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Abstract

This paper is based on the BoltzTrap package implemented in the Wien2k code to theoreti-
cally analyze and predict the structural, electronic, thermoelectric, and hydrogen storage
properties of MgXHj hydride perovskites (X = Cr, Mn, Fe, Co, Ni, and Cu). The study
explores the dual functional potential of these compounds, highlighting how their hydro-
gen storage capability relates to their temperature-dependent thermoelectric performance.
Analysis of band structures and densities of electronic states (DOS) reveals that all the
compounds studied exhibit metallic behavior, characterized by an overlap between the
valence band and the conduction band, indicating a zero electronic gap. Thermal properties
show great variability depending on the transition metal involved. In particular, electrical
conductivity and thermal conductivity evolve differently with temperature, directly influ-
encing the figure of merit (Zt) of thermoelectric materials. The results suggest that although
most MgXHj3 compounds are not promising candidates for thermoelectric applications
due to their high thermal conductivity and low density of states near the Er, MgNiH3 and
MgCuH; stand out with attractive thermoelectric potential. These properties make them
attractive for energy conversion, waste heat recovery and solid-state cooling applications.
This theoretical study highlights the potential of magnesium-based perovskite hydrides in
energy conversion technologies, including thermoelectricity and hydrogen storage.

Keywords: BoltzTrap; electrical conductivity; MgXHj perovskite hydrides; thermal
conductivity; Seebeck coefficient

1. Introduction

The hydrogen energy chain encompasses production, storage, and transportation
processes, making it a key component of future sustainable energy systems. However,
hydrogen storage remains a major challenge [1,2], requiring significant technological ad-
vances before widespread adoption is possible [3,4]. Growing energy demand, mainly
due to population growth and industrialization, has led to excessive consumption of fossil
fuels. This increased dependence has led to a critical rise in carbon dioxide levels, exac-
erbating global warming and other environmental problems. To meet these challenges,
various alternative energy sources, including hydrogen, wind, nuclear and solar power,
are being explored to reduce dependence on fossil fuels and mitigate their environmental
impacts [5-7].
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The enhancement of natural resources and the increase in gas emissions create a
warming effect, which accelerates climate change. To remedy this, the importance of green
energies is emphasized, especially green hydrogen, which is produced by electrolysis
of water with the help of renewable energies. Thus, a historical and technical overview
of hydrogen has been provided, where current production methods are explored [8].
Nevertheless, hydrogen storage and transportation remain major obstacles to its large-scale
integration into the energy mix [7,9,10]. Due to its CO;-emission-free production, high
energy efficiency, and abundance in the environment, hydrogen is attracting growing
interest as a clean and sustainable energy carrier [11-13].

Solid-state hydrogen storage represents a promising approach thanks to its high capac-
ity, reversibility and relatively affordable cost, notably using magnesium hydrides [1,14].
However, its practical application is limited by technical challenges such as slow reaction
kinetics and high operating temperatures [3,14]. Consequently, optimizing the performance
of magnesium hydrides remains a key objective of ongoing research [15]. Although it some-
times comes at the expense of storage capacity, the inclusion of transition metal dopants
has been investigated to enhance hydrogen absorption and desorption rates [16].

In this context, DFT is emerging as the tool of choice for studying the electronic
and structural properties of hydrogen storage [17-21]. This quantum simulation approach
makes it possible to accurately describe the ground state of N-body systems, whether atoms,
molecules or condensed phases, using functionals adapted to the electron density [22-24].
Thanks to advances in computational methods and improvements in the approximations
used, DFT is now an indispensable tool in theoretical chemistry and materials science,
despite certain intrinsic limitations [25-28].

The aim of this study is to highlight the growing interest in perovskite-type hydrides as
hydrogen storage materials, highlighting their remarkable properties and their potential in
the development of new energy solutions [29,30]. Experimental work has already explored
the use of NaMgH3 hydrides for reversible hydration and dehydration processes [31]. In
addition, studies have been carried out on the synthesis of NaMgH3 and KMgH3 at high
pressure and high temperature to assess their stability and storage capacity [32]. Other
compositions such as KCuHj3, SrPdHj3, CaNiHj3, CaCoHj3, MgCuH3, MgCoHjs, MgFeH3,
MgCrHj3, LiFeH3 and LiCuH3 have also been examined for their potential in hydrogen
storage [33-36]. In addition, we have selected several alkali and alkaline earth hydrides,
including NaMnH3s, CsCaHj3, RbCaHj3, KCaHj3, KMgHj3, CsMgH3, BaLiH3 and SrLiH3,
which have been the subject of recent investigations [37,38].

Using DFT we have explored the electronic and thermoelectric nature of MgXHj3
(X =Cr, Mn, Fe, Co, Ni, and Cu) in this study. The next sections describe the computational
methodology used, show the results that we obtained, and discuss them. In addition,
this study has also employed the BoltzTraP code, integrated into the DFT calculations, to
explore the temperature dependence of the thermoelectric properties, a crucial parameter
to evaluate their performance as hydrogen storage materials.

Therefore, this work aims to provide a comprehensive theoretical understanding of
MgXHj; perovskite hydrides by jointly evaluating their hydrogen storage characteristics
and thermoelectric behavior. These two aspects are interrelated, as the hydrogen con-
tent and electronic structure directly influence the transport and energetic performance
of these materials. Such a dual approach allows identifying promising multifunctional
hydrides that could serve both as hydrogen storage media and as components in energy
conversion systems.
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2. Calculation Method

GGA was applied in this study to theoretically analyze the hydrogen storage capacity
and the structural, electronic and thermoelectric properties of MgXHj3 (where X can be
Cr, Mn, Fe, Co, Ni and Cu). These analyses were done in the context of DFT, which
allows for the interaction and correlation effects of these systems to be well defined. The
Wien2k code was used to perform the computations, based on the FP-LAPW method. To
explore thermoelectric properties, the Seebeck coefficient and electronic conductivity as
a function of temperature were measured using the BoltzTraP module [39]. Structural
optimization was performed using the “Birch-Murnaghan equation of stat (EOS)”, ensuring
optimal convergence of crystal parameters. Calculation accuracy was ensured by setting
the convergence tolerance of the self-consistent field (SCF) to 10~ e for charge and 1073 Ry
for total energy. In addition, the Brillouin zone was sampled with a high k-point density
(1000 points), adopting octahedral integration to ensure a fine description of the system’s
electronic properties.

3. Interpretation of Results
3.1. Structural Properties

A well-defined crystallographic arrangement characterizes the fundamental structure
of the hydride perovskite MgXH3. Magnesium atoms (Mg) occupy the elemental lattice
vertices in (0, 0, 0), while X transition atoms are positioned in the center of the lattice in
(1/2,1/2,1/2). (H) is located at face centers, with specific coordinates (0, 1/2,1/2), (1/2,0,
1/2)and (1/2,1/2,0) [40,41].

The crystal structure of perovskite-type hydrides adopts cubic symmetry with space
group (no. 221). The lattice parameter of MgXH3, presented in Table 1, validates the
accuracy of the calculations and the consistency of the data obtained. This crystallographic
configuration is in agreement with structures reported in the literature, as illustrated
in Figure 1.

Table 1. Experimental, theoretical, and optimized lattice parameters (ap = by = ¢y, in A) of MgXHj
(X =Cr, Mn, Fe, Co, Ni, Cu) perovskite hydrides.

Parameter (ag = bg = ¢p)

Exp. Values ( A Theoretical Values Lattice Parameters

(A) Optimize (A)
MgCrH 3.45 [41] 3.4590 [41] 3.3807
MgMnHs 3.34 [41] 3.3485 [41] 33199
MgFeH; 3.02 [41] 3.0284 [41] 3.2958
MgCoHj 331 [42] 3.278 [43] 3.2997
MgNiH; 3.32 [44] 3.370 [42] 3.3572
MgCuH; 3.32 [44] 3.456 [45] 3.4817

Geometric optimization is a crucial step in determining the fundamental properties
of MgXHj3. The main objective is to minimize the total energy of the system as a function
of geometrical parameters, including elemental mesh volume and c¢/a ratio, to obtain the
most stable thermodynamic equilibrium configuration. This procedure is carried out in
two phases. First, the internal forces acting on the atoms within the unit cell are calculated
and successively reduced until they reach a negligible value, thus guaranteeing a stable
mechanical state. Next, the total energy of the system is evaluated for different values
of volume and c/a ratio to plot the energy—volume curve. The latter enables structural
stability to be examined and the fundamental parameters of the compound to be extracted.
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Figure 1. Structure of MgXH3 (X = Cr, Mn, Fe, Co, Ni, and Cu).

The energy—volume relationship is fitted using the EOS, an approach widely used to
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where Ej represents the minimum energy corresponding to equilibrium volume Vy, By is
the modulus of compressibility and By’ is its derivative to pressure. The corresponding
results are presented in Table 2.

model the compressible behavior of solids [46—48]:
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Table 2. Calculated optimized parameters ag, V, E, B and B’ of MgXHj3 (X = Cr, Mn, Fe, Co, Ni, Cu).

Lattice Total Bulk Pressure
Parameters Volume V ..

Compound Optimize (A3) Energy E Modulus Derivative

P (Ry) B (GPa) B’
(A)

MgCrH3 3.3807 38.67 —2505.93726 110.3063 3.8117
MgMnH3 3.3199 36.58 —2721.18708 119.2684 3.6840
MgFeH3 3.2958 35.78 —2949.82054 123.0484 5.0208
MgCoH3 3.2997 35.93 —3191.19469 121.1560 42163
MgNiH3 3.3572 37.68 —3445.89536 113.8785 42121
MgCuH3 3.4817 42.20 —3714.17848 84.6760 4.0962

The variation in total energy as a function of volume allows us to identify the point
of convergence corresponding to the fundamental state of the system, as illustrated
in Figure 2.

Analysis of the total energy convergence point enables us to determine the optimum
internal parameters for each MgXHj3 [49]. A series of optimization tests is carried out to
refine the values of the lattice constants, which are then compared with experimental results
and previous theoretical studies (see Table 1). The consistency of these values confirms the
reliability of the density functional theory (DFT) calculations. The optimization parame-
ters obtained form an essential basis for studying the electronic properties of perovskite
hydrides. Indeed, a precise description of the crystal structure enables detailed electronic
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calculations, including analysis of the density of electronic states and the dispersion of
energy bands. These results offer fundamental insights into the optical and electronic
properties of the material, paving the way for potential applications in hydrogen storage
and conversion.
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Figure 2. Variation of total energy for: (a) MgCrHj3, (b) MgMnH3, (c) MgFeH3, (d) MgCoHjs,
(e) MgNiHj3 and (f) MgCuH3.

Using the equation presented in Equation (2), the gravimetric hydrogen storage ca-
pacity of MgXHs; (X = Cr, Mn, Fe, Co, Ni, and Cu) perovskites was evaluated to determine
their suitability for hydrogen storage applications. The gravimetric ratio (Cwt%) represents
the amount of hydrogen stored relative to the total mass of the host perovskite material.
This value is calculated as follows [50]:

H
MMH

S (H)mH x 100 | % )

Cw% =

In Equation (2), H/M denotes the hydrogen-to-host-atom ratio, my, represents the
molar mass of hydrogen, and My, refers to the molar mass of the host material. The
computed Cwt% values, which reflect the gravimetric hydrogen storage capacities of the
MgXHj; compounds, are summarized in Table 3.
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Table 3. The gravimetric and total energy values associated with the elements.
Element Atomic Number Gravimetric (Cwt%)  Total Energy E (Ry)
Cr 24 5.378 —2505.93726
Mn 25 5.111 —2721.18708
Fe 26 5.034 —2949.82054
Co 27 4.788 —3191.19469
Ni 28 4.607 —3445.89536
Cu 29 4.462 —3714.17848

Analysis of the data in Table 3 and Figure 3 highlights a clear trend: as the atomic
number of element X in MgXH3 increases, both the gravimetric capacity and the total
energy systematically decrease. This development can be attributed to the increase in
atomic size and volume occupied by the transition element X, leading to a decrease in the
mass-to-volume ratio and modifying the energetic stability of the crystal structure [51,52].

— —2400
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—s— Totale energy (Ry) L —2600
o 327 L —2800
c\
T )
>
5 50 - 3000 &
o B8
§= y g
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g5 =
46
L —3600
444 L —3800
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Atomic number

Figure 3. Gravimetric and Total energy of MgXHj.

Our calculated gravimetric hydrogen capacities for the MgXHs series (5.37 wt% for
MgCrHjz down to 4.46 wt% for MgCuH3) place these perovskite hydrides below the
capacity of bulk MgH, (7.6 wt%), but within the range reported for other perovskite-type
hydrides in the literature. MgH, remains the benchmark for maximum gravimetric density
(~7.6 wt%) [53]. Studies on MgXH;3-type perovskites report gravimetric values typically
around 3.3-3.7 wt% for Ni/Cu/Co variants, so our values (4.46-5.37 wt%) are comparable
or slightly higher depending on the precise composition and calculation conventions
used [40].

In our study, we observed that the element Cr (atomic number 24) has a gravimetric
capacity of 5.37% and a total energy of —2505.9436 Ry. Moving on to Mn (atomic number
25), the gravimetric capacity decreases to 5.11%, and total energy becomes more negative
with a value of —2721.50432 Ry. This trend continues for the elements Fe (atomic number
26, and —2949.8248 Ry), Co (atomic number 27, 4.78% and —3191.19476 Ry), Ni (atomic
number 28, 4.60% and —3445.8954 Ry), and finally Cu (atomic number 29, 4.46% and
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total energy —3714.17806 Ry). These results are in line with the fundamental principles of
materials physics and quantum chemistry. Indeed, the energy required to form a cation
from a neutral atom is influenced by several interdependent factors. These include atomic
size (atomic radius), effective nuclear charge, and more complex quantum effects such as
electronic shielding and d-orbital stabilization [54-56].

An increase in atomic number leads to an expansion of the electron cloud, which
reduces the local electron density and alters the strength of chemical bonds in the MgXHj3
lattice. This results in a gradual decrease in gravimetric capacity and increased stabilization
of the structure, as evidenced by lower total energy E values. Another consequence
of this trend is its impact on the mechanical properties of the compounds studied. It
appears that MgCrHs is the most ductile material among the perovskite hydrides studied,
while MgCuHj3; exhibits greater rigidity. This observation correlates with variations in
interatomic interactions and resistance to structural deformation induced by the valence
orbital arrangement of transition metals. As such, these results provide valuable insights
into materials engineering for specific applications, notably in hydrogen storage and energy
devices. A thorough understanding of the relationships between electronic structure,
thermal stability, and mechanical properties is essential to optimize the design of new
functional materials based on hydride perovskites.

The volumetric and Mg-H distances for magnesium and hydrogen in MgXHj are
numerical values given in Table 4. This data allows for the study of the interdependence of
the chemical characteristics of the transition element X and the structural features of the
associated perovskite hydrides.

Table 4. Values of volume and distance between Mg-H associated with elements.

Element Atomic Number Volume (A3) Distance (A)
Cr 24 38.67 3.38
Mn 25 36.58 3.32
Fe 26 35.78 3.29
Co 27 35.93 3.30
Ni 28 37.68 3.36
Cu 29 42.20 3.48

The distance between Mg and H changes with the atomic number of the transition
element. For Cr to Fe, this distance generally decreases, then Co and Ni show more gradual
increases, and a much more rapid increase is seen in Cu. At the same time, atomic volume
shows a progressive decrease from Cr to Fe, followed by a slight rise for Co, and a dramatic
increase for Ni and Cu. Multiple physical and chemical reasons cause the changes in Mg-H
distances in perovskite hydrides. The atomic radius and electron density have the greatest
contribution. The reduction in effective nuclear charge due to the increasing degree of
contraction of d-orbitals from Cr to Fe leads to these distances being reduced. On the
opposite side, for Ni and Cu, filling of d-orbitals results in expansion of atomic volume and
an increase in interatomic distances. Moreover, the relevant bond ionicity and covalency of
the transition elements also impact the charge distribution as well as the electronegativity
and electron affinity, which changes the strength of Mg-H bonds and, as a result, their
hydride stability. For Cu, larger Mg-H distances, which indicate lower structural stability,
are generally observed, whereas a more stable and compact structure is seen in the case of
Fe and Co, which explains why minimal distances are set for these two elements.

Figure 4 summarizes these trends by showing the relation of atomic numbers of the
transition elements to their atomic volumes and Mg-H distances. This plot shows a general
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trend of contracting distances up to iron, followed by expansion for nickel and copper.
The results discussed above yield an essential understanding of the observed variations in
density and stability of perovskite hydrides and are indicative of their possible applications
in advanced energy devices and hydrogen storage. Therefore, the analyses indicate that
the structural and electronic properties of MgXHj perovskite hydrides with the X variable
in the position of the transition element X are a profound type within this range. Hence,
grasping these asymmetries of structure is crucial for further developing innovative energy
technologies and intelligent materials.

43 T ’ T ’ T ’ T ’ T ’ T 3.50
1 —u— Volume
42 1 —u— Distance Mg-H
41 4 - 3.45
—_
40 - =z
S =
en
< L340 dp
S 39 - =
§ 54
S 384 5
> " 335 2
a
37 4
36 \ .
— - 3.30
l/
35 T T T T T T T

Atomic number
Figure 4. Volume and distance Mg-H for MgXHj.

3.2. Electronic Properties

The electronic band structures of MgXHj; magnesium hydrides are shown in Figure 5.
A detailed analysis of these structures reveals an overlap between the conduction and
valence bands, characteristic of pronounced metallic behavior for all the compounds stud-
ied [57]. This phenomenon is directly linked to the electronic stability of the hydrides,
indicating a progressive decrease in their structural stability, resulting in a shift in elec-
tronic states towards the conduction bands [58]. This trend, observed through theoretical
calculations, is in agreement with experimental results reported in the literature [59]. A
detailed analysis of the atomic contributions to the electronic structure of MgXHj3; makes it
possible to identify the role of each element in the formation of conduction and valence
bands. Examination of Figure 5a reveals that MgCrHj exhibits notable contributions from
Cr and hydrogen in the conduction band, while magnesium plays a prominent role in the
valence band. Similarly, Figure 5b shows that manganese (Mn) is the main contributor to
the conduction band in MgMnH3, strongly influencing the compound’s electronic prop-
erties. In the case of MgFeHj3, shown in Figure 5c, a significant contribution from iron
and hydrogen is observed in the conduction band, while magnesium remains dominant
in the valence band. Figure 5d illustrates that in MgCoH3, cobalt plays an essential role
in the conduction band. A similar evolution is observed for MgNiH3, where nickel and
hydrogen contribute strongly to the conduction band, while magnesium still dominates
the valence band, as shown in Figure 5e. Finally, Figure 5f highlights that in MgCuHj,
copper and hydrogen actively participate in the conduction band, while magnesium retains
a marked influence on the valence band [60-62]. These results underline a general trend
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in which magnesium remains a key player in the valence band, while transition atoms
(Cr, Mn, Fe, Co, Ni, Cu) and hydrogen are predominantly involved in the conduction
band [63]. This electronic distribution directly influences the metallic properties of the
compounds and can be correlated with their stability and potential applications in catalysis
and hydrogen storage.
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Figure 5. Band structures of (a) MgCrHj, (b) MgMnHy3, (c) MgFeH3, (d) MgCoHj3, (e) MgNiH; and
(f) MgCuHs.

The DOS analysis of Figure 6 aims to better understand the distribution of electronic
states and to identify the specific contributions of atomic orbitals to the formation of
conduction and valence bands. Figure 6 illustrates these results, highlighting the major
influence of the Mg-s and H-s orbitals on the conduction band. The progressive evolu-
tion of intensity peaks towards higher energy levels indicates a decrease in the material’s
electronic stability [57,58,64]. To ensure a complete representation, an energy range from
—10 to 7 eV was used for both TDOS and PDOS calculations. The PDOS study for MgCrHs
(Figure 6a) reveals that the Cr-d and H-s orbitals play a dominant role in the conduc-
tion band. Chromium’s contribution to the density of electronic states manifests itself
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mainly near the Eg, highlighting its impact on the material’s conductivity. For MgMnHj3
(Figure 6b), a strong contribution from Mn-d orbitals is observed in the conduction band.
This interaction between manganese and hydrogen modifies the electronic distribution and
could influence the structural stability of the compound. Regarding MgFeH; (Figure 6¢),
the conduction band is dominated by Fe-d and H-s orbitals, whereas the Mg-s states are
predominantly confined to the valence band. This electronic distribution is important in
understanding charge transport mechanisms and cohesion of the material. Examination of
MgCoHs (Figure 6d) reveals a non-zero density of states at EF, which verifies the metallic
character of the compound. The most important electronic interactions are attributed to
H-s, Co-d, and Mg-s, which may be relevant for the material’s electrochemical properties.
Similarly to MgNiH; (Figure 6e), the non-zero PDOS at the EF suggests the existence of
a metallic behavior. The strong interaction between Ni-d and H-s orbitals indicates the
electronic coupling between nickel and hydrogen, which affects the stability and transport
properties of the material. Ultimately, MgCuHj3 (Figure 6f) has an electronic structure with
Cu-d and H-s dominantly contributing within the conduction band, while Mg-s states are
mostly confined in the valence band. This electronic configuration may rationalize the
pronounced tendency to lower the structural stability of this compound. Overall, these
results confirm that all the hydrides studied possess a metallic character, as indicated by
the non-zero PDOS at Ep.

The distribution of electronic states, influenced by transition metal and hydrogen
orbitals, plays a key role in the stability and electronic properties of these materials. These
observations point the way to the optimization of perovskite hydrides for specific applica-
tions, notably in conductive and catalytic materials.

The metallic behavior predicted for all MgXHj3; compounds aligns with previous
theoretical studies, although experimental verification remains limited. It is expected that
synthesis conditions, point defects, or external pressure could slightly modify the band
structure and induce semimetallic or narrow-gap characteristics.

3.3. Thermal Properties

The electronic band structure significantly affects how electron transport properties
behave and is computed using stiff band theory and semi-classical Boltzmann transport
theory as implemented in the Boltz-Trap package. For renewable energy systems, where
thermal energy is frequently wasted in various energy-consuming processes, materials like
MgXH3 are essential [65]. We found that MgXH3 exhibits significant thermoelectric proper-
ties based on power factor (PF), merit factor (Zt), electrical conductivity (o), and thermal
conductivity (k). The thermally activated flow of free charge carriers has received relatively
little attention in the existing literature. However, as in most materials, several factors
may influence the electrical conductivity of MgXHj3 compounds. Variations in chemical
composition across the sample, differences in crystal orientation, and the presence of defects
or impurities can all affect charge transport behavior. Furthermore, since these parameters
can strongly impact the electronic properties, the temperature and pressure conditions
under which MgXHj is evaluated are also expected to influence its electrical conductivity.
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Figure 6. TDOS and PDOS: (a) MgCrHj, (b) MgMnH3, (c¢) MgFeH3, (d) MgCoHj3, (e) MgNiH3 and

(f) MgCuH3;.

The electrical conductivity (o) of MgXH3 as a function of temperature is presented in

Figure 7. The results reveal contrasting trends depending on the nature of the transition

metal. Specifically, the conductivity of MgNiHj3 and MgCuHj; decreases with increasing

temperature, whereas for MgCrHj3, MgMnH3s, MgFeH3, and MgCoHj3, o increases gradually

up to 900 K. At this temperature, the corresponding conductivity values are 2.50 x 10°,
1.40 x 10°, 7.40 x 10°, 7.44 x 10°, 7.50 x 10°, and 7.52 x 10° (1/(Q2-m)) for MgNiHj3,
MgCuHj3, MgCrH3, MgMnHj3, MgFeHj3, and MgCoHs3, respectively. These results indicate
that the type of transition metal plays a key role in determining the electrical response of

the material with temperature.
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Figure 7. Electrical Conductivity of MgXH3.

For MgNiH; and MgCuHj;, the highest conductivity values, 3.45 x 10° and
1.53 x 10° (1/(Q)-m)), respectively, are observed at 300 K. The contrasting high-temperature
behavior observed for MgCrH3z, MgMnHj3, MgFeH3, and MgCoH3 can be attributed to
thermally activated carrier generation and enhanced carrier mobility with temperature.
In these compounds, thermal excitation increases the number of free carriers and facil-
itates charge transport, resulting in semiconductor-like behavior. Conversely, MgNiH3
and MgCuH3; exhibit metallic characteristics, where increasing temperature leads to en-
hanced electron—phonon scattering and thus reduced carrier mobility, consistent with the
conventional temperature dependence of electrical resistivity in metals and metallic alloys.
Hence, this makes MgNiHj suitable as the most outstanding conducting agent needed
for applications that require conduction at room temperature. In its turn, one could say
MgCuHy3 is less competent but also effective. The variants of MgCrHjz, MgMnH3, MgFeH3,
and MgCoHj that increase in conductivity with temperature can be applied in devices
needing electronic performance at elevated temperatures. These results strongly support
electronic structure and electron-phonon interactions in defining the electrical properties of
transition metal-doped magnesium hydrides.

In Figure 8, the thermal conductivity (x) of MgXH3 is plotted. An increase in x with
temperature is observed, reaching maximum values of 1.51 x 10, 1.505 x 10, 1.508 x 10,
1.512 x 10, 5.65 x 10, and 2.25 x 10 W/(K-m) for MgCrH3, MgMnH3, MgFeH;, MgCoH3,
MgNiHj3;, and MgCuHj3, respectively, corresponding to 900 K. The rate of heat transfer
differs significantly between the compounds. Of all the hydrides studied, MgCrHj3 exhibits
the lowest (x), suggesting that there is less capability for heat transfer in this material.
MgNiHj has, on the contrary, the highest k, which indicates that this material is most
efficient in heat transport. The contrast in « is related to the different overall electronic and
phononic interactions that govern heat propagation in the crystal lattice. The (k) in these
materials is predominantly dependent on the vibrations of free electrons and phonons
inherent to the compound structure. When the temperature rises, molecular vibrations
and phonon interaction become more intense, thus contributing to an enhancement of
k. Therefore, the linear rise observed is because of the maximum thermal excitation of
heat carriers within the crystal lattice. In conclusion, the study of MgXHj; hydrides shows
different thermal behavior with transition metals. MgNiH3, with high (x), may find its
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way into applications requiring efficient heat demolition, while MgCrHj3 with its low
electrical conductivity, may be utilized as a thermal insulator. These findings highlight the
importance of selecting materials for buildings based on thermal management requirements
in various technological devices.
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| —<«— MgCuHj;
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Figure 8. Thermal Conductivity of MgXH3.

The Seebeck coefficient, thermal conductivity, and electrical resistivity are the factors
that determine the dimensionless merit factor (Zt) of thermoelectric materials, which exploit
temperature gradients to produce energy [66]. The following formula explains the merit
factor (Zt):

The dimensionless thermoelectric figure of merit (Zt) is a key indicator of the per-
formance of thermoelectric materials, which exploit temperature gradients to generate
energy [65]. This factor is determined by three essential parameters: (S), (k) and (o). The
mathematical relationship that describes Zt is given by the following equation [66]:

os’T
K

7t = 3)
A material with high electrical conductivity, low thermal conductivity and a large
Seebeck coefficient is more efficient for thermoelectric conversion, as it maximizes the
potential difference induced by the thermal gradient. The evolution of Zt as a function of
temperature is shown in Figure 9. Analysis of the results shows that, although Zt increases
overall with temperature, it remains relatively low in all the compounds studied. This
limitation is mainly attributed to the high thermal conductivity and suboptimal electrical
behavior, characterized by a low density of electronic states at the Er in the MgXH3.
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Figure 9. Merit factor of MgXH3.

Examining the specific trends, we observe a divergence in behavior between the
different compounds. For MgCrHz, MgMnH3, and MgCoHj3, Zt decreases with increasing
temperature, suggesting a progressive degradation of their thermoelectric properties at
high temperatures. In contrast, MgFeH3, MgNiH3, and MgCuHj3 show an increase in
Zt with temperature, reaching maximum values of 0.1, 0.115, 0.08, 0.12, 0.05, and 0.03,
respectively, at 900 K. These results indicate that electronic and phononic interactions
vary considerably depending on the transition metal involved in the MgXHj structure.
Furthermore, for MgMnHj3, MgCoHj3, and MgCrHj, values of Zt were recorded at low
temperatures (300 K), reaching 0.26, 0.117, and 0.098, respectively. This indicates that these
materials are possibly suited for thermoelectric applications at low temperatures, while
MgFeH;3;, MgNiH3, and MgCuHj perform better at high temperatures. Although the Zt
values of MgNiH3; and MgCuHj3 (0.12 and 0.05 at 900 K) remain below those of benchmark
thermoelectrics such as BiyTe; and SnSe (typically ZT = 1) [67,68], these hydrides present a
notable multifunctional potential combining hydrogen storage and moderate thermoelectric
response. Further optimization with techniques such as doping or defect engineering could
thus lead to improvements in their thermoelectric performance, through decreased thermal
conductivity and tuning of electronic structure.

The efficiency of materials for thermoelectric devices is generally evaluated by the
power factor (PF), which depends directly on the electrical conductivity (o) and the Seebeck
coefficient (S) according to the following equation:

Power factor (PF) = ¢S? 4)

A high-power factor is sought after, particularly for high-temperature applications
where the exploitation of thermal gradients is essential for power generation. In this
context, a material with a power factor greater than unity is considered promising for
thermoelectric devices [65]. Figure 10 presents a graphical representation of the power
factor (PF). It is observed that while the PF of MgCrHs, MgMnH3; and MgCoHj3 decreases
with increasing temperature, that of MgFeH3, MgNiH3 and MgCuHj3 increases. At 900 K,
these compounds reach values of 1.62 x 1073, 1.57 x 1073, 1.55 x 1073, 1.5 x 1073,
1.9 x 1073 and 2.5 x 10~* W/(K?.m), respectively. While MgFeH;, MgNiH; and MgCuH;
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has a lower temperature of 900 K, but the MgFeH3, MgNiH; and MgCuHj3 has a lower
temperature of 300 K, the material MgCrHz, MgMnHj; and MgCoHjz have a very significant
(PF) value of 3.23 x 1073 W/K%.m, 2.00 x 1073 W/(K?.m), and 2.4 x 1073 W/(K2.m) since
its lowest temperature is 300 K. Furthermore, the presence of a high power factor for
MgNiHj indicates that this material can convert thermal energy into electrical energy more
efficiently. In contrast, the low values of PF for MgCuHj3 suggest a loss of thermal energy
due to poor exploitation of the incoming power supply. Finally, it is important to point out
that experimental and theoretical data on power factors for MgXHj perovskites remain
limited in the literature. These values can vary depending on several parameters, including
chemical composition, temperature and sample purity. Future in-depth experimental and
modeling studies are therefore needed to better understand and optimize the thermoelectric
properties of these materials.

35 gCris
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3.0 — —h— MgFeH3
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2.5+ —— MgNlH3
| —4— ngO.lH3
2.0-
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[y
T
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Figure 10. Power factor of MgXH3.

The electronic and thermal properties discussed in Sections 3.2 and 3.3 are closely
related to hydrogen storage performance. The electronic band structure and DOS determine
the strength and nature of Mg-H and X-H bonds, which directly influence hydrogen
adsorption, desorption kinetics, and stability of the hydride lattice. Similarly, thermal
conductivity and electrical transport behavior affect heat management during hydrogen
absorption/desorption processes. Materials with moderate electrical conductivity and
lower thermal conductivity, such as MgCrHs and MgFeHs, ensure efficient hydrogen
diffusion and thermal stability. Therefore, the thermoelectric analysis not only characterizes
energy conversion potential but also provides key insight into the energetic and dynamic
factors governing hydrogen storage efficiency in MgXHs perovskites.

4. Conclusions

Analysis of electronic band structures reveals that these materials adopt a metallic
behavior, characterized by an overlap between the conduction band and the valence band,
leading to a zero electronic gap (Eg = 0 eV). DOS shows a strong contribution from transition
metal orbitals near the Ep, influencing the electronic and thermal transport properties of the
materials. The thermal properties of this family of Mg-based perovskites vary considerably
depending on the transition metal involved. Our investigations have shown that the (k) of
the different materials increases with temperature, reaching its maximum values at 900 K,
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with MgNiHj3 exhibiting the highest K and MgCrHjz the lowest. Electrical conductivity (o)
follows a different evolution depending on the compounds: it decreases with temperature
for MgNiH3; and MgCuH3;, while it increases for the other materials (MgCrHs, MgMnH3,
MgFeH; and MgCoH3). The figure of merit (Zt) and power factor (PF) were analyzed to
assess the thermoelectric potential of these materials. Our results indicate that MgFeHs3,
MgNiH; and MgCuHj; show relatively high performance at high temperatures, while
MgCrH3z, MgMnH3; and MgCoHj; display lower Zt values, limiting their efficiency for
energy conversion. Despite their relatively high (x) and low density of electronic states,
MgNiH; and MgCuHj exhibit notable thermoelectric potential and could be exploited in
energy applications. These encouraging thermal properties support energy conversion
technologies, waste heat recovery and solid-state cooling. In addition, magnesium-based
perovskite hydrides are of particular interest for thermoelectricity and hydrogen storage.
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