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[bookmark: _Hlk205186526]Abstract- In this work, we explore new hydrogen storage materials namely (where X= Li, Na, K, Rb and Cs), using a first-principles calculations. We investigate their structural, mechanical, electronic and thermal properties within the framework of the Generalized Gradient Approximation (PBE-GGA), where the Perdew-Burke-Ernzerhof is employed to describe the exchange-correlation potential. All five hydrides exhibit both thermodynamic and mechanical stability. Their lattice parameters increase with the atomic size of X from 3.865 Å for LiScH3 to 4.334 Å for CsScH3. Accordingly, the hydrogen storage capacity ranges from 5.50% to 1.67%, whereas hydrogen desorption temperatures range from 229.61 K to 245.71 K. Due to all these physical properties, especially their metallic behavior, ( where X= Li, Na, Rb, and Cs) are promising candidates for hydrogen storage technologies. 
Keywords: ; DFT; gravimetric capacity; desorption temperature; electronic properties.
1. Introduction
Hydrogen storage represents a crucial area of research for the development of clean, sustainable technologies to meet the fluctuating energy demands of renewable sources such as solar and wind power [1]. Advanced research is actually focusing on new safe and efficient materials for solid-state hydrogen storage [2]. Recent works focused mainly on the study of perovskite hydrides which belong to transition metals. Rafique et al.[3] studied the physical properties of XCoH3 (where X= Mn, Sr, Cd, In and Sn) and accordingly proved their metallic behavior, with hydrogen gravimetric ratios of (2.59 wt.%), (2.03 wt.%), (1.74 wt.%), (1.71 wt.%) and (1.68 Cwt.% ) for MnCoH3, SrCoH3, CdCoH3, InCoH3 and SnCoH3, respectively. R. Song et al. [4]  computed the gravimetric ratios of XPtH3 (where X= Li, Na, K and Rb) perovskites hydrides. They found that their values are (1.45 wt.%), (1.35 wt.%), (1.26 wt.%) and (1.06 wt.%) for LiPtH3, NaPtH3, KPtH3 and RbPtH3, respectively and that the desorption temperatures (Td) of these compounds are (237.77 K), (225.39 K), (162.43 K) and (80.11 K), respectively. Z. Abbas et al.[5] proved the metallic nature for BeMgH3 and CaMgH3 and their highly significant gravimetric hydrogen densities of 8.32 and 4.49 wt.%, respectively. Therefore, these compounds are potential candidates for hydrogen storage.

In the present work, we investigate perovskite hydrides  (where X= Li, Na, K, Rb and Cs). According to our results, these materials are promising candidates for hydrogen storage applications.

2. Computational Methodology

We apply first-principles calculations based on (DFT) and full potential linearized augmented plane wave (FP-LAPW) as implemented in the WIEN2k simulation code [6]. In order to describe the exchange-correlation effects accurately, we use the generalized gradient approximation (GGA) in conjunction with the Perdew-Burke-Ernzerhof (PBE) functional [7]. Structural optimization was performed to determine the equilibrium lattice constants (a0) by applying the Birch-Murnaghan equation of state. The self-consistent field cycle was iterated until the total energy convergence criterion of 10-4 Ry was achieved. The parameters for the cutoff wave (Ecut) were IMAX = 10, RMT*KMAX = 7, -7.00 Ry ,1000 k-points, -6.0 Ry and which were found to be optimal for these calculations. 
3. [bookmark: _Hlk149755470]Results and discussion

3.1. [bookmark: _Hlk178697640]Structural properties

Using VESTA software [8], we visualized the three dimensional crystal structures of . These perovskite hydrides crystallize in the cubic space group Fm-3m (No.221). As shown in FIGURE.1, the (X) atoms are located at coordinates (0, 0, 0), while the scandium (Sc) atoms occupy the center of the cubic unit cell at (0.5, 0.5, 0.5), whereas the hydrogen (H) atoms are situated at the face-centered positions of the unit cell: (0.5, 0.5, 0), (0.5, 0, 0.5) and (0, 0.5, 0.5).
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[bookmark: _Hlk200793264]FIGURE 1. Cubic structure of perovskite hydrides .

In this study, we examine the stability criteria for perovskite materials, with a focus on  perovskite hydrides. Two straightforward methods are utilized to assess the structural integrity of the crystal lattice, namely the octahedral factor (τ) and the tolerance factor (t). To guarantee stability and high symmetry, the perovskite structure must fall within the ranges of 0.442-0.895 for (τ) and 0.813-1.107 for (t). These parameters can be determined using the following equations:
	
	    and    
	(1)



Here,  ,  and  denote the ionic radii of scandium, the X-site cation and hydrogen, respectively. According to FIGURE.2, both  and  exhibit lower stability due to their smaller tolerance (t) and octahedral (τ) factors, which generate distortions in the perovskite structure and consequently affect its stability. On the other hand,  ,  and  . The (τ) values increase until reaching 1 and enhance consequently their octahedral stability. Among the  perovskite hydrides,  is the most structurally stable.
[bookmark: _Hlk178699952][image: ]
FIGURE 2. Tolerance factor (t) and the octahedral factor (τ) of  .
Using the WIEN2k software, we obtained the optimized energy-volume curves for  (where X= Li, Na, K, Rb and Cs) by applying the Birch-Murnaghan equation. To study the structural stability of these hydrides, we compute the total energy for each of them. Our results are presented in FIGURE.3. Their optimized lattice constants (a₀) and the corresponding unit cell volumes are summarized in Table 1. The Birch-Murnaghan equation is given by [9]:
	
	


	

(2)


In equation (2), ,  and denote the ground-state energy, the equilibrium volume and the pressure derivative of the bulk modulus, respectively.
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FIGURE 3. Optimization curves of perovskites hydrides.

3.2. [bookmark: _Hlk178700508]Hydrogen storage properties

The formation energy  can be determined using equation (3) [10]: 
	
	
	(3)



In equation (3), ,  denote the ground state energy of one atom of , , H, respectively, whereas  is the total energy of each material and N represents its total number of atoms. FIGURE.4 illustrates its energy formation ( . All compounds have negative formation energies, consequently they are thermodynamically stable confirming that their formation processes are exothermic. The formation energy  values, in stability order, are :  (-2.49 eV/atom) >  (-2.45 eV/atom) >  (-2.43 eV/atom) >  (-2.35 eV/atom) >  (-2.33 eV/atom). 
[image: ]			[image: ]

[bookmark: _Hlk198319733]FIGURE 4 Formation enthalpy  (eV/atom). 			FIGURE 5 Gravimetric ratio Cw%.
3.3. Gravimetric ratio :

[bookmark: _Hlk200882430]In order to evaluate the hydrogen storage capacity () of materials, we compute their gravimetric ratio given by the following expression [11] :
	

	
(4)



In equation (4),  denotes Hydrogen's molar mass and  stands for the total molar mass of the compound, whereas  represent hydrogen atoms to the overall atomic count within each compound. In FIGURE 5, we compare the calculated () values of the gravimetric ratios of each perovskite hydride. Their computed values are: (5.506%) for , (4.260%) for , (3.472%) for ,(2,266 %) for  and (1,671%) for .
3.4. Volumetric hydrogen storage capacity

In order to evaluate the storage capacity of materials, we compute its volumetric storage capacity () defined by:
	
	(5)



where ,  and  denote the number of hydrogen atoms per formula unit, the hydrogen molecular mass and the volume in liters, respectively, whereas  represents Avogadro's number. The values of (g. ) of the studied perovskite hydrides , presented in Table 1 and FIGURE 6, are: (86,960 ) for , () for , () for ,() for  and () for . 


Table 1. Volumetric hydrogen storage capacity ρ (g.H2 /L), desorption temperature Td and gravimetric ratio Cw%.

	Compounds
	(A°)
	V (A°)3
	)
	
	

	LiScH3
	3.8652
	57.7452
	86.960
	5.506
	229.61

	NaScH3
	3.967
	62.471
	80.381
	4.260
	231.52

	KScH3
	4.137
	70.839
	70.886
	3.472
	240.05

	RbScH3
	4.225
	75.456
	66.549
	2.266
	241.95

	CsScH3
	4.334
	81.464
	61.641
	1.671
	245 .71



3.5. Hydrogen desorption temperature Td

In order to estimate the values of hydrogen desorption temperature (Td) of , we compute the formation enthalpies of the hydrogen release reaction namely:
	
	


	
(6)


Then, we evaluate the desorption temperature  using the following formula for Gibbs free energy:

	
	

	(7)


At normal pressures and temperatures (, the desorption temperature ) is given by:
	
	
	
(8)



Where ΔS denotes the entropy change of hydrogen and  stands for the reaction enthalpy for the studied material. The value of  is  [12], whereas the computed values of () for each perovskite hydrides, presented in Table.1 and FIGURE.7, are: (229,61 K) for , (231,52 K) for , (240,05 K) for , (241,95 K) for  and (245,71 K) for . These values are due to the presence of an alkali metal (X) in the  unit cell and is responsible for its thermal stability and its hydrogen release kinetics.
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FIGURE 6 Volumetric hydrogen storage capacity ρ (g.H2 /L).		FIGURE 7 Desorption temperature Td
3.6. Electronic Properties

In this section, we investigate the bands structures at the equilibrium lattice constant (a0) of hydrogen storage materials  by analyzing their electronic properties. In this regard, we use the GGA-PBE method along the high-symmetry points in the first Brillion zone. Our results are presented in FIGURE.8, where (EF) denotes the Fermi level corresponding to the band gap energy (Eg), which is the necessary amount of energy for electrons to move from the conduction band to the valence one. According to the diagrams in (FIGURE.8), these materials have no band gap energy (Eg ≈ 0 eV) proved therefore their metallic nature. 

[image: ]	[image: ]	[image: ]
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[bookmark: _Hlk178938637]FIGURE.8 Electronic band structures of  (where X= Li, Na, K, Rb and Cs).
3.7. Elastic properties

The elastic constants  of  (where X= Li, Na, K, Rb and Cs) perovskite hydrides were computed using the CASTEP software[13]. Their values are presented in Table 2. In order to evaluate their elastic stability, we apply the Born stability criteria [14] given in equation (9):

	
	
	(9)


Accordingly, the Cauchy's pressure  is the following:
	
	

	
(10)


The Shear modulus (G), determined using the Voigt, Reuss, and Hill approximation, is given by equation (11):

	
	    where    
	
(11)


The Bulk modulus (B) is calculated by the following formula:

	
	

	
(12)



In order to determine whether these compounds have  or ductile behavior, we use the following criteria for Pugh’s ratio (B/G):
	
	
	
	
(13)



To guarantee the mechanical stability of these materials, the Bulk modulus must also satisfy the condition C12 < B <C11.
Finally, the other mechanical parameters namely: Young's modulus (E), Poisson's ratio (, Anisotropy factor (A), Hardness (H) and Machinability index (μM) are respectively given by the following equations:
	
	

	
(14)

	
	
    With  
	
(15)

	
	

	
(16)

	
	

	
(17)

	
	

	
(18)



The elastic properties of  reveal distinct mechanical behaviors. The compressibility modulus indicates comparable resistance to volume deformation across all compounds. Shear modulus (G) varies, with  and  exhibiting higher resistance to shear forces. Universal brittleness is evidenced by B/G ratios less than 1.75 (FIGURE.9). Poisson's ratio trends (FIGURE.10) show greater ductility in  and , enabling consequently higher transverse deformation under load. This ratio decreases systematically with increasing alkali metal atomic number (Na to Cs) which induces rising brittleness. Young's modulus confirms that both of  and  possess superior stiffness. All compounds exhibit elastic anisotropy (A ≠ 1). Hardness (H) is generally moderate, where  reflects the highest resistance to permanent deformation. Machinability (μM) is correlated with stiffness:  and  are more machined, whereas  and  are less machined due to their low mechanical performance. 

Table 2. Elastic properties of .

	[bookmark: _Hlk178936693]
	C11(GPa)
	C12(GPa)
	C44(GPa)
	B(GPa)
	G(GPa)
	B/G
	
	
	E(GPa)
	
	CP (GPa)
	
	H
	A

	LiScH3
	99.81
	19.88
	19.04
	46.52
	27.41
	1.69
	27.41
	24.09
	68.74
	0.25
	0.83
	2.44
	5.25
	0.68

	NaScH3
	95.24
	25.49
	25.43
	48.74
	29.21
	1.66
	29.21
	28.52
	73.04
	0.25
	0.05
	1.91
	5.60
	0.12

	KScH3
	75.40
	21.08
	28.60
	39.18
	28.02
	1.39
	28.02
	28.00
	67.89
	0.21
	-7.52
	1.36
	6.65
	0.003

	RbScH3
	69.91
	19.44
	30.34
	36.26
	28.29
	1.28
	28.29
	28.06
	67.37
	0.19
	-10.89
	1.19
	7.39
	0.040

	CsScH3
	60.39
	19.42
	28.69
	33.07
	25.41
	1.30
	25.41
	24.72
	60.68
	0.19
	-9.27
	1.15
	6.73
	0.13



[image: ]		[image: ] 
[bookmark: _Hlk178938859]FIGURE. 9 Cauchy’s pressure Cp and Pugh’s ratio B/G . 	FIGURE. 10 Poisson’s ratio (v).
3.8. Thermal Properties

In order to investigate the thermal properties of  perovskites hydrides, we determine Debye temperature (θD), melting temperature (), transverse (), longitudinal () and average () velocities.
Debye temperature (θD) can be evaluated using the following formula:
	
	

	
(19)



In equation (19), M, n, ρ, kB, and h are respectively: the molecular weight, the number of atoms in the molecule, the density, Boltzmann's constant, the Planck's constant and Avogadro’s number. Additionally, (𝑣𝑚) can be evaluated through the following relation [15]:
	
	

	
(20)



To evaluate () and (), we employ the following relations:
	
	
	
(21)


The melting point () can be calculated using the following equation [16]:
	
		

	(22)


The calculated acoustic properties of the  materials are presented in Table 3, where: () stands for the transverse wave velocity. It depends on shear rigidity and is the highest for  (5405 m/s) and the lowest for  (5041 m/s). () denotes longitudinal wave velocity reflecting compressive resistance. Its peaks are: (7242 m/s) for  and (4271 m/s) for  (FIGURE.11). The average sound velocity () ranges from 2873 m/s () to 4424 m/s (), signifying overall elastic stiffness. Debye temperature (), which depends on the phonon spectra and material stiffness, varies from 337 K () to 583 K () (FIGURE.12). The melting temperature (Tₘ) measures the thermal stability. It is the highest for  (704 K) and the lowest for  (668 K).  material exhibits intermediate values of these thermal parameters. Both and  demonstrate superior mechanical rigidity and higher Debye temperatures, while  and  materials have lower values of them. According to its melting temperature (Tₘ),  material possesses the highest thermal stability. All these systematic variations emphasize the significant influence of the X-site cation size on the thermal and mechanical features of our studied  perovskites hydrides.

Table 3. Thermal properties of  

	Compounds
	ρ (g/cm3)
	 (m/s)
	(m/s)
	(m/s)
	(K)
	(K)

	LiScH3
	1.584
	5236.029
	7242.318
	4424.146
	583.420
	670.528

	NaScH3
	1.890
	5404.997
	6811.715
	4329.733
	555.851
	703.683  

	KScH3
	2.037
	5294.053
	6130.528
	4097.799
	503.854
	677.615  

	RbScH3
	2.971
	5319.680
	4990.768
	3413.016
	411.212
	667.933  

	CsScH3
	3.671
	5040.833
	4270.766
	2872.890
	337.152
	667.791  
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FIGURE 11. Representation of (), () and () velocities.	 FIGURE 12. Representation of () and () temperatures.

[bookmark: _Hlk179237605]Conclusion

In this work, we investigated the properties of the perovskite hydrides  (where X= Li, Na, K, Rb and Cs) using the DFT approach based on Win2k software. Our calculations prove that these materials can be used in hydrogen storage technologies. In this context, we found the following results: the gravimetric capacities () are 5.50%, 4.26%, 3.47%, 2.26% and 1.67% for , , ,  and , respectively. Additionally, according to the results of our geometry optimization applied on them, we showed that all these materials are structurally stable, with lattice constants (a0) of 3.865 Å, 3.967Å, 4.137Å, 4.225Å and 4.334Å for , , ,  and , respectively. Finally, our study of the electronic, mechanical and thermal properties shows that all these perovskite hydrides have metallic behavior, mechanically and thermally stable.
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