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ABSTRACT                                  
In the context of density functional theory 

(DFT), this study examines the structural, electronic, 
gravimetric and thermoelectric properties of 
perovskite compounds XAlH3 (X = Be, Na and K) 
using the generalized gradient approximation (GGA). 
Calculations were performed with the BoltzTrap 
software package integrated into the Wien2k code, 
enabling analysis of total energy and atomic volume 
using the Murnaghan equation of state. 

The results show that the materials behave like conductors due to the overlap of the 
conduction band and the valence band, with a zero band gap. NaAlH3 and KAlH3 show increasing 
electrical and thermal conductivity with temperature, while BeAlH3 exhibits non-linear behavior, 
peaking at 400 K. These results suggest that XAlH3 materials are promising for hydrogen storage 
applications and thermoelectric devices, underlining their potential to support a sustainable 
hydrogen economy.
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دراسة الخواص الوزنية والإلكترونية والحرارية لـ  XAlH3  (X=Be, Na, K)  باعتباره 
 BoltzTrap و برامج DFT بيروفسكايت لتخزين الهيدروجين باستخدام

أيوب كوفي، يونس زيات، حمزة بلخنشي .

ملخ��ص: في س��ياق نظري��ة الكثاف��ة الوظيفي��ة )DFT(، تبح��ث ه��ذه الدراس��ة في الخصائ��ص الهيكلي��ة والإلكتروني��ة والجاذبي��ة 
والحراري��ة لمركب��ات البيروفس��كايت X = Be( XAlH3 وNa وK( باس��تخدام تقري��ب الت��درج المعم��م )GGA(. تم إج��راء الحس��ابات 
باستخدام حزمة برامج BoltzTrap المدمجة في كود Wien2k، مما يتيح تحليل إجمالي الطاقة والحجم الذري باستخدام معادلة 
مورناغ��ان للحال��ة. أظه��رت النتائ��ج أن الم��واد تتص��رف مث��ل الموص��ات بس��بب تداخ��ل نط��اق التوصي��ل ونط��اق التكاف��ؤ، م��ع وج��ود فج��وة 
نط��اق صف��ر. يُظه��ر NaAlH3 و KAlH3زي��ادة في التوصي��ل الكهربائ��ي والح��راري مع درجة الحرارة، بينما يُظهر BeAlH3 س��لوكًا 
غ��ير خط��ي، ويبل��غ ذروت��ه عن��د 400 كلفن. وتش��ير هذه النتائج إلى أن مواد XAlH3 واع��دة لتطبيقات تخزين الهيدروجين والأجهزة 

الكهروحراري��ة، مم��ا يؤك��د قدرته��ا على دع��م اقتصاد الهيدروجين المس��تدام.

.XAlH3 الكلمات المفتاحية - كهربائية ؛ تجهيز الدوائر؛ الجاذبية؛ عامل الجدارة؛

1. INTRODUCTION

The most abundant elements on Earth, carbon and hydrogen play a fundamental role in the 
field of energy. Hydrogen, in particular, stands out for its exceptional energetic properties [1, 2]. 
When it reacts with oxygen, it generates considerably more heat than traditional energy sources, 
while producing no CO2, given the absence of carbon in the reaction [3, 4]. This makes hydrogen 
a clean, renewable and particularly efficient energy carrier, making it an essential component 
of sustainable energy solutions [5, 6]. Thanks to these properties, hydrogen is already used in 
a variety of fields, including vehicle fuel cells, power generation, internal combustion engines 
and Ni-MH batteries, commonly used in hybrid vehicles [7, 8]. However, despite its undeniable 
advantages, hydrogen faces two major obstacles to widespread adoption: large-scale production 
and storage [9, 10]. At present, the production of hydrogen in massive quantities relies on 
processes that are either expensive or not very environmentally friendly, such as steam methane 
reforming or electrolysis fueled by non-renewable energy sources. Therefore, for hydrogen to 
become a viable alternative to fossil fuels, it is crucial to develop more efficient, less costly and 
more environmentally-friendly production methods [11, 12]. At the same time, hydrogen storage 
represents a major technical challenge [13, 14]. Because of its low volumetric energy density, it has 
to be stored under high pressure, at very low temperatures, or in the form of chemical compounds, 
which gives rise to technical complications and safety risks [15, 16]. It is therefore imperative 
to improve storage technologies to make the use of hydrogen safe, efficient and economically 
viable. To overcome these challenges, an integrated approach combining hydrogen with other 
alternative energy sources, such as wind, nuclear and solar, is essential [17, 18]. This strategy 
would not only reduce our dependence on fossil fuels, but also fully exploit the environmental 
and energy benefits of hydrogen, thus contributing to a more sustainable energy future [19, 20].
Hydrogen, with its exceptional energy properties, is an ideal candidate for sustainable energy 
solutions. However, the challenges associated with its production and storage call for innovative 
approaches. This is where perovskite hydrides show particular promise. Thanks to their unique 
ability to store large quantities of hydrogen, these crystalline materials offer a potential answer to 
current limitations in hydrogen storage, enabling the full potential of this clean energy carrier to 
be exploited [21, 22]. By exploring the properties of these perovskites and using advanced methods 
such as density functional theory (DFT), it becomes possible to optimize their performance 
for more sustainable and efficient energy applications. In this context, perovskite hydrides are 
proving to be key materials for meeting the challenges associated with hydrogen storage. The 
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flexible, tunable crystal structure of perovskites, based on the ABX3 composition, gives them 
a unique ability to store large quantities of hydrogen. This storage capacity is facilitated by the 
incorporation of hydride ions into the crystal lattice, enabling the reversible absorption and 
release of hydrogen. This mechanism makes hydride perovskites ideal candidates for sustainable 
energy solutions [23, 24]. Experimental investigations have shown that compounds such as 
NaMgH3 and KMgH3 possess promising hydrogen storage capabilities when synthesized under 
high pressure and temperature [25] [26]. In addition, studies of MgXH3 compounds (X = Cr, Fe, 
Mn, Co, Cu, Ni) have revealed that these materials are not only thermodynamically stable, but 
also exhibit favorable properties such as positive phonon dispersion frequencies [27, 28].
What’s more, the synergy between hydride ions and perovskite structures adds catalytic functions 
that could advance electrochemical and photoelectrochemical processes, essential for new energy 
conversion technologies [29, 30]. Density functional theory (DFT) methods have been widely 
used to explore the structural, electrical, and optical properties of perovskite compounds  [31, 
32, 33, 34]. By modeling perovskites at the atomic scale, researchers can anticipate characteristics 
such as electrical conductivity, thermal conductivity, Seebeck coefficient and thermoelectric 
merit factor [35, 36, 37]. These advances pave the way for the development of materials with 
optimal thermoelectric properties, contributing to more sustainable and efficient thermal energy 
conversion technologies. The importance of perovskite hydrides as high-capacity energy storage 
materials is amplified by advances in the analysis of their electronic and thermoelectric properties. 
To better understand the electronic and thermoelectric properties of perovskite hydrides, we 
use the BoltzTrap software package within the framework of density functional theory (DFT), 
applying the generalized gradient approximation (GGA). This approach enables us to analyze in 
detail the electronic characteristics and thermoelectric performance of XAlH3 compounds (X = 
Be, Na, and K). The following sections will present the computational methods employed, outline 
the results obtained, and discuss conclusions regarding the temperature and thermoelectric 
properties of these materials. The aim is to determine how these properties influence the potential 
of hydrides for energy storage and thermal conversion applications, and to optimize their use in 
sustainable energy technologies.

2. CALCULATION METHOD

The present study focuses on evaluating the hydrogen storage capacities and other important 
properties of XAlH3 (X = Be, K, and Na) using theoretical calculations based on density functional 
theory (DFT). The generalized gradient approximation (GGA) was employed to model exchange 
and correlation potentials, which is crucial for obtaining accurate results. Before analyzing the 
electronic and thermoelectric properties, an essential step was to optimize the crystal lattice 
volume to ensure that the structure studied was in its state of minimum energy stability. This 
optimization was carried out using the Birch-Murnaghan equation of state, integrated into 
the Wien2k code [38, 39]. To ensure the accuracy of the calculations, total energy and charge 
convergence during the self-consistent cycle (SCF) were rigorously controlled, with thresholds 
of 0.0001 Ry for total energy and 0.001(e) for charge. The Brillouin zone was densely sampled 
using a 10×10×10 k-point mesh, with octahedral integration. Subsequently, the thermoelectric 
properties were analyzed using the BoltzTrap software package, which models the electronic 
characteristics required for in-depth performance evaluation of XAlH3 compounds.
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(a)

                                                    (b)                                                                                                 (c)
Figure 1. Variation of total energy as a function of volume for: a) BeAlH3 and b) NaAlH3 c) KAlH3.

The Murnaghan equation of state is a mathematical relationship used to describe the behavior 
of materials under pressure, in particular the variation in volume of a substance as a function 
of applied pressure [31]. It is a simplified and often-used version of the equation of state, which 
expresses the relationship between volume, pressure and energy in a given system. This equation 
is particularly useful in simulations based on density functional theory (DFT) to optimize the 
crystal structure of a material. The postulated equilibrium lattice constants are obtained by 
fitting the total energy as a function of the normalized volume to the Murnaghan equation of 
state (EOS). The equilibrium lattice parameters (a0) that we estimated reasonably agree with 
the experimental ones. By using the Birch-Murnaghan depression, the volumes extracted as a 
function of the predicted energies are displayed in Figure 1.
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P represents the pressure applied to the material, while V denotes the volume of the material 
under this pressure. The term V0 corresponds to the initial volume, i.e. the volume at zero pressure. 
Parameter B is the isostatic compressibility modulus (or bulk modulus), which quantifies the 
material’s resistance to compression. Finally, 0B′ is the derivative of the compressibility modulus 
with respect to pressure, indicating how the compressibility modulus evolves as a function of 
the applied pressure. Where E is taken as the minimum energy, which is the ground state energy 
corresponding to the volume V0 of the unit cell. 
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3. RESULTS AND DISCUSSION

3.1. Structural properties

The XAlH3 compounds (X = Be, Na and K) are hydride perovskites whose structure is defined 
by the arrangement of atoms in a crystal lattice. In this configuration, the X atoms (Be, Na and 
K) occupy the corners of the unit cell (0, 0, 0), while the aluminum atoms (Al) are located in the 
center of the cell (1/2, 1/2, 1/2). The three hydrogen atoms are positioned on octahedral sites at 
the center of the cell faces (0, 1/2, 1/2), (1/2, 0, 1/2), and (1/2, 1/2, 0). The space group associated 
with this structure is 3Pm m  (No. 221). The lattice parameters of these compounds, as illustrated 
in Table 1, confirm the accuracy of the calculations and the reliability of the data obtained, in 
agreement with the results reported in previous studies [40, 41]. Figure 2 shows a representation 
of this crystal configuration, highlighting the regular arrangement of atoms and their role in the 
structural stability of XAlH3 (X = Be, Na and K) hydrides.

Table 1. Theoretical and optimized lattice parameters.
Element Lattice parameter     

(Other Study)
Lattice parameters optimize 

(Present Study)
BeAlH3 a0=b0=c0= 3.57 Å [40] a0=b0=c0= 3.5353 Å
NaAlH3 a0=b0=c0= 3.792 Å [41] a0=b0=c0= 3.8325 Å
KAlH3 a0=b0=c0= 3.938 Å [41] a0=b0=c0= 3.9936 Å

Figure 2. Structure of XAlH3 (X = Be, Na, and K).

The analysis indicates that the gravimetric sizes and formation energies of XAlH3 compounds (X 
= Be, Na, and K) decrease as the atomic number of the element increases. This trend is clearly 
illustrated in Figure 3, which shows that larger atomic volumes correspond to lower gravimetric 
sizes and formation energies [42, 43]. BeAlH3, with a gravity size of 0.0761 m.s-2 and an energy of 
formation of -518.42829 Ry, involves beryllium with an atomic number of 4. When we move on 
to NaAlH3, where sodium has an atomic number of 11, the gravity size decreases to 0.0537 m.s-2, 
and the energy of formation drops to -813.99488 Ry. This reduction in both parameters reflects 
the relationship between atomic size and the energy required for various processes, such as 
ionization and atomic bonding. The larger atomic radius and increased shielding effect in heavier 
elements such as potassium (K), with an atomic number of 19, contribute to this observed trend. 
This suggests that BeAlH3 is relatively softer than the less flexible KAlH3. As shown in Figure 4, 
there could be a correlation between atomic number, volume and other properties that influence 
material characteristics, suggesting patterns observed with increasing atomic number.
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Figure 3. Gravimetric and ∆Hformation as a function of atomic number for XAlH3 (X = Be, Na and K).

Figure 4. Volume and distance Al-H as a function of atomic number for XAlH3 (X = Be, Na and K).

3.2. Electronic properties

The electronic properties of the perovskite-type hydrides XAlH3 (X = Be, Na and K) have been 
calculated using the GGA method within the framework of density functional theory (DFT). 
These calculations are essential for understanding the electronic behavior of these materials and 
their potential applications. Figure 5 shows the band structures of these compounds, revealing 
a metallic character, as evidenced by the crossings between the conduction band minima (CB) 
and valence band maxima (VB) above the Fermi level (EF), set at 0 eV. This metallic behavior is 
also confirmed by analysis of the partial density of states (PDOS), shown in Figure 6. The results 
indicate that the s state of X (Be, Na and K) dominates the valence band contribution (VB) in 
the range from -12 to -6 eV, with notable contributions from the s states of H, s of X (Be, Na 
and K) and p of Al close to the EF in all cases. Hybridization between the X (Be, Na and K) s, 
H, and Al p states near the EF also contributes to this metallic behavior. Interestingly, metallic 
materials such as the perovskite hydrides studied here are particularly effective for hydrogen 
storage. Their high conductivity facilitates efficient charge transfer during hydrogen uptake and 
release processes, making them promising candidates for hydrogen storage applications [44]. 
However, the electronic properties of XAlH3 compounds, combining band structure and density 
of states, underline their potential as efficient metallic materials for technological applications, 
particularly in hydrogen storage [45].
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                                     (a)                                                      (b)                                                            (c)
Figure 5. Band Structures of: a) BeAlH3, b) NaAlH3 and c) KAlH3.
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Figure 6.  DOS of a) BeAlH3, b) NaAlH3, and c) KAlH3.

3.3. Thermoelectrical Properties

The thermoelectric properties of XAlH3 (X = Be, Na, and K) compounds are essential for 
assessing their effectiveness as materials for converting thermal energy into electricity, 
particularly in renewable energy systems where thermal energy is often wasted. The electron 
band structure, calculated using semi-classical Boltzmann transport theory and the rigid band 
theory implemented in the Boltz-Trap software package, plays a decisive role in the behavior of 
electron transport properties. The Seebeck coefficient (S), electrical conductivity (σ), and thermal 
conductivity (κ) were analyzed for these compounds, as they directly influence the material’s 
merit factor (Zt), a key indicator of thermoelectric performance. The relationship between 
electrical and thermal conductivity, crucial for the efficiency of thermoelectric devices [46], 
was examined at temperatures ranging from 300 to 900K. A high Seebeck coefficient, combined 
with optimized thermal conductivity, suggests good potential for XAlH3 materials in waste heat 
recovery applications. The combination of these properties enables us to determine the merit 
factor (Zt) and power factor (PF), which assess the overall performance of the materials under a 
variety of thermal conditions.
The electrical conductivity of perovskite XAlH3 (X = Be, Na, and K) is a crucial aspect in 
understanding its potential for thermoelectric applications. Electrical conductivity, defined 
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by the flux of free charge carriers, depends on several factors, including the composition of 
the material, its crystalline structure, and the presence of impurities or imperfections in the 
lattice. These elements directly influence charge carrier mobility and, consequently, electrical 
conductivity. Figure 7 shows that the electrical conductivity of BeAlH3 exhibits a non-linear trend, 
increasing between 300 and 400 K, then decreasing beyond this temperature range. In contrast, 
for NaAlH3 and KAlH3, electrical conductivity increases continuously with rising temperature, 
reaching respective maximum values of 3.50x1020 and 3.25x1020 W/(K.m.s). This difference in 
behavior between the compounds can be attributed to the variation in crystal structure and 
electronic interactions specific to each X element (Be, Na, K). The temperature dependence of 
electrical conductivity suggests that these materials may exhibit variable performance depending 
on conditions of use. In addition, the pressure and temperature conditions under which these 
materials are evaluated can modify their electronic properties, thus influencing electrical 
conductance. However, an increase in temperature can lead to an increase in charge carrier 
mobility in some cases, while in others it can cause scattering effects or carrier recombination that 
reduce conductivity. These observations highlight the importance of thorough characterization 
of XAlH3 materials to optimize their use in thermoelectric devices or other applications requiring 
stable and predictable electrical conductivity.

Figure 7. Electrical Conductivity XAlH3 (X = Be, Na and K).

The thermal conductivity of XAlH3 (X = Be, Na, and K) is a key factor in assessing their 
effectiveness in thermoelectric applications, as it determines heat transfer through the material. 
Thermal conductivity, shown in Figure 8, shows a linear increase with temperature for all three 
compounds studied. At 900 K, thermal conductivity reaches values of 11.8x1015 W/(K.m.s) for 
BeAlH3, 14x1015 W/(K.m.s) for NaAlH3, and 6.10x1015 W/(K.m.s) for KAlH3. This behavior can 
be explained by the vibrations of free electrons in the material, which increase with temperature. 
As the temperature rises, the thermal vibrations of the atoms intensify, increasing heat transfer. 
In XAlH3 compounds, this increase in molecular vibrations is directly linked to the rise in 
temperature, which explains the observed increase in thermal conductivity. The significance of 
these results lies in the fact that, for thermoelectric applications, too high a thermal conductivity 
can be unfavorable, as it leads to rapid heat dissipation, thus reducing the efficiency of thermal-
to-electrical energy conversion. Therefore, although the increase in thermal conductivity with 
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temperature is an expected and well-documented phenomenon, finding a balance between 
thermal and electrical conductivity is essential to maximize the efficiency of XAlH3-based 
thermoelectric devices. The variations observed between BeAlH3, NaAlH3, and KAlH3 also 
show the influence of different atomic compositions on the thermal behavior of these materials, 
suggesting that selection of the appropriate compound X could optimize performance for specific 
applications.

Figure 8. Thermal Conductivity of XAlH3 (X = Be, Na and K).

The thermoelectric merit factor (Zt) is a key measure of a material’s efficiency in thermoelectric 
applications. It represents the ratio between the efficiency of thermal-to-electrical energy 
conversion and the material’s ability to maintain this conversion [46]. The following equation 
explains the merit factor (Zt):

2

2s TZt ( )σ
κ

=

where σ is the electrical conductivity, T is the temperature, S is the Seebeck coefficient, and κ is 
the thermal conductivity [47].
Figure 9 illustrates Zt variations for XAlH3 (X = Be, Na, and K) as a function of temperature. For 
BeAlH3 and KAlH3, Zt initially decreases between 300 and 400 K, but then increases between 400 
and 900 K, reaching values of 2.5x10-2 and 7.5x10-2 respectively at 900 K. This behavior suggests 
that, although these materials are less efficient at lower temperatures, their efficiency improves 
considerably at higher temperatures. In contrast, for NaAlH3, Zt decreases continuously with 
increasing temperature, reaching a value of 1.25x10-2 at 900 K. Notably, NaAlH3 has a very high Zt 
of 29x10-2 at 300 K, making it a very efficient material at low temperatures, although its efficiency 
decreases with increasing temperature. These results show that the choice of the appropriate XAlH3 
material is highly dependent on the application’s expected operating temperature. NaAlH3 might 
be ideal for applications requiring high performance at low temperatures, while BeAlH3 and 
KAlH3 might be better suited to high-temperature environments where their efficiency increases. 
This differential behavior can be attributed to the intrinsic nature of each material, influenced by 
factors such as electronic structure, interatomic interactions, and thermal response. In summary, 
analysis of the Zt merit factor indicates that each XAlH3 compound has distinct thermoelectric 
properties, with optimum performance at specific temperature ranges.
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Figure 9. Merit Factor of XAlH3 (X = Be, Na and K).

The power factor (PF) is another crucial measure for assessing a material’s thermoelectric 
performance. It is directly related to the efficiency with which a material can convert thermal 
energy into electrical energy, taking into account both electrical conductivity and the Seebeck 
coefficient [46]. Materials with high power factors are sought after for energy generation, especially 
those with a power factor greater than unity, particularly in high-temperature thermoelectric 
industries. The PF is explained by the following equation:

( ) 2 3   S ( )Power factor PF σ=

Figure 10 shows variations in the power factor for XAlH3 (X = Be, Na, and K) as a function of 
temperature. 

Figure 10. Power Factor of XAlH3 (X = Be, Na and K).

For NaAlH3, the power factor decreases continuously with increasing temperature, indicating 
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that this material loses efficiency with increasing temperature. However, it has an exceptionally 
high value of 13.9x1011 W/(K2.m.s) at 300 K, making it an excellent candidate for applications 
requiring high performance at low temperatures. In contrast, for BeAlH3 and KAlH3, the power 
factor initially decreases between 300 and 400 K, but then increases between 400 and 900 K, 
reaching values of 2.41x109 W/(K2.m.s) and 5.9x1011 W/(K2.m.s) respectively at 900 K. This 
behavior suggests that these materials become more efficient at higher temperatures, which could 
make them more suitable for high-temperature environments.

4. CONCLUSION

In conclusion, this study used the BoltzTrap software package, integrated with the Wien2k 
code, to conduct an in-depth theoretical analysis of the structural, electrical and thermoelectric 
properties of XAlH3 (X = Be, Na, and K) perovskite-type compounds. The results revealed that 
these compounds behave as conductors, characterized by an overlapping conduction band 
and valence band, with zero band gap, which is favorable for hydrogen storage applications. 
Thermoelectric properties, such as electrical conductivity, thermal conductivity, merit factor (Zt) 
and power factor (PF), showed that BeAlH3 and NaAlH3 are superior to KAlH3 in several aspects, 
particularly in terms of performance at different temperatures. In addition, a trend was observed 
where formation energies and gravimetric sizes decrease with increasing atomic number of X 
elements, suggesting a correlation between atomic size and stability of these compounds. The 
successful integration of hydrogen storage technologies, supported by materials such as those 
studied here, will play a crucial role in the transition to a sustainable hydrogen economy. This 
will have important implications for applications in transport, energy storage and industrial 
processes. To accelerate progress in this field, it will be essential to continue investing in research, 
development and demonstration projects, while putting in place appropriate support policies 
and commercial incentives. The XAlH3 compounds studied offer promising potential for 
various technological applications, thanks to their unique properties adapted to specific thermal 
conditions.
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