principles 
calculations. Both compounds are dynamically and thermally stable, as indicated 
by the lack of negative frequencies in phonon dispersion calculations as well 
as being confirmed by AIMD simulations at room temperature with minimal 
fluctuations and no structural degradation. Electronic property-based YHgMnH6

and YZnMnH6 compounds exhibit semiconducting behavior, with indirect band 
gaps of 1.445 eV using PBE-GGA (1.826 eV using mBJ-GGA), and 1.555 eV using 
PBE-GGA (2.548 eV using mBJ-GGA), respectively. Its structural features indicate 
that YHgMnH6 is characterized by the largest lattice constant (6.8623 Å) as 
compared to YZnMnH6 (6.6506 Å), as mercury has a higher atomic radius than 
zinc. According to the Born stability criterion, both compounds are verified to be 
mechanically stable. 1t is also shown that YZnMnH6 has a high Young’s modulus 
and is appropriate for uses requiring hardness and resistance to deformation. 
Common optical property analysis indicates strong optical response of the 
ultraviolet region on both compounds; thus, they are good candidates in 
photovoltaic and optoelectronic applications. The hydrogen storage contents 
are estimated at 1.73 wt% of YHgMnH6 and 2.81 wt% of YZnMnH6. In general, 
these findings suggest that YXMnH6 (X = Hg, Zn) complex hydrides are versatile 
substances and have the potential to be used in hydrogen storage systems 
and clean technologies. Further research will be in the field of experimental 
establishment of YXMnH6 (X = Hg, Zn) in order to verify existing results and further 
study its energy applications.

KEYWORDS
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 1 Introduction

Over the past few decades, the world has experienced massive pressure on its energy 
resources, which is attributed to increasing human population, industrial development,
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powering transportation, and improvement of living standards. 
This has been made possible by the fossil fuels of oil, natural 
gas, and coal that have facilitated this growth in a number of 
years. However, high reliance on these nonrenewable resources 
is also a high dependency with regard to the management of 
economic growth and environmental sustainability [1]. The fossil 
fuels cause large-scale CO2 emissions of nearly 72% of all greenhouse 
gases, air pollution, and climate change and are expected to 
decline substantially in the coming few decades [2]. The existing 
estimates have indicated that the world oil reserves can just last 
up to 41 years so, the world is in dire need of making attempts 
to discover alternative forms of energy that will provide energy 
security [3]. As an effort to overcome such fears, renewable 
energy sources such as solar [4], wind, tidal, hydroelectricity, 
and geothermal energy have received a lot of attention [5, 6]. 
These are highly endowed resources that emit relatively lower 
carbon gases in comparison to conventional fuels. However, 
complexity is one of the biggest issues with most of the systems 
that are based on renewables, which are intrinsically limited to 
intermittency, storage issues, and variation in the efficiency of energy 
conversion [7]. As a result, the introduction of renewables into the 
global energy system must use an efficient, high-capacity energy
carrier.

Hydrogen (H2) has proved to be a major contributor to this 
change, and it will offer a clean, sustainable, and multi-purpose 
power supply. When used, H2 gas gives out only water vapor, 
and the gravimetric energy density of this substance is 122 kJ/g, 
approximately 2.75 times that of gasoline [8]. However, H2 has 
challenges related to low volumetric energy density; it is a big 
problem for safe, efficient, and compact storage [9]. Despite the 
fact that hydrogen is the most common element in the universe 
[10], molecular H2 does not naturally occur on the earth and 
must be created using hydrogen-containing materials, further 
underlining the fact that hydrogen is an energy carrier (not a 
primary fuel). In order to utilize hydrogen as an alternative to 
the traditional fossil fuels, much needs to be done on storage 
technologies to ensure it has been made safe, efficient, compact, 
and cost-effective and stored either in compressed gas, liquid, or 
solid form. This is required in order to enable the mass adoption 
of hydrogen vehicles and a renewable energy transformation [11]. 
Among the various storage strategies, solid-state hydrogen storage 
is therefore one of the most promising and effective ways of storing 
it. In this case, hydrogen is incorporated into solid materials, 
including graphene, nanosheets, metal hydride, and perovskite-type 
hydride, in order to ensure that it can be stored in a compact 
and much-controlled manner [12]. This form of solid phase can 
both increase storage capacity and increase safety since less risk 
is needed in terms of leakages and high pressure. Consequently, 
solid-state hydrides have gained much interest in the framework 
of their applications in the transport sector and portables and 
stationary energy.

Perovskite hydride types have been found to be possible for 
hydrogen storage due to the elastic nature of their structure, 
their chemical composition can be modified, and they are 
multifunctional. The hydrides of simple perovskite of type ABX3
are researched well, where the cations are A (alkaline earth metal 
such as Ca or Be), B (transition metal such as Mn or Mg), and 
X (anion hydrogen) [13]. B. Gheboulig et al. have studied XCaH3

(X = Cs, and Rb) and have reported calculated lattice parameters 
agree with previous calculations and experimental data, as well 
as being structurally stable [14]. The structural, elastic, ultrasonic, 
and thermodynamic characteristics of BaLiH3, SrLiH3, and CaLiH3
under pressures within the generalized gradient approximation 
were investigated by M. Abdul Hadi Shahet et al. [15]. It has 
been shown that perovskite-type hydrides of the sodium-based 
NaXH3 (where X = Co, Fe, or Mn) have metallic properties 
and are thermodynamically and mechanically stable; NaMnH3
has the maximum gravimetric storage capacity (3.74 wt%) [16]. 
The physical characteristics of lithium-based LiAH3 (A = Sc, 
Ti, and V) show that LiScH3 is brittle, but LiTiH3 and LiVH3
are ductile. The hydrides LiScH3 have the largest gravimetric 
ratio, 5.7 wt%, according to their calculated hydrogen storage
capabilities [17].

In recent studies, there has been a renewed interest in 
the research of the so-called double perovskite-based hydrides 
(A2BB’H6), due to several favorable advantageous properties, 
including tunable band gaps, high hydrogen content, mechanical 
robustness, excellent thermodynamic stability, and a wide range 
of optoelectronic applications. For example, the most suitable 
material for H2 storage is LiCaCoH6, according to a study by 
Asif et al. [18] on the possible use of MCaM'H6 (M = Li, Na; 
M' = Co, Rh, Ir) as a solid-state hydrogen store. These hydrides 
were predicted to have hydrogen storage capacities of 5.40, 3.38, 
2.47, 4.72, 3.52, and 2.31 wt%, respectively. The study found that 
MCaM'H6 materials are mechanically brittle, dynamically stable, 
and exhibit indirect semimetallic behavior. The complex hydrides 
ZBaGaH6 (Z = K, Rb, and Cs) have also shown remarkable efficiency; 
the hydrogen storage capacities for KBaGaH6, RbBaGaH6, and 
CsBaGaH6 are found to be 2.40 wt%, 2.03 wt%, and 1.75 wt%, 
respectively. In the UV spectrum, KBaGaH6 has the maximum 
optical activity [19]. For effective solid-state hydrogen storage 
materials, a variety of simple and complex hydrides have been 
theoretically studied, including ZrNiH3 [20], MgCoH3 [21], Q2FeH5
(Q = Mg, Ca, Sr) [22], Mg2CaGeH6 [23], A2BH6 (A = K, Rb; B = 
Ge, Sn) [24], Rb2XYH6 [25], KSrIrH6 [26], and KBaMH6 (M = 
Co, Rh, Ir) [27].

First-principles DFT modelling has become an especially useful 
approach in the contemporary search for useful solid-state materials 
to store hydrogen, filtering between hydrides and predicting their 
stability, phonon dynamics, and hydrogen release characteristics. As 
the interest of the present study is to obtain lightweight Hydrides 
of hydrogen-rich compounds with adjustable performances in 
regard to electronic and thermodynamic properties, the two 
new materials, YXMnH6 (X = Hg, Zn), are developed as the 
basis of this research. However, these complex hydrides are not 
experimentally or theoretically investigated, and thus there is a 
gap in literature. To find out the feasibility of the materials as 
next-generation hydrogen storage materials, we have performed 
comprehensive first-principles computer simulations of structural 
stability, electronic behavior, optical response, elastic properties, 
and thermodynamic properties of the materials. By giving the first 
generalized theoretical comprehension of these compounds, this 
publication contributes to the overall advancement of the sustainable 
hydrogen-based energy technologies and assists in the identification 
of the possible candidates in the further application as clean energy
sources.
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This paper is structured as follows. An outline of the calculating 
techniques is provided in Section 2. The structural features that 
were achieved by maximizing the energy as a function of volume 
are presented and discussed in Section 3. The electronic, elastic, 
thermodynamic, and phonon properties of both substances are 
examined in the same section. The final portion brings the climax 
to a close. 

2 Computational analysis

This paper explored some functional properties of manganese-
based perovskite hydrides, YXMnH6 (X = Hg, Zn). The WIEN2k 
[28, 29] was used in computational analysis, which is based 
on the framework of Density Functional Theory (DFT), and it 
uses the Full-Potential Linearized Augmented Plane Wave (FP-
LAPW) method [30, 31] to compute the electronic, mechanical, 
and optical properties. The projector-augmented wave (PAW) 
formulation of Quantum Espresso (QE) was examined for its 
vibrational and thermodynamic properties [32]. Instead, because 
of the QE program’s effective density-functional perturbation 
theory (DFPT) implementations, phonon dispersion relations and 
associated thermodynamic variables were also computed. Perdew, 
Burke, and Ernzerhof ’s (PBE) method [33] was proposed using the 
Generalized Gradient Approximation (GGA); structural, electronic, 
mechanical, and optical properties were evaluated using the change-
correlation function. For electronic structure research, the Tran-
Blaha modified Potential Bekke-Johnson (TB-mBJ) [34] has been 
used; this potential yield results that are closer to the experimental 
outcomes compared to traditional PBE-GGA functionals. The 
plane-wave parameter RMT × Kmax = 7 was used to cut off with 
optimization to hydrogen-based systems. In this case, RMT is the 
smallest muffin-tin radius, and Kmax is the maximum value of the 
k-vector. The two parameters, Gmax and lmax, were set at value 
expansion of angular momentum at 16 and 10, respectively. A 
dense mesh of 1,000 k-points is used for the Brillouin zone [35] 
integration. In structural optimization, the system’s total energy 
was minimized with respect to atomic locations and unit cell 
volume until energy convergence was reached at a threshold below 
10–4 Ry. Birch-Murnaghan’s equation [36] was used for structural 
optimization in order to determine bulk moduli and equilibrium 
lattice parameters. To describe the electronic behavior of the 
valence and conduction bands, band structures and density of states 
(DOS) were examined. The WIEN2k’s IRelast package [37] used 
the stress-strain method [38] to determine the mechanical elastic 
constants. The Voigt–Reuss–Hill (VRH) [39] averaging approach 
was utilized to test additional mechanical properties using the 
derived elastic constants. The Kramers-Kronig formulas were used 
to study optical parameters such absorption coefficients, refractive 
index, and reflection [40]. The dielectric function was done using 
the WIEN2k optics module, in which the optical matrix elements 
are determined on a 10,000-point dense mesh of k-points. Phonon 
dispersion [41] spectra calculated by DFPT as provided by QE to 
check dynamic stability of the studied material. Lastly, the system’s 
thermodynamic stability was checked at T = 300 K by ab initio
molecular dynamics (AIMD) simulations in the NVT ensemble in 
the presence of a Nosé–Hoover thermostat with a time step Δt = 1 fs 
and a total simulation duration of 5 ps (5,000 fs). 

3 Results and discussion

3.1 Structural properties

In this section of studies, specific aspects of crystallographic 
features, including the structural parameters, and energy-to-volume 
correlations of YXMnH6 hydrides, where X represents either Hg or 
Zn, are discussed. Which gives a general overview of their suitability 
as candidates for effective energy storage material. Figure 1 indicates 
that the modeled perovskite compounds YHgMnH6 and YZnMnH6
both have a face-centered cubic (FCC) structure, with space group 
F 4 3 m (No. 216). In the given structural arrangement, the atoms 
in YHgMnH6 and YZnMnH6 occupy distinct fractional coordinate 
positions within the unit cell in order to enhance both the hydrogen 
storage capacity and the lattice stability. The atomic arrangements 
were generated using the WIEN2k software package. The locations 
of the yttrium (Y) sites at ( 1

2
,0,0), manganese (Mn) located at 

( 1
4
, 1

4
, 1

4
), and X (Hg and Zn) atoms are located at (0, 0, 0). As 

the interstitial voids of the lattice are filled by the hydrogen atoms 
(H2) ( 1

4
, 1

4
,x), forming an optimized geometric configuration that 

ensures high-efficiency hydrogen storage from both volumetric and 
gravimetric terms.

The structural characteristics of the compound were examined 
using the Birch-Murnaghan equation of state [42]. The total energy 
(Et) was computed with different lattice parameter values in a range 
of volumes to determine which kind is the most stable configuration. 
The Birch-Murnaghan Equation of State (EOS) can be expressed 
mathematically as in Equation 1, where E(V) is the energy as a 
function of volume; E0 is the equilibrium energy at the optimized 
equilibrium volume V0; B is the bulk modulus; (B′) is the bulk 
modulus’s pressure derivative with respect to pressure (P); and V is 
the actual volume at 0 K and 0 GPa.

E(V) = E0 +
9BV0
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[

[
((

V0

V
)

2
3
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3
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V
)

2
3
− 1)

2
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)

2
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]
(1)

Pressure (P) and volume (V) can be connected to the bulk 
modulus through the following relationship B = −V dP

dV
 in which 

pressure can be defined as in Equation 2 [43]:

P(V) = −dE
dv
= b

B′
[(

V0

V
)

B′

− 1] (2)

The parabolic energy–volume (E–V) curves of the materials 
under discussion, which show the connection between the total 
energy and the volume of the unit cell of both compounds, are shown 
in Figures 2a,b. The investigated lattice parameters corresponding 
to the minimum energies E0 were determined. YHgMnH6 has 
the largest lattice constant (6.85 Å), which is higher compared to 
YZnMnH6 (6.65 Å). The increase in the lattice lengths is due to the 
fact that the atomic radii of mercury are bigger in comparison to 
zinc atoms. The volume unit cell (V) increases with the increase 
of the ionic radius, with YHgMnH6 having the largest one (544.13 
Å3) and YZnMnH6 having the smallest (496.26 Å3). We observed, 
as indicated in Table 1, the expected trends in the lattice constant 
parameters (a) and unit cell volumes (V) with increasing atomic size.

The differences of the bulk modulus (B) and its first-order 
pressure derivative (Bʹ) give useful data on the behavior of the 
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FIGURE 1
The crystal structure of (a) YHgMnH6 (b) YZnMnH6.

FIGURE 2
The optimized energy-volume graphs of YXMnH6 (X = Hg, Zn). (a) YHgMnH6, (b) YZnMnH6.

TABLE 1 Lattice parameter (a, Å), volume (V, Å3), bulk modulus (B, GPa), bulk modulus derivative (B′), total energy (E0, Ry), and Bandgap (Eg, eV) using GGA 
and mBJ approximation of YHgMnH6 and YZnMnH6 hydrides.

Compound a V B B′ E0 Eg (GGA) Eg (mBJ)

YHgMnH6 6.8623 545.19 102.77 4.0586 -48419.50 1. 445 1.826

YZnMnH6 6.6506 496.26 110.45 3.7749 -12534.04 1.555 2.548

material to compress and its level of softness under pressure. It 
is seen that the calculated results indicate that the compound 
that contains Zn has a higher bulk modulus value (110.45 GPa), 
indicating greater stiffness and less compressibility compared to 
the Hg-based compound (102.63 GPa). Even though YHgMnH6
is comparatively softer at room temperature, its Bʹ greater than 
YZnMnH6 implies that it could become stiffer when put under 
external pressure. Furthermore, the ground-state energy (E0) gives 
essential data on the thermodynamic behavior of compound 
stability, in which the lower E0 values correspond to a more stable 
structure [44]. It could be noted by comparing the calculated values 
of energy at zero pressure and absolute zero temperature that 
YHgMnH6 has lower E0 values (−48419.50Ry), compared to the 
value of E0 (−12534.04Ry) of YZnMnH6, that because the absolute 
total energies (E0) from all-electron calculations are related to the 

binding energies of the core electrons of the constituent atoms. 
The significantly lower total energy of YHgMnH6 compared to 
YZnMnH6 is physiochemically explained by the fact that the atomic 
number and the core energy of Hg (Z = 80) are larger than that of 
Zn (Z = 30). Table 1 shows the calculated equilibrium structural 
parameters of the two cubic structures. These compounds have not 
been studied previously, offering a basis of comparison with studies 
in the future. 

3.2 Electronic properties

It is well recognized that one of the most basic procedures of 
materials science is comprehending a material’s electronic structure, 
which characterizes the distribution and behavior of electrons inside 
its atomic or molecular framework. The electronic band structure 
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and densities of state (DOS) of the hydride compounds YHgMnH6
and YZnMnH6 were examined using the PBE-GGA and mBJ-
GGA methods at the equilibrium lattice constant in order to study 
their electronic behavior. By using this approach, we can better 
understand the nature of chemical bonding and categorize the 
materials according to their behavior as conducting, insulating, or 
semiconducting [45].

The electronic band structures of YHgMnH6 and YZnMnH6
were calculated through the first Brillouin zone at 0 K as a function 
of wave vector K, within the energy range from −10 eV to +6 eV, 
listed in Figure 3. In this computation, the horizontal red dashed 
line indicates the Fermi level (EF) as a reference energy at 0 eV. 
For ensuring the accuracy of results, we are choosing in this study 
both the PBE-GGA and enhanced by mBJ-GGA methods, which 
were employed to predict accurate electronic properties, providing 
a comparison between standard and enhanced approximations. The 
valence band (VB) and conduction band (CB) are represented by the 
negative and positive energy regions, respectively. The energy range 
separating the bottom of CB and top of VB, where no electronic 
states exist, is called the band gap (Eg) [46]. It is mathematically 
calculated by Equation 3:

Eg = ECBM −EVBM (3)

It is evident that the conduction and valence bands do not 
overlap at the Fermi level, indicating that both hydride perovskites 
are semiconducting. Additionally, the conduction band minimum 
and valence band maximum occur at distinct symmetry positions, 
suggesting that both hydride perovskites are indirect band gap 
semiconductors. It is evident that the PBE-GGA and mBJ-GGA 
approaches provide different anticipated band gap values. Band 
gaps for YHgMnH6 and YZnMnH6 are predicted by the PBE-
GGA calculation to be 1.445 eV and 1.555 eV, respectively. However, 
the application of the mBJ-GGA dramatically increases the, E.g., 
values for both hydrides under study, indicating much wider 
band gap values of 1.826 eV for YHgMnH6 and 2.548 eV for 
YZnMnH6, respectively. This improvement highlights the accuracy 
and reliability of the mBJ functional that addresses the well-
known bandgap underestimation issue of the standard PBE-
GGA, consistent with the benchmarking of the mBJ potential in 
perovskite-type systems.

The total density of states (TDOS) and projected density of 
states (PDOS) are important studies towards the understanding 
of electronic properties in materials. These calculations give more 
detail about the orbital (s, p, and d) contributions and electronic 
structure at the Fermi level. The electronic density of state is 
the unit of energy band that electrons can occupy in a unit of 
electron states [47]. Figure 4 shows the TDOS and PDOS of 
YHgMnH6 and YZnMnH6 calculated in PBE-GGA and GGA-mBJ 
approximations. Figure 4 indicates that the TDOS confirms the 
existence of a distinct band gap at the Fermi level, as per the findings 
of the electronic band structure of the studied hydride materials. 
The vertical black dashed line shows the EF set at 0 eV and taken 
as a reference. We analyzed PDOS to gain additional insight into 
the atomic and orbital contributions that can find out the electrical 
nature of the compounds.

The PDOS for YHgMnH6 is shown in Figures 4(a,b) in the 
energy range of −10 to 6 eV. The Hg-d states, which have the largest 

contribution between −8 and −6 eV, are represented by a prominent 
peak in the valence band (VB) region. Mn-d states predominate in 
the valence band between −2 eV and 0 eV, while H-s and Y-d states 
contribute very little to VB. It also demonstrates that Mn-d and Y-d 
orbitals contribute significantly to the CB energy range of 0–6 eV. 
The H-s and Hg-s contributions are minimal in this CB region. 
There are also several contributions in the valence band region of 
YZnMnH6 (−10 eV–0 eV) (Figures 4(c,d)). (Y, Mn, and Zn-d) and 
H-s orbitals make significant contributions near the Fermi level; 
these orbitals are quite dominant in the valence band, highlighting 
the important hydrogen-metal interactions and their role in bonding 
interactions [48]. However, the contributions from the Y-s, Y-p, Zn-
s, Zn-p, Mn-s, and Mn-p orbitals are minimal. The Mn-d and Y-d 
states become increasingly delocalized and contribute the most in 
the conduction band (CB) (0 eV–6 eV), with small contributions 
from the Zn-s and H-s states.

The broader band gap observed in YZnMnH6 (2.548 eV) 
compared to YHgMnH6 compounds is because of the stronger 
hybridization between Zn-d and H-s orbitals. This is because this 
hybridization seems to push the minimum CB to higher energies. 
In contrast, a reduction of the band gap is due to the heavier 
Hg atom. Notably, the hybridization between H-s and metal p/d 
states refers to a strong H-M bonding, which is a decisive factor in 
storing hydrogen. These interactions indicate that although strong 
hybridization is possible for stabilized storage of hydrogen by 
hybridization, the presence of antibonding states near the minimum 
CB may facilitate the release of hydrogen under the external 
excitation [25]. Flat bands are those with a low dispersion, meaning 
that the energy is nearly constant with respect to the wave vector (k). 
Mathematically, the group velocity of electrons is given by vg = 1

ℏ
dE
dK

so that the presence of a flat band ( dE
dK
≈ 0) means that the group 

velocity is very small. So, the electrons in these states are strongly 
bound to their original atomic sites and have little itinerant behavior 
across the crystal lattice. 

3.3 Optical properties

The study of optical characteristics of the YXMnH6 (X = Hg, 
Zn) hydride material plays a vital role in determining its potential 
applications suitability in optoelectronic devices, as it reveals how 
the material interacts with light through absorption, reflection, 
and transmission [25]. The materials investigated in this study are 
semiconductors, as confirmed by their electronic properties. The 
optical behavior of such materials is primarily influenced by inter-
band electronic transitions, which provide a deep understanding of 
the emission and absorption of light in optoelectronic systems [49].

In order to describe the interaction between light and matter 
depicted in Figures 5–7, the optical properties investigated for 
both YHgMnH6 and YZnMnH6 are calculated using PBE-GGA. 
These properties include the fundamental characteristics (real and 
imaginary) of the dielectric function ε(ω), absorption coefficients 
α (ω) refractive index n (ω), and reflection R (ω), respectively, all 
of which are related to frequency and energy. Optical properties 
vary with frequency, so the complicated dielectric function ε(ω)
expressed by Equation 4 is used to explain these interactions, 
consisting of two components: the real part ε1(ω), which defines 
the material’s capacity to store electrical energy, reflecting its 
polarization response to an applied electromagnetic field, and the 
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FIGURE 3
Electronic band diagrams of YXMnH6 (X = Hg and Zn) perovskite hydrides calculated using PBE-GGA (a,c), and mBJ-GGA (b,d) at ambient conditions.

energy dissipation as heat represented by the imaginary part ε2(ω), 
which shows how the material absorbs and loses electromagnetic 
energy. The mathematical relation in the ε1(ω) and ε2(ω) parts of 
the dielectric function can be analyzed using the fundamental tool 
Kramers–Kronig relation described by Equations 5 and 6 [50].

ε(ω) = ε1(ω) + iε2(ω) (4)

Where the real and imaginary components expressed as:

ε1(ω) = 1+ 2
π

P∫
∞

0

ω′ε2(ω′)
ω′2 −ω2 dω (5)

ε2(ω) =
4π2e2

πω2m2∑
ij
∫
∞

BZ
[Mij(K)]

2 fi(1− fj)δ[E f −Ei −ω]d3k (6)

In the above equations, P is the Cauchy integral, e2 is the 
squared electronic charge and Mᵢⱼ(k) denotes the dipole matrix. 

Since all other optical parameters are interconnected through the 
dielectric function, analyzing ε1(ω) and ε2(ω), it is important to 
provide insights into its suitability for optoelectronic and photonic 
applications. Which can be calculated using Equations 7–10 [51]

n(ω) = [[

[

√ε2
1(ω) + ε2

2(ω) + ε1(ω)

2
]]

]

1
2

(7)

k(ω) = [[

[

√ε2
1(ω) + ε2

2(ω) − ε1(ω)

2
]]

]

1
2

(8)

α(ω) = √2ω[√ε2
1(ω) + ε2

2(ω) − ε1(ω)]
1
2 (9)
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FIGURE 4
TDOS and PDOS of YXMnH6 (X = Hg, Zn) were computed using the PBE–GGA (a,c) and mBJ-GGA (b,d) approximation. The vertical black dashed line 
represents the Fermi level (EF).

R(ω) = ||

|

√ε1(ω) + iε2(ω) − 1

√ε1(ω) + iε2(ω) + 1

||

|

2

(10)

The calculated real and imaginary parts of the dielectric function 
are displayed in Figures 5a,b within the energy range 0–13 eV, 
and this covers infrared (IR), visible, and ultraviolet (UV) energy 

ranges, respectively. The static values of the real part ε1(0) for 
YHgMnH6 and YZnMnH6 are 7.90 and 6.80, respectively. These 
findings show the existence of high dielectric screening and thus 
indicate the possibility of high refractive index behavior in these 
materials. And then ε1(ω) curves gradually increase with a lower 
photon energy range, with the largest peaks at 18.71 at 3.11 eV 
for YHgMnH6 and 12.57 at 3.46 eV for YZnMnH6, with positive 
ε1(ω) values indicating normal dielectric behavior. A negative zone 
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FIGURE 5
Dielectric function of YHgMnH6 and YZnMnH6 compounds (a) real part ε1(ω), and (b) imaginary part ε2(ω), by PBE-GGA approach.

FIGURE 6
Optical refractive index of YXMnH6 (X = Hg, and Zn) (a) Real part n(ω) and imaginary part K(ω).

FIGURE 7
Optical parameters of YXMnH6 (X = Hg, and Zn) (a) Absorption coefficient α(ω), and (b) Reflectivity R(ω).
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TABLE 2 Calculated static optical parameters of YHgMnH6, YZnMnH6.

n(0) R (0) ε1(0) Compound

2.81 0.22 7.900 YHgMnH6

2.60 0.19 6.809 YZnMnH6

denotes plasma-like features observed at higher photon energies 
(7.11 eV for YHgMnH6 and 7.85 eV for YZnMnH6), indicating 
that the incoming electromagnetic frequency is greater than the 
effective plasma frequency. This shows the change from metallic 
to dielectric characteristics, where the material shows increased 
absorption and reflection of light. The investigated ε2(ω) spectra 
displayed in Figure 5b with peaks appearing in the 3–8 eV range 
represent photon absorption caused by electronic transitions of 
d-states and H-s states. The primary peak values are 15.35 for 
YHgMnH6 at 3.27 eV and 13.38 for YZnMnH6 at 7.57 eV. Beyond 
8 eV, ε2(ω) gradually declines, which is consistent with the expected 
optical response of semiconducting materials.

Determining the real part n(ω) and complex part K(ω) of 
the refractive index ̃n, as expressed in Equation 11, helps for 
understanding the optical behavior of a material. It is possible to 
assess the absorptive and dispersive properties of selected materials, 
which are obligatory to the formation of a large variety of optical 
equipment [52].

̃n = n+ iK (11)

The real refractive index n(ω) represents the extent to which the 
velocity of electromagnetic waves is decreased as it travels through 
a substance in contrast to a vacuum [53], and therefore n(ω) is 
necessary to consider in the design of optical devices, such as filters. 
Figure 6a shows n(ω) characterized against photon energy in the 
range 0–13 eV. The calculated static refractive index n(0) values 
are consistent with the real part of the dielectric function ε1(ω)
through the relation equation n(0) = √ε1(0), is compatible with the 
static values of n(ω), calculated as 2.81 for YHgMnH6, and 2.60 for 
YZnMnH6, as listed in Table 2. Notable peaks appear within the 
2–5 eV range, the found peak values of n(ω) are 4.44 at 3.14 eV 
and 3.58 at 3.49 eV for YHgMnH6 and YZnMnH6, respectively, 
which may indicate strong light-bending properties corresponding 
to the dispersion effects observed in ε1(ω). As photon energy 
increases beyond 8 eV, the n(ω) curves gradually decline across 
both compounds. YHgMnH6 has the greatest refractive index value, 
which indicates the compound’s stronger polarization and more 
intense interaction with incident photons falling on its surface 
compared to that in YZnMnH6. As a result, YHgMnH6 is a well-
known and emerging alternative for hydrogen storage and associated 
devices. While the imaginary part K(ω) is known as the capacity 
of the compound to absorb or scatter the incident light photons on 
its surface, causing loss of light intensity [54]. Peaks in K(ω) varied 
between 3 and 10 eV, as shown in Figure 6b, generally following 
the trends observed in ε2(ω). As the photon energy exceeds 10 eV, 
the K(ω) values progressively decrease, suggesting lower optical 
attenuation in this region.

The absorption coefficient α(ω) is also another important 
quantity that defines the distance an incident light can travel in 

the material before being absorbed and defines the effectiveness 
of the material in absorbing the incident light in a particular 
energy range. If the absorption is high, the electrons in the material 
can easily be excited from occupied and unoccupied states [55]. 
This is related to the material’s dielectric functions. The calculated 
α(ω) spectrum using PBE-GGA is shown in Figure 7a for the two 
perovskite hydrides, YHgMnH6, and YZnMnH6. The absorption 
coefficient α(ω) initially begins from zero in the absence of incident 
photon energy and then rises as the photon energy passes the optical 
energy gap of both compounds. The maximum absorption peak in 
the 3–9 eV range is for YZnMnH6, appearing at 8.47 eV (224.97 × 
104 cm−1). While the maximal α(ω) peak of YHgMnH6 is found 
to be 191.58 × 104 cm−1 at 7.11eV, another sharp peak is found at 
high UV range (12.66 eV) with a rate of 241.18 × 104 cm−1. The 
highest absorption values can be used for hydrogen storage; these 
peaks indicate the material’s ability to absorb photons; thus, they are 
promising candidates for photonic devices and UV photodetectors.

The reflectivity function R(ω) is used to determine the 
efficiency of a material to reflect incident light from the surface 
[56]. In Figure 7b, we present the reflectivity R(ω) of perovskite 
hydrides YXMnH6 as a function of the incident photon energy 
(0–13 eV). The static reflectivity R(0) of YHgMnH6 and YZnMnH6
hydrides (see Table 2) are 0.22 and 0.19, respectively. At low 
energy range (<3 eV), YHgMnH6 is more reflective, so more 
low-energy photons are reflected. At the 3–9 eV energy range, 
there are several oscillations, but YZnMnH6 shows a higher peak 
at 9 eV, which means that there are more inter-band electronic 
transitions in this energy range than in YHgMnH6. At higher energy 
ranges (9–13 eV), the reflectivity peaks increase, but YHgMnH6 is 
higher at 12–13 eV, while YZnMnH6 is lower. This suggests that 
complex electron rearrangements and interactions on the surface 
influence the interactions with electromagnetic waves in the broad 
energy range [57]. Overall, the maximum reflectivity peaks indicate 
that YHgMnH6 is more likely to be reflected at low and high energy 
ranges, whereas YZnMnH6 is reflected in the UV range.

Together, these obtained properties provide a complete picture 
of the optical response of YXMnH6 material, allowing researchers to 
understand and predict its interaction with light, which is crucial in 
designing materials for optoelectronic applications, and exhibits the 
strongest optical responses for UV applications. 

3.4 Mechanical properties

Mechanical properties of a material refer to the response of 
the material to the applied forces and can be investigated by the 
use of elastic constants (Cij) [58]. As such, the elastic constants 
of cubic YXMnH6 (X = Hg and Zn) compounds are evaluated in 
this study to determine how the material withstands shock, the 
elasticity of it, and its deformation response under applied stress. 
In addition, mechanical properties are necessary to assess their 
suitability for optoelectronic and energy storage applications. Cubic 
crystal is normally known to have only three elastic constants: C11, 
C12, and C44. These constants describe the material’s deformation 
response to uniaxial compression (C11), whereas the positive values 
(C12) reveal expansion transversely with the stress exerted, and (C44) 
reflects the shear deformation resistance and material’s hardness 
[59]. The estimated values of the elastic constancy of YHgMnH6
and YZnMnH6 are carefully described in Table 3, which may be 
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TABLE 3 Elastic constant (Cij, GPa) of YXMnH6 (X = Hg, Zn).

C44 (GPa) C12 (GPa) C11 (GPa) Hydrides

56.58 35.68 262.14 YZnMnH6

43.93 42.61 224.52 YHgMnH6

employed to ascertain their stability by confirming the Born stability 
criterion [60]. The following are the conditions that the elastic 
constants should follow: C11 > 0; C44 > 0; C11- C12 > 0; C11 + 2C12 > 
0; C12 < B < C11. The calculated elastic constants for each YHgMnH6
and YZnMnH6 are positive, which satisfies Born–Huang stability 
conditions and confirms the mechanical stability for the studied 
hydrides. As noted, YZnMnH6 has a greater resistance to an axial 
compression with C11 = 262.14 GPa, compared to 224.52 GPa for 
YHgMnH6. Secondly, the volumetric stiffness C12 is 42.61 GPa for 
YHgMnH6, higher than 35.68 GPa for YZnMnH6. Moreover, C44
values suggest that YZnMnH6 (56.58 GPa) is harder compared to 
YHgMnH6 (43.93 GPa).

Learning properties in elasticity. Such as bulk modulus, shear 
modulus, Young modulus, and Poisson’s ratio, are used to identify 
the brittleness or ductile nature of a material. These properties 
are necessary and help in determining the right compound to 
be used in a particular application. For example, high-stiffness 
materials (a large Young’s modulus) would be better in use in civil 
engineering applications. Different mechanical parameters can be 
calculated using the fundamental elastic constants, C11, C12, and 
C44. These parameters were calculated using Voigt, Reuss, and 
Hill averaging methodologies [61, 62]. The Hill approximation was 
selected for the computations because it provides a more precise 
and practically accurate average of the Voigt and Reuss constraints, 
and it aligned very well with the experimental results [63]. This is 
because average (Hill) more accurately depicts the material’s total 
reaction to mechanical stress by accounting for both the lower 
(Reuss) and higher (Voigt) limitations for the elastic modulus. The 
subsequent Equations 12, 13 employed elastic constants to calculate 
these mechanical moduli as follows:

BV = BR =
1
3
(C11 + 2C12) (12)

B = BH =
1
2
(BV +BR) (13)

In the above equation, BH represents the Hill average of the 
bulk modulus, while BV and BR are the Voigt and Reuss averages 
of the bulk modulus, respectively. The bulk modulus (B) is a very 
important mechanical property that measures a material’s resistance 
to volume compression under pressure [64]. This gives information 
about the material’s stiffness and stability by measuring the material’s 
resistance to volume changes under pressure. We calculated values 
for YZnMnH6 (111.17 GPa), and YHgMnH6 (103.25 GPa) that are 
much higher than those of the conventional magnesium hydride 
(MgH2 approx. 51.0459 GPa [65]). This shows that the cubic 
perovskites investigated here have a greater structural stability under 
the high pressures required for hydrogen loading processes because 
they are less affected by volume changes.

GV =
1
5
(C11 −C12 + 3C44) (14)

GR =
5C44(C11 −C12)
[4C44 + 3(C11 −C12)]

(15)

G = GH =
1
2
(GV +GR) (16)

E = 9 BG
3B+G

(17)

v =
(3B− 2G)
2(3B+G)

(18)

Here in Equations 14–18, GV, GR, GH, E, and v stand for Voigt 
shear modulus, Reuss shear modulus, Hill shear modulus, Young’s 
modulus, and Poisson’s ratio, respectively. Shear modulus (G) is 
defined to describe the resistance to shear deformation and provides 
a measure of the material’s resistance to the change of shape, which 
is reversible under the effect of shear stress [66]. The high G value 
found for YZnMnH6 (74.99 GPa), and a low G value for YHgMnH6
(59.06 GPa) indicated high and low resistance to shear, respectively. 
Young’s modulus (E) is the ratio of stress to the strain, which 
measures the stiffness of the material. In Table 4, YZnMnH6 exhibits 
the highest E-value, 183.68 GPa, which shows the stiffness of the 
material with respect to 148.81 GPa for YHgMnH6.

To gain a better insight into the mechanical stability of these 
hydrides, the brittle or ductile nature of a material can be evaluated 
by means of the Poisson ratio (ν), the Pugh ratio (B/G), and the 
Cauchy pressure (Cp). (B/G) can be written as the ratio of the bulk 
modulus to the shear modulus. Pugh’s ratio has a critical value of 
1.75, which is often used to distinguish between brittle and ductile 
materials. If the Pugh ratio is less than 1.75, then the material 
is brittle in nature; if it is more than 1.75, it is ductile in nature 
[67]. The bonding nature can be explained by Cauchy pressure 
(Cp), which can be calculated from Cp = C12 – C44. Brittleness and 
covalent bonding are indicated by a negative Cp value, while ductile 
behavior and an ionic bonding character are indicated by a positive 
Cp value [68]. In a similar way, the Poisson ratio (ν) is also another 
parameter used to distinguish between ductile and brittle materials; 
it describes the material’s behavior in the direction perpendicular 
to an applied force. According to the (B/G) ratio, YHgMnH6 (1.74) 
and YZnMnH6 (1.48) are less than 1.75. Negative values of Cp
are −20.90 GPa and −1.32 GPa for YZnMnH6 and YHgMnH6, 
respectively. Also, ν values (0.26 and 0.22) as listed in Table 4. 
According to this value, YZnMnH6 indicates a brittle structure, and 
YHgMnH6 exhibited brittle behavior but close to the brittle-ductile 
threshold.

The Zener anisotropy factor (A) measures the degree of direction 
in the response to elasticity. According to Equation 19, when A 
equals 1, a material becomes isotropic meaning that its mechanical 
properties are the same in every direction. However, a divergence 
from one indicates that the material is anisotropic, or in other 
words, its mechanical characteristics differ in various directions 
[69, 70]. YZnMnH6 and YHgMnH6 have an A value of 0.60 and 
0.66, respectively. These results suggest that YXMnH6 (X = Hg, 
Zn) possesses high elastic anisotropy. In short, the mechanical 
test verifies that YZnMnH6 is anisotropic, brittle, stiff, and has 
high deformation resistance. YHgMnH6 has B/G ratios that are 
advantageous for applications needing flexibility and directional 
adaptation, as well as Cp values that are almost neutral and higher 
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TABLE 4 Calculated mechanical characteristics of YXMnH6 (X = Hg, Zn).

Cp (GPa) B/G ν A E (GPa) G (GPa) B (GPa) Materials

−20.90 1.48 0.22 0.60 183.68 74.99 111.17 YZnMnH6

−1.32 1.748 0.26 0.66 148.81 59.06 103.25 YHgMnH6

(v = 0.26).

A =
2C44

C11 −C12
(19)

 

3.5 Thermodynamic properties

The thermodynamic properties of the investigated Y-based 
hydride perovskites YZnMnH6, and YHgMnH6 hydrides were 
examined through the quasi-harmonic Debye model to determine 
their thermal and temperature-sensitive behavior. It allows one to 
assess their usability as the hydrogen storage medium. The goal of 
the current study was to compute the fundamental thermodynamic 
quantities of the YZnMnH6 and YHgMnH6 in the form of entropy 
(S), internal energy (E), heat capacity with constant volume (Cv), 
and Helmholtz free energy (F), on a large-scale basis of temperature 
between 0 and 800 K, as described in Equations 20–23. This kind 
of analysis will be useful in understanding the thermodynamic 
response of the compounds in different thermal conditions [60].

S(T) = kB{∫
ℏω/kBT

exp (ℏω/kBT) − 1
F(ω)dω−∫F(ω) ln [1− exp (−ℏω/kBT)]dω}

(20)

CV(T) = kB∫
(ℏω/kBT)2 exp (ℏω/kBT)
[exp (ℏω/kBT) − 1]2

F(ω)dω (21)

E(T) = Etot +Ezp +∫
ℏω

exp (ℏω/kBT)
F(ω)dω (22)

F(T) = Etot +Ezp + kBT∫F(ω) ln [1− exp (−ℏω/kBT)]dω (23)

Where Ezp is the zero-point vibrational energy in term of F(ω) 
which is the phonon density of states, defined as in Equation 24:

Ezp =
1
2
∫F(ω)ℏωdω (24)

A basic thermodynamic quantity that characterizes a material 
system’s disorder is entropy (S). With increasing temperature, the 
thermal vibration of atoms and the lattice vibration increase, causing 
the level of disorder and the thermal energy stored in the system to 
increase [71]. The calculated results in Figures 8a, c demonstrate a 
typical thermodynamic trend of the growing values of entropy and 
energy with temperature for both compounds; it implies a higher 
level of structural and vibrational disorder, thermodynamically most 
favorable dehydrogenation, and also enables hydrogen desorption 
at high temperatures to take place. Among the current compounds, 
YZnMnH6 has the smallest entropy change, which means that it 
is the most ordered and has more degrees of freedom to store 
hydrogen and thus is more suitable for storing hydrogen. However, 
has the largest entropy variation, which means that it has the 

largest vibration disorder and, therefore, is the most likely to desorb 
hydrogen, particularly at higher temperatures [60].

In Figure 8b, the heat capacity (CV) dependence on temperature 
reveals important details about the lattice vibrational behavior. 
It is seen at low temperatures (0–600 K) to depend strongly on 
temperature and follow the expected T3 dependence of the Debye 
theory, and this reveals that low-frequency (acoustic) phonon modes 
are responsible for the heat capacity in this temperature regime. 
This is also typical of well-crystalline solids, for which the thermal 
excitations are dominated by low-frequency lattice vibrations. At 
higher temperatures (T > 600 K), the rate of increase of CV 
decreases and saturates at higher temperatures towards the expected 
Dulong-Petit limit (CV → 3R) as is common to well-behaved 
crystalline materials [72]. The Helmholtz free energy (F) shows a 
decreasing trend with temperature, which implies that the structures 
are stable at higher temperatures. This behavior is required for 
high-temperature applications, such as, hydrogen release, and 
demonstrates the stability of the hydrides at high temperatures. Free 
energy diagrams (Figure 8d) show that YHgMnH6 is more stable 
than YZnMnH6 as the effect of atomic vibrations increases since 
it has lower free energy at elevated temperatures. These findings 
demonstrate the thermodynamic stability of YXMnH6 (X = Hg, 
Zn) hydrides in the temperature range studied and give insight into 
hydrogen storage and release. 

3.6 Lattice dynamic stability

The phonon dispersion curve of perovskite hydrides YXMnH6
(X = Hg, Zn) was performed along (Γ, X, U, L, W) symmetry 
points of the Brillouin zone to understand how stable these materials 
are when atoms vibrate [73]. To investigate the dynamic and 
structural stability at absolute zero temperature, phonon dispersion 
calculations were done and are presented in Figure 9, where 27 
phonon modes, including 24 optical modes, and three acoustic 
modes, are displayed. The phonon spectra of the two YZnMnH6 and 
YHgMnH6 obtained do not have any imaginary frequencies (i.e., 
no frequencies below zero), which are found mostly in the lower 
acoustic branches, indicating that the two investigated materials are 
dynamically stable. The phonon dispersion curve revealed that the 
vibrational modes of H-atoms make up the high-frequency portion. 
The YZnMnH6 compound has the highest phonon frequency 
around 31 THz is particularly significant since it indicates that H-
metal bonds are stronger than those in YHgMnH6 compounds. 
This resolute connection can result to enhanced bond stiffness 
on hydrogen in the lattice crystal. In the case of the YHgMnH6
compound, the maximum frequency is approximately 27 THz, and 
the bonds between H and metal were weaker. It is advantage of the 
high-temperature stability. In addition, the Hg weighs considerably 
more than Zn, and as a result, the compound containing Hg is 
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FIGURE 8
The change in entropy, internal energy, heat capacity, and free energy with the temperature of YXMnH6 (X = Hg, Zn) hydrides. (a) Entropy (S) (b) Heat 
Capacity CV (c) Energy (E) (d) Free Energy (F).

FIGURE 9
Phonon dispersion curves of YXMnH6 (X = Hg, Zn) compound. (a) YHgMnH6 (b) YZnMnH6.

likely to show a few smaller phonon frequencies in the acoustic and 
low-optical spectrum than one in which it is replaced by Zn. This 
mass-dependent vibrational property is very essential in deciding 
the dynamical stability as well as the characteristics of hydrogen 
bonding of these materials.

The continuous transition between the acoustic and low-
frequency optical branches suggests a moderate coupling of 
acoustic–optical phonons, allowing the transfer of vibrational 
energy all over the lattice. Moreover, the high-frequency optical 
modes are mainly associated with hydrogen vibrations. These are 

dispersive, indicating finite coupling between hydrogen and the host 
lattice, and the absence of soft hydrogen-related modes confirms 
the dynamical stability of the hydrogen atoms, which could have a 
positive effect on the thermally activated hydrogen mobility in the 
host lattice. 

3.7 Molecular dynamics analysis

Ab initio molecular dynamics (AIMD) simulations were used 
to study the simulation of the dynamical behavior and thermal 
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FIGURE 10
Total energy fluctuation of perovskite compounds YXMnH6 (X = Hg, Zn) as a function of time estimated in AIMD simulations at 300K: (a) YHgMnH6 (b)
YZnMnH6.

stability of the perovskite hydrides YXMnH6 (X = Hg, Zn). To this 
end, YZnMnH6 and YHgMnH6 were simulated during a period 
of time of 5 ps at room temperature in order to investigate the 
changes in the total energy as a function of time [25], as shown in 
Figure 10. The overall dynamics of energy variations in YXMnH6
compounds under study remain steady and consistent over the 
entire period of simulation. For YZnMnH6, the equilibrium energies 
are limited to a range of −772.76 Ry to −772.73 Ry, whereas for 
YHgMnH6, they fall between −418.91 Ry and −418.89 Ry. The 
absence of thermal instability or structural collapse under limited 
temperature settings is suggested by these modest scale energy 
vibrations. This behavior is in line with the previous studies of 
comparable hydride systems, such as NaScFeH6 and KBaGaH6
[19, 48]. The small variations in energy fluctuations establish that 
both hydrides of YXMnH6 maintain their structural and dynamical 
stability at room temperature. This is one of the major requirements 
of the materials to be used in the hydrogen storage application 
since it guarantees them against thermal perturbation levels and 
helps in making them viable regarding the reversible and sustainable 
hydrogen absorption and desorption mechanisms [74]. Importantly, 
the host framework is maintained during the simulation trajectory, 
which confirms that the perovskite hydrides structure is reversible. 
It means that materials are able to survive the thermodynamic 
conditions of hydrogen cycling without irreversible decomposition 
into binary phases, proving their appropriateness for cyclic hydrogen 
storage applications.

3.8 Thermal stability and hydrogen storage 
properties

As a crucial metric for evaluating thermodynamic stability of 
YXMnH6 (X = Hg, and Zn), the formation enthalpy. Therefore, 
ΔH of YXMnH6 hydrides are defined as follows Equations 25, 26 
[69, 75]:

ΔH =∑Eproducts −∑Ereactants (25)

ΔH =
EYXMnH6

total − (E
Y
tot +EX

tot +EMn
tot + 3EH2

tot)

N
(26)

In the provided equation, Eproducts, Ereactants are the total energies 
of the products and reactants, respectively. EYXMnH6

total  donates the total 
energy of optimized compounds, whereas, EY

tot,E
X
tot,E

Mn
tot ,and EH2

tot
refers to the ground state energies of one Y, X, Mn atoms and 
the H2 molecules, respectively. The negative value of ΔH means 
that the studied materials form an exothermic formation reaction. 
This implies that the hydride itself is energetically more favorable 
and thermodynamically more stable than its decomposition into 
the individual elements or binary compounds [76]. The resulting 
negative formation energy for YHgMnH6 confirms that this phase is 
thermodynamically stable against decomposition into its constituent 
elements. A positive formation enthalpy (17.032 Ry/atom) indicates 
that YZnMnH6 is not the ground-state phase at 0 K with respect 
to decomposition into its elemental constituents. However, the 
absence of imaginary phonon modes and satisfaction of the Born 
stability criteria demonstrate that the structure is a metastable 
local minimum and could potentially be synthesized under suitable 
conditions. This framework is protected by a kinetic activation 
energy barrier that prevents spontaneous structural decomposition.

In addition to formation energies, the cohesive energies (ECo) 
is referred to as the energy to bind the constituent atoms for 
perovskites YXMnH6 (X = Hg, and Zn), are computed to determine 
structural stability by the relation (Equation 27) [77]:

EYXMnH6
Co =

(EY +EX +EMn + 3EH2
) −EYXMnH6

total

N
(27)

Where EYXMnH6
total  signifies total energy of the system and 

EY,EX,EMn,and EH2
 signifies the isolated atom energies. N 

represents the total number of atoms. A higher positive cohesive 
energy means that the material is more stable, and it has strong 
atom-to-atom bonds within the material [78]. From Table 5, it can 
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TABLE 5 Cohesive energies (ECo, Ry/atom) and decomposition energy 
(ΔHd, Ry/atom) for both pathway 1 and 2 of perovskites hydrides 
YXMnH6 (X = Hg, Zn).

ΔHd
ECo Compounds

Pathway 2 Pathway 1

0.0514 0.0386 0.191 YHgMnH6

−17.07 −16.90 −16.89 YZnMnH6

be seen that YHgMnH6 (0.191 Ry/atom) is structurally more stable 
than the structure YZnMnH6 (−16.89 Ry/atom).

Perovskite hydrides have recently been attracting significant 
interest in solid-state storage materials because of their high storage 
density and low latency. Therefore, it is important to measure 
the hydrogen storage capacity (Cwt%) of these materials, which is 
expressed in weight percentage (wt%) units [79]. It shows how much 
hydrogen may be held per unit weight of a certain substance. To 
evaluate the possible use of these materials for practical hydrogen 
storage, the hydrogen storage capacity (Cwt%) of the examined 
compounds YXMnH6 (X = Hg or Zn), and for the first time is 
determined using the following expression (Equation 28).

Cwt% = (
nH ×mH

mHost + nH ×mH
× 100)% (28)

The molar masses of the host compound (MYHgMn = 
344.433 g/mol and MYZnMn = 209.233 g/mol) are represented by 
mHost in this equation, whereas the molar masses of hydrogen 
(MH = 1.008 g/mol) are represented by mH. The number of 
hydrogen atoms per formula unit is indicated by nH. The gravimetric 
hydrogen storage capacities of the analyzed perovskites represent 
in Table 6 and compared to some typical hydride perovskites 
previously used for hydrogen storage. YZnMnH6 shows a better 
gravimetric hydrogen capacity of 2.81 wt%, higher than the 
gravimetric hydrogen capacities of CsBaGaH6 (1.75 wt%) [19], 
Ba2VH6 [80], NaScOsH6 (2.29 wt%) [50], KSrIrH6 (1.86 wt%) [26] 
and NaBaRhH6 (2.25 wt%) [48]. However, it is lower than some 
other hydride perovskite materials, such as NaSrCoH6 (3.44 wt%) 
[48], and NaCaCoH6 (4.72 wt%) [18]. This difference in gravimetric 
hydrogen storage capacity is explained by the effect of the A- and 
B-site atoms in the hydride perovskite structure, mainly due to the 
difference in their molar mass.

It is important to evaluate the volumetric storage of YHgMnH6
and YZnMnH6, which strongly correlates with the unit cell volume 
of the material and refers to the amount of hydrogen stored in a given 
volume. Thus, the hydrogen storage capacity of our compounds 
can be calculated via volume as given in Table 6 according to the 
Equation 29 [77]:

ρvol =
NH.mH

V(L).NA
(29)

In which NH is the number of absorbed H atoms, V(L) is the 
unit cell volume in liters, and NA is Avogadro’s number (NA = 6.022 
×1023 mol−1). As listed in Table 6, the calculated ρvol values for 
YHgMnH6 and YZnMnH6 are 124.31 g H2/L and 136.57 g H2/L, 

TABLE 6 H2 storage properties (Cwt%, wt%), ρvol, g. H2/L), the formation 
energy (ΔH f , Ry/atom) and desorption temperature (Tdes, K) of 
perovskites hydrides YXMnH6 (X = Hg, Zn) compared to previous 
theorical studies.

References Tdes ΔH f ρvol Cwt% Compounds

This work 824.44 −0.0821 124.31 1.73 YHgMnH6

This work _ 17.032 136.57 2.81 YZnMnH6

19 577.05 −0.1242 _ 1.75 CsBaGaH6

75 130.6 −0.0014 125.0 9.41 LiMgAlH6

80 206.2 −0.0204 _ 1.82 Ba2VH6

69 816.09 0.0404 132.88 2.81 Li2PtH6

85 804.712 −0.0801 125 2.68 LiRhH3

respectively. The higher capacity YZnMnH6 is due to the smaller 
lattice volume and higher packing density. The larger atomic radius 
and molar mass of Hg compared to Zn increases the unit cell size, 
which decreases the ratio of hydrogen to volume. Interestingly, both 
compounds exceed the U.S. Department of Energy (DOE) target 
value of 40 g/L [81]. While the small gravimetric capacities of the 
two compounds, 1.73 wt% and 2.81 wt%, respectively, are significant 
constraints on their usefulness for onboard use in a vehicle, these 
outstanding materials have high volumetric packing efficiency 
because they have compact crystal lattices. The high volumetric 
storage capacity of YXMnH6 presents a promising opportunity in 
stationary energy applications to overcome gravimetric challenges 
by storing the maximum amount of hydrogen in a given volume and 
maximizing the system’s space utilization.

Decomposition energy (ΔHd) of the materials YXMnH6 (X = 
Hg, and Zn) was studied to suggest alternative synthesis of the 
materials. Two main decomposition pathways were simulated 
to assess stability, which represents decomposition to binary 
halides, and the individual elements. The decomposition equations 
corresponding are written as:

Pathway 1:ΔHd = YH2 +X+Mn+ 2H2 −YXMnH6

Pathway 2:ΔHd = YH2 +XMn+ 2H2 −YXMnH6

The calculated energies of the decomposition reactions for 
both paths are shown in Table 5. A positive ΔHd indicates that 
the target compound to be formed is energetically more stable 
than the products of the decomposition reaction [82]. As shown, 
YHgMnH6 compound exhibit positive decomposition energies 
0.0386 Ry/atom (Pathway 1) and 0.0514 Ry/atom (Pathway 2). While 
YZnMnH6 shows negative values. The results obtained definitely 
indicate that the YHgMnH6 compounds are thermodynamically 
stable compared to YZnMnH6 and not prone to decomposing into 
these competitive phases.

Lastly, the desorption temperature (Tdes) is crucial to 
calculate an amount of temperature that is desirable to eject the 
stored hydrogen from the material surface [83]. The desorption 
temperature of YHgMnH6 and YZnMnH6 is calculated in the 
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Equation 30 [84]:

Tdes = |
ΔH
ΔS
| (30)

In which ΔH is related to the enthalpy change obtained by using 
Equation 26, and ΔS is the entropy change for hydrogen desorption, 
a typical value of ΔS is taken to be 130.7 J/mol.K [25]. The desorption 
temperatures shown in Table 6 indicate that YHgMnH6 has a value 
of 824.44 K, whereas YZnMnH6 is unfeasible for owning positive 
ΔH. However, Tdes value adjusted by controlling the doping level 
and strain for making our compound suitable for hydrogen storage 
applications [85]. 

4 Conclusion

This study investigates, for the first time, the electronic, optical, 
structural, mechanical, and thermodynamic characteristics of the 
complex hydrides YXMnH6 (X = Hg, Zn) for H2 storage applications 
using first-principles calculations based on density functional 
theory (DFT). WIEN2k and Quantum ESPRESSO (QE) simulation 
packages were performed for computations. The results confirm 
that all compounds crystallize cubically. The indirect-bandgap 
semiconducting behavior of YHgMnH6 and YZnMnH6 compounds 
has also been validated by electronic band structure investigation, 
utilizing both GGA-PBE and mBJ-GGA functionals. The obtained 
elastic constants ensure the mechanical stability of the compounds, 
since they satisfy the Born criteria. The calculated B/G and Poisson’s 
ratios of YZnMnH6 show brittle behavior. However, YHgMnH6 is 
also classified as brittle, and the fact that it comes close to the 
ductile-brittle boundary (1.75) suggests a slight departure from 
the deformation characteristics. Further, the presence of elastic 
anisotropy implies that there are significant differences in the 
mechanical properties along different crystallographic directions. 
The optical study, including the complex dielectric function and 
the absorption coefficient, reveals that YHgMnH6 has a better 
optical response in the UV region. These peaks in absorption 
and reflectivity in the strong UV response suggest the potential 
for integrated optoelectronic devices. Interestingly, the calculated 
volumetric and gravimetric hydrogen storage capacities are 124.31 g 
H2/L (1.73 wt%) for YHgMnH6 and 136.57 g H2/L (2.81 wt%) 
for YZnMnH6. It must be noted that, although the Mercury-
based hydrides have excellent structure and electronic properties 
as hydrogen storage systems, their use is practically limited by the 
high toxicity and environmental hazards of Mercury. Thus, our 
results point to the theoretical potential of these materials, however, 
any future experimental synthesis should take care to follow safety 
precautions or to explore less toxic materials with the same structure 
framework. Our research provides vide a critical benchmark for 
this type of hydride, suggesting that further substitution with 
lighter elements (for example, Li or Na) could significantly enhance 
hydrogen storage while maintaining structural integrity as observed 
in this study.

In order to continue, our future work will focus on the synthesis 
and experimental confirmation of these compounds, likely via high-
pressure or mechanochemical processes. To fully assess energy 
efficiency, further computational work is required to estimate 

hydrogen desorption enthalpy and explore catalytic doping to 
accelerate sorption kinetics. Overall, this study not only introduces 
a novel class of high-performance hydrogen storage materials, but 
it also offers a comprehensive roadmap for advancing generation of 
sustainable energy.
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