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Abstract  

Metal hydrides are currently one of the most investigated materials for energy storage applications. 

In this study, the structural, electronic, and optical properties of α-AlH3 have been investigated from 

density functional theory (DFT) calculations. This work is aimed at studying the low pressure-

induced phase transition of α-AlH3 hydride material in the range of 1 - 8 GPa pressure. Self-

consistent field (scf) calculations based on the DFT approach were performed using exchange-

correlation functionals from generalized gradient approximation (GGA). Structural properties such 

as lattice constant (4.6973 Å), formation enthalpy, bond distance of Al – H, Al – Al, and H – H, are 

observed to be consistent with experiments. The electronic density of state (DOS) revealed the band 

gap as 2.16 eV. Analysis of the gravimetric storage and volumetric storage capacities, as well as the 

desorption temperature of α-AlH3 have been performed. The electronic band structure analysis from 

increased applied pressures shows that the compound is an indirect band gap semiconductor, and 

retains this nature via the entire applied pressure. Also, a monoclinic distortion of the compound due 

to the octahedral [AlH6] tilting of the unit cell is sustained within the pressure range in this study, 

and this confirms reported experiments. However, the applied pressure evaluation of the electronic 

band structure revealed a transition state at 3 GPa. This observation was further confirmed by 

structural analysis owing to the formation of bonds, with no discontinuity found in the structure at 

increased pressures. Meanwhile, thermodynamic analysis depicts a transition state at 3 GPa with the 

free energy observed to be − 0.04 Ry, entropy S ≈ 2.1 x 10–4 Ry/K, and heat capacity CV is 1.457 x 

10–4 Ry/K at Dulong–Petti limit. The negative free energy verifies the thermodynamic stability of 

the hydride. Accordingly, the optical study showed an abrupt frequency discontinuity in the spectra 

of electron energy loss (EEL) function at exactly 3 GPa. The EEL function profile reveals the 

hydride as a promising photo-absorber at energies below 33 eV.  
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1.0 Introduction 

Hydrogen has been a subject of study for years 

as an exciting energy source, but its main 

challenge lies in large-scale storage. Storing 

hydrogen in suitable materials has emerged as a 

potential solution. These materials need to be 

stable, safe, affordable, recyclable, and capable 

of releasing hydrogen efficiently (Bencheikh et 

al., 2024; Ekong et al., 2014a). Being a subject 

of classic scientific debates with remarkable 

technological relevance, metal hydrides have in 

recent time impacted and revolutionized the 

global energy economy (Usman et al., 2024; 

Rehman et al., 2023). Most energy generated 

comes from non-renewable fossil fuels. The 

continuous increase in the world's energy 

demand requires updated innovative strategies, 

and research on sustainable energy for storage 

capacity (Ahmed et al., 2024; Tufail et al., 

2025). Hydrogen storage system is considered 

one of the most promising energy 

sources/carriers (Pan, 2024) that has the 

potential to displace non-renewable petroleum 

derivatives, with lower carbon-dioxide 

emissions, eco-friendliness, and sustainability 

(Rehman et al., 2024). Compounds of this 

family including light metal hydrides and their 

complexes have been elaborately investigated 

(Bencheikh et al., 2024; Pan et al., 2022; Savić 

et al., 2017; Ekong et al., 2016; 2015; Song, 

2013). 

Among binary metal hydrides, aluminum 

trihydride (AlH3) attracts great attention because 

its multifarious structural chemistry including 

the electronic and bonding states remain an 

important subject of considerable debate 

experimentally and theoretically (Takeda et al., 

2011; Ke et al., 2005). AlH3 is physically and 

chemically useful in alkali batteries as a 

reducing agent, polymerization catalysts, and 

portable fuel cells for small sensors (Vajeeston 

et al., 2011; Humphries et al., 2013). The metal 

hydride also finds robust and unique exciting 

applications in optoelectronics (Karazhanov et 

al., 2007). Its potential has been applauded for 

energy storage technology, as energy component 

in rocket propellants (Tatsumi et al., 2012; 

Vajeeston et al., 2008), and as an onboard power 

source for vehicles (Karazhanov et al., 2008). 

AlH3 when combined with ammonium 

dinitramide (ADN), becomes a high-energy 

material often used in aerospace, explosive, and 

missile industries (Grew et al., 2012). Of the 

seven polymorphic phases of AlH3 known, the 

most thermally stable of them all is the α-AlH3 

structure produced using organometallic method 

(Turley & Rinn, 1969; Brower et al., 1976). The 

electronic structures of AlH3 are characterized 

by Al-H-Al bridges due to the type of [AlH6] 

octahedra connection (Drozd et al., 2012). As 

the most stable phase with the highest density 

(Song, 2013), α-AlH3 has a trigonal structure 

(with space group 𝑅3̅𝑐).   

Recently, Pan et al. (2022) in a new insight 

reported the structural and physical properties of 

α-AlH3 from first-principles calculations. 

According to them, AlH3 hydride is a typical 

hydrogen storage material due to its high storage 

and low decomposition temperature, but the 

structural feature of AlH3 remains controversial 

and the optical properties are unclear. Very 

recently, Bencheikh et al. (2024) conducted 

density functional theory (DFT)-based modeling 

and simulation of the structural and 

optoelectronic properties of aluminum 

trihydride (β-AlH3) for hydrogen storage. 

Nevertheless, low-pressure experimental studies 

of α-AlH3 have gone ahead of theoretical 

investigations, since to the best of our 

knowledge, only the low-pressure first-principle 
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DFT calculations by Graetz et al. (2006), is 

found in the literature for α-AlH3. They reported 

a low pressure up to 7.0 GPa. Moreover, the 

diffraction pattern did not change within 4.0 GPa 

of pressure in their conclusion. Earlier study by 

neutron diffraction (Goncharenko et al., 1991) 

reported a pressure up to 7.2 GPa. They 

concluded that the anisotropy of compressibility 

is non-monotonic, but without any change of 

symmetry of the aluminum matrix. Again, 

Graetz et al., by increasing Bragg peak 

asymmetry with pressure reported that no 

pressure-induced first-order structural 

transitions were observed up to 7.0 GPa, 

although the bonding remained unchanged. 

They further suggested a monoclinic distortion 

of the rhombohedral unit cell due to the tilting of 

the [AlH6] octahedral units at very moderate 

pressures (1 – 7 GPa). However, the exact 

pressure at which the distortion will occur was 

not reported. Contrary to Graetz et al., Tkacz et 

al. (2008) in a Raman spectroscopy study 

observed and reported that a slight monoclinic 

distortion of the structure was observed at 6.0 

GPa pressure. Subsequent low-pressure infrared 

(IR) spectroscopy and X–ray diffraction 

structural investigations by Ciezak-Jenkins 

(2011) reported monoclinic distortion of the 

rhombohedral unit cell, with structural changes 

documented between 2.0 and 4.0 GPa. From 

their findings, an abrupt frequency discontinuity 

was observed in the Al-H bending and Al-H 

stretching modes, which implies a structural 

transformation. Additionally, the IR and X–ray 

results suggested that the monoclinic distortion 

occurs sluggishly near 2.5 GPa, but the 

distortion does not result in a phase transition 

over the entire pressure range. 

Thus, the question of structural changes 

regarding phase transition in α-AlH3 at low 

pressure remains open, since considerable 

ambiguity exists amongst experiments as to the 

exact transition point in the phase behavior of 

AlH3 at pressures below 10 GPa. Following the 

ambiguity, Goncharenko et al. (2008) argued 

that the structural deviation could be attributed 

to slight pressure gradients within the diamond 

anvil cell in the experiments. Consequently, the 

exact phase transition point at low pressure 

warrants further examination. This paper is 

currently motivated by the optical unclearness of 

the metal hydride, and aims to study the exact 

transition pressure point of α-AlH3 at low 

pressure theoretically. In condensed matter 

physics, most theoretical studies are performed 

by using DFT-based simulation packages 

(Aliabad & Yalcin, 2017; Ekong et al., 2014b). 

In the current paper, we studied the electronic, 

thermodynamic and optical phase transition of 

α-AlH3 at pressures 1 – 8 GPa based on DFT 

simulation techniques. We further explored the 

α-AlH3 by analyzing physical and structural 

properties like formation enthalpy, cohesive 

energy, gravimetric storage and volumetric 

capacities, desorption temperature, bulk 

modulus, etc. The obtained optimized values are 

in good agreement with the experiments for the 

hydride compound. In our results, the Al–H 

bonding nature remained predominantly 

covalent within the applied external low 

pressures, confirming the only DFT report by 

Graetz et al. (2006). Lastly, all the thermal and 

optical parameters calculated showcased 

discontinuity at 3 GPa, hence illustrating the 

same transition point for the compound. 

2.0 Computational Procedure 

In this study, all calculations are performed 

utilizing the Quantum Espresso code (Giannozzi 

et al., 2017; 2009) based on DFT, density-

functional perturbation theory (DFPT), and 

quasi-harmonic approximations (QHA) (Baroni 

et al., 2010). The exchange-correlation function 

was treated within generalized gradient 

approximation (GGA) with Perdew-Burke-

Ernzerhof (PBE) parameterization (Perdew et 

al., 1996). The kinetic energy cutoff is set to 190 

Ry, while a reciprocal space sampling (Brillouin 

zone) of 12 x 12 x 12 k-points grid (Monkhorst 

& Pack, 1976), with the threshold set to 10−10 Ry 

was used for the α-AlH3 geometry optimization. 
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For an accurate description of the electron-ion 

interactions, the norm-conserving pseudo-

potential (NCPP) approach was adopted 

(Goedecker & Teter, 1996; Hartwigsen et al., 

1998). To perform the self-consistent field 

(SCF) calculations at different lattice constants, 

all structural optimization calculations were 

carried out using the Broyden–Fletcher–

Goldfarb–Shanno (BFGS) minimization 

algorithm. Other convergence criteria for the 

ionic minimization were 2.0 × 10-6 Ry for total 

energy, 1.0 × 10-3 Ry for maximum force, and 

0.005 Ry for smearing width to handle the Fermi 

surface (Malica & Corso, 2020).  

Further, to obtain a smooth and better 

density of state (DOS), a tetrahedra method with 

an increased k-points grid of 16 x 16 x16 was 

found suitable for the calculations. Fitting the 

energy-volume (E–V) data sets to Birch-

Murnaghan equation of state (EoS) given in 

equation (1) using ev.x tool in Quantum 

Espresso suit, we determine the equilibrium 

lattice constant and calculated other ground-

state parameters (Murnaghan, 1944; Jolayemi et 

al., 2020): 

𝐸 = 𝐸0 +
𝐵0

𝐵0
′ (𝑉 − 𝑉0)

𝐵0𝑉0

𝐵0
′(1−𝐵0

′ )
[(

𝑉

𝑉0
)

1−𝐵0
′

− 1]      (1) 

Here, 𝐸0  is the minimum energy, equilibrium 

volume (𝑉0), B0 is the bulk modulus, 𝐵0
′  is first 

pressure derivative of B0. The thermodynamic 

and optical response properties to photon were 

computed via QHA and DFPT approaches, as 

implemented in thermo_pw code (Malica & 

Corso, 2020)., an extension of Quantum 

Espresso. The effect of applied pressure as well 

as temperature for the mentioned properties are 

given in section 3.3 herein.  

3.0 Results and Discussions 

3.1 Analysis of Structural Stability and 

Electronic Properties  

Aluminum trihydride (with α-AlH3 phase) has a 

trigonal crystal symmetry with 𝑅3̅𝑐  space 

group, and a rhombohedral primitive unit cell 

structure. Showcased in Figure 1, the 𝐴𝑙3+ atom 

shared six neighboring equivalent 𝐻1− atoms to 

form 𝐴𝑙𝐻6  octahedra. The corner-sharing 

octahedral tilt angles are 56.52°. The 

rhombohedral structure demonstrates the spatial 

distribution of atoms within the unit cell of α-

AlH3, offering a rudimentary understanding of 

the crystallographic disposition in this phase. 

The Wyckoff positions proffer precise 

coordinates for Al- and H-atoms, aiding the 

circumstantial characterization of the material 

structure as follows: Al atoms are positioned at 

(2/3, 1/3, 1/3), while H atoms are positioned at 

(0.633, 0.633, 0.250) respectively. To calculate 

the equilibrium lattice constants, the GGA-PBE 

approach was employed to minimize the total 

energy of the unit cell. Further, from the 

structural optimization we determined properties 

such as the lattice constant a0, bond distance (or 

length) of Al–H, Al–Al, and H–H, and bond 

angle of Al–H–Al as illustrated in Table 1, and 

our results are in good standing with the 

experiments and are within the limits of 

theoretical values. Consequently, the percentage 

deviation of our calculated values relative to 

experiments (Takeda et al., 2011; Turley & 

Rinn, 1969) is depicted in Table 1.  The obtained 

Al–H bond distance (1.7151 Å) reveals the 

bonding nature of α-AlH3 as covalent, 

confirming the works of Takeda et al. (2011) and 

Tatsumi et al. (2012) respectively. Moreover, to 

analyze the thermodynamic stability of our α-

AlH3 material, calculations of the cohesive 

energy (𝐸𝐶𝑜ℎ.), and formation enthalpy (∆𝐻𝑓) 

are confirmed utilizing equations (2) and (3) as 

provided in (Masood et al., 2025).  

𝐸𝐶𝑜ℎ. =
1

𝑁
[𝐸𝑇𝑜𝑡𝑎𝑙(𝐴𝑙𝐻3) − 𝐸𝑇𝑜𝑡𝑎𝑙(𝐴𝑙) −

3

2
 𝐸𝑇𝑜𝑡𝑎𝑙(𝐻2)]

                                        (2) 

Here 𝐸𝑇𝑜𝑡𝑎𝑙(𝐴𝑙𝐻3)  represents the total energy 

of the hydride, while 𝐸𝑇𝑜𝑡𝑎𝑙(𝐴𝑙) and 𝐸𝑇𝑜𝑡𝑎𝑙(𝐻2) 

the isolated atom energies. A negative cohesive 

energy value in a material is considered 

energetically stable. 

The formation enthalpy (∆𝐻𝑓) for a compound 

precisely characterizes the variation in a 
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compound’s total energy and its individual 

stable state constituent energies. The 

computation of ∆𝐻𝑓 is obtained from Eq (3):  

∆𝐻𝑓 = 𝐸𝑇𝑜𝑡𝑎𝑙(𝐴𝑙𝐻3) − [𝐸𝑇𝑜𝑡𝑎𝑙(𝐴𝑙) +
3

2
 𝐸𝑇𝑜𝑡𝑎𝑙(𝐻2)] 

                                                      (3) 

where 𝐸𝑇𝑜𝑡𝑎𝑙(𝐴𝑙𝐻3) represents the total energy 

of α-AlH3 hydride, while 𝐸𝑇𝑜𝑡𝑎𝑙(𝐴𝑙)  and 

𝐸𝑇𝑜𝑡𝑎𝑙(𝐻2) denote the stable individual energies 

of the Al- and H-atoms. The calculated value for 

∆𝐻𝑓  remains negative in all materials, 

confirming the stability of α-AlH3 in this study 

as shown in Table 1. 

   Table 1: Structural properties of bulk α-AlH3 as compared with other studies 

Ref. 
Methods/  

Codes 

Lattice 

constant    

a0 (Å) 

Al−H 

Bond-

length (Å) 

Al−Al 

Bond-

length (Å) 

H–H 

Bond-

length (Å) 

Al-H-Al 

Bond 

angle (°) 

𝑬𝑪𝒐𝒉. 

(eV/fu) 

∆𝑯𝒇 

(kJ/mol) 

This 

work 

Quantum Espresso 

code 

4.6973 ± 

0.17% 

1.7151 ± 

0.09% 

3.2356 ± 

0.04% 

2.4175 ± 

1.65% 

141.2130 

± 1.3% 
-13.6582 -6.2000 

(a)Exp. 
X-ray and neutron 

diffraction 
4.6990 1.7150 3.2360 2.4340 141.2000 – – 

(b)Exp. Neutron diffraction – 1.7000 – 2.4000 – – – 

(c)Exp. 

X-ray emission and 

absorption 

spectroscopy 

– 1.7160 – – – – – 

(d)Exp 
X-ray diffraction 

patterns 
– 1.7200 3.2400 – – – – 

(e)Exp 
X-ray diffraction/ 

thermal analyses 
– – – – – – -6.0000 

(f)Cal. Wien2k code – 1.7174 3.3244 2.4112 – – -7.6000 
 

(a)Turley & Rinn, 1969; (b)Goncharenko et al., 1991; (c)Takeda et al., 2011; (d)Graetz et al., 2011; (e)Orimo et 

al., 2006; (f)Savić et al., 2017 

 

   

Figure 1: The rhombohedral crystal structure of α-AlH3 for RHL1: α < 900. The large spheres denote 

Al-atoms while the small spheres denote H-atoms respectively.  
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Following the realization of geometry 

optimization at P = 0 GPa, other ground state 

electronic parameters such as the bulk moduli 

(B0), first pressure derivative of B0 (𝐵0
′ ), and 

equilibrium volume (𝑉0)  were successfully 

determined by fitting the calculated total energy 

as a function of unit cell volume (E–V data) of 

the hydride into Birch-Murnaghan equation of 

state (EoS) given in Eq (1). These characteristic 

parameters are detailed in Table 2. Herein, it’s 

worth noting that our obtained results though in 

concord with experiments encompass a sundry 

range of B0 reported theoretically. The bulk 

modulus plays a vital factor in determining the 

structural stability of materials owing to the 

resistive ability to deform or crack. In addition, 

the obtained B0 value from the EoS fitting agrees 

well with the results of Baranowski et al. (1985) 

and Graetz et al. (2006), whose values were 

experimentally obtained by fitting their data into 

Birch EoS and Birch-Murnaghan EoS 

respectively. Of the two theoretical results by 

(Graetz et al., 2006; Vajeeston et al., 2008) 

reported for B0, the closest (Graetz et al., 2006) 

has a deviation of 16.5 % and 18.4 % from the 

experiments. However, this study gives a 

deviation of 4.4 % and 2.04 % respectively in a 

similar manner. This is an indication that the 

calculated value of B0 in the current study is in 

good accord with the experiment. The deviation 

in the B0 value arising from this study is not 

unusual to first principles DFT calculations. 

Thus, the computed bulk modulus (B0) in this 

study based on comparison indicates that the α-

AlH3 material is thermodynamically stable due 

to the high value of B0 recorded.  

Displayed in Figure 2 and Figure 3 are the 

electronic density of state (DOS) and projected 

density of states (PDOS) of the compound when 

no pressure is applied. Evidently, from the DOS 

and PDOS profiles, the computed energy band 

gap value (2.16 eV) obtained in this study falls 

within the limits of theoretical accuracy as given 

in Table. The predominant contributions of the 

photon energy to electron momentum in the 

highest-occupied-molecular-orbital (HOMO) 

region of the PDOS depicted in Figure 3 is 

composed of considerably 8(H)1s and 2(Al)2p 

orbitals which hybridized for transitions to 

lowest-unoccupied-molecular-orbital (LUMO). 

The estimated DOS is 3.57 per eV. 

3.2 Hydrogen Storage Properties  

The study calculates the gravimetric capacity 

and volumetric capacity of α-AlH3 hydride for 

hydrogen storage applications. The gravimetric 

hydrogen storage capacity for the hydride 

structure was calculated using Eq. (4) and 

represented by Cwt% in Table 3. Gravimetric 

capacity measures the quantity of stored 

hydrogen per unit mass of the hydride 

compounds (Rehman et al., 2024; Shahzad et 

al., 2024):  

Cwt% = (
(H

M⁄ ) mH

MHost  +  (H
M⁄ ) mH

) × 100%   (4) 

Similarly, the volumetric hydrogen storage 

capacity (𝛽𝑉𝑜𝑙.) is expressed as in Eq. (5). 

𝛽𝑉𝑜𝑙. =
𝑁𝐻 𝑚𝐻

𝑉(𝐿) 𝑁𝐴
=

𝑁𝐻 𝑚𝐻

𝑉𝑜𝑙.(Å)
3  (5) 

In this expression, mH and MHost represents the 

molar mass of H2 and Al, whereas the H/M is the 

ratio of hydrogen atoms to metal atoms, and in 

this case, it is three. The calculated maximum 

storage capacity of the hydride α-AlH3 is 10.08 

wt.% for gravimetric hydrogen storage capacity 

and 145.30 kg/m3 for volumetric hydrogen 

storage capacity. Our calculated gravimetric and 

volumetric hydrogen storage values are in better 

agreement with reported experiments as shown 

in Table 1, (10.10 wt.% and 149 kg/m3) (Graetz 

& Reilly, 2006), indicative of the hydride’s 

suitability for hydrogen storage applications. 

The current study records satisfying gravimetric 

storage ratio to experiment, with a slightly lower 

calculated volumetric hydrogen storage 

capacity, a behavior of which could be attributed 

to reduced space available (owing to the slight 

0.17% reduction in lattice constant value) within 

the rhombohedral unit cell for hydrogen to 

desorb and adsorb easily
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Table 2: Electronic properties of α-AlH3 as compared with other studies 

Ref. Methods/  

Codes 

Bulk modulus 

B0 (GPa) 

Pressure 

derivative  

𝐵0
′  

Equilibrium 

volume 𝑉0 

(Å3/f. u. ) 

Band gap energy 

(eV) 

This work Quantum Espresso code 50.00 5.00 33.69 2.16 (GGA) 
(a)Exp. X-ray diffraction 49.00 1.00 – – 
(a)Cal. CASTEP code 40.00 3.10 – – 
(b)Cal. VASP code 28.00 5.40 33.50 2.34 (GGA) 
(c)Cal.  

VASP code 

 

– 

 

– 

– 3.54 (GW) 

2.18 (GGA) 

1.79 (LDA) 
(d)Cal. DMol3package – – – 2.53 (GGA) 
(e)Cal. WIEN2K code – – – 2.00 (LDA) 
(f)Cal. Electron energy loss 

spectroscopy 

– – – 1.40 (LDA) 

(g)Cal. VASP code – – – 2.20 (GGA) 
(h)Cal. VASP code – – – 2.10 (GGA) 
(i)Exp. X-ray and neutron 

diffraction 

– – 33.72 – 

(j)Exp. Energy dispersive X-ray 47.90 3.30 – – 
(k)Exp. Neutron diffraction 38.90 5.00 – – 
(l)Exp. Raman and X-ray 

diffraction 

45.00 4.00 – – 

(m)Exp. X-ray diffraction 42.30 3.50 – – 
(n)Exp. X-ray emission and 

absorption spectroscopy 

– – – 3.1 

(a)Graetz et al., 2006; (b)Vajeeston et al., 2008; (c)Van Setten et al., 2007; (d)Vajeeston et al., 2011; (e)Aguayo 

& Singh, 2004; (f)Tatsumi et al., 2012; (g)Ke et al., 2005; (h)Wang et al., 2008; (i)Turley & Rinn, 1969; 
(j)Baranowski et al., 1985; (k)Goncharenko et al., 1991; (l)Drozd et al., 2012; (m)Goncharenko et al., 2008; 

(n)Takeda et al., 2011  

  

Figure 2: Density of state (DOS) plot as a function of energy for α-AlH3. The vertical dotted 

line indicates the Fermi energy level (EF) position. A band gap energy of 2.16 eV was obtained. 
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Figure 3: Projected density of states (PDOS) for all s- and p-states in the unit cell of bulk α-AlH3. The vertical 

dotted line indicates the Fermi energy level (EF) position. The obtained band gap is 2.16eV with a bond 

overlap population of 0.27. 

Furthermore, hydrogen desorption temperature 

(𝑇𝐻𝐷)  is the temperature required to release 

deposited hydrogen within a material (Obeidat et 

al., 2025), and it is estimated as: 

∆𝐺 = ∆𝐻𝑓 − 𝑇𝐻𝐷 ∙ ∆𝑆    (6) 

Here, ∆𝐻𝑓 is the calculated formation enthalpy, 

and ΔS denotes the entropy change in solids. 

Indeed, the Gibbs free energy is a significant 

thermodynamic quantity that finds usefulness in 

describing the properties of hydrides (Ain et al., 

2024). The temperature at which the standard 

Gibbs energy equals zero is referred to as the 

decomposition temperature. Thus, the 

desorption temperature for hydrogen is 

estimated according to Eq. (6) and given in 

Table 3. The change in entropy of hydrogen at 

normal conditions is given as: ΔS(H2) ≈ ΔS = 

130.7 J/mol-K (Obeidat et al., 2025). Moreover, 

it represents the ΔS associated with the 

transformation of H2 from a disordered gas to an 

ordered solid (Graetz & Reilly, 2006). However, 

the studied hydride exhibits low desorption 

temperature 𝑇𝐻𝐷 value in satisfactory agreement 

with the experiment as depicted in Table 3, 

making it a promising candidate for hydrogen 

filling and low-power fuel cell applications.

Table 3: Hydrogen storage properties of α-AlH3, including the gravimetric hydrogen storage capacity 

𝐶wt.%, the volumetric hydrogen storage capacity 𝛽𝑉𝑜𝑙. (𝑔𝐻2/L), the desorption temperature 𝑇𝐻𝐷 (𝐾) 

α-AlH3 Cwt% 𝛽𝑉𝑜𝑙. (𝑔𝐻2/L) 𝑇𝐻𝐷 (𝐾) 

This work 10.08 145.30 47.44 

Exp. 10.10(a) 149.00(a), 

148.00(b) 

48.5(a), 46.4(c) 

   (a)Graetz & Reilly, 2006; (b)Graetz et al., 2011; (c)Sinke et al., 1967 

   

3.3 Low Pressure-induced Electronic, 

Thermal and Structural Transition in α-AlH3 

Unveiling the intricacy and nature of a material’s 

properties under pressure is paramount owing to 

the decisive role pressure effects can have in 

sculpting both material’s configurations and 

stability. The electronic and structural properties 

of α-AlH3 were computed for various applied 
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pressures ranging from 1 to 8 GPa as shown in 

Figure 4. Understanding the characteristics of 

the α-AlH3 under low pressures is key to a 

crucial step in determining and establishing 

various properties. Depicted in Figure 4(a) are 

the electronic band structures (EBS) obtained, 

and Figure 4(b) the projected density of states 

(PDOS) for different applied pressures 

(compressive stress). The EBS obtained by 

applying pressures retained its typical indirect 

band gap semiconducting nature, while still 

sustaining the LUMO position of the highly 

symmetrical Г-point. Further, with the 

increasing compressive stress, the bottom of the 

LUMO continually moves towards high energy 

as revealed in Figure 4(a) from 1 GPa to 7 GPa 

while the top of the HOMO remains unchanged. 

This movement toward higher energy is linked 

to compressive strain-dependent effects, 

yielding increasing Fermi-energy levels (see 

Figure 8). Consequently, in Figure 4(a), a 

gradual disappearance of a single-band was 

observed at the top LUMO region between the 

Ζ–Β|Β1 symmetry positions up to 3 GPa 

respectively.  

 
Figure 4: (a) Electronic band structure and (b) Projected density of states (PDOS) along high symmetry 

Brillouin zone directions for 1 GPa, 3 GPa, 5 GPa, and 7 GPa respectively. The horizontal dotted black-line 

indicates the position of the Fermi Energy Level (EF). 

Likewise, the minimum LUMO band at 1 GPa 

goes far below the 2.0 eV at first. With the 

observed gradual upward increase in minimum 

LUMO to higher energies, this upward trend 

continues even above 2.0 eV as the applied 

pressure approaches 8 GPa. Moreover, from 3 

GPa to 4 GPa, the single-band disappeared 

completely, and thereafter, from 5 GPa the 

reappearance of the single-band is again noticed 
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with increasing downward shoot or movement. 

This behavior is sustained for the rest of the 

higher pressures with corresponding energy 

increment in the positive direction of the vertical 

energy profile. Confirmed in Figure 7 is the 

characteristic energy increment of the band gap 

energy by the DOS (density of state) profile. 

 

 
Figure 5: Structural phase transition of α-AlH3 due to pressure at 3 GPa (with x-, y-, z-coordinates) 

 

Notably, this increment in the energy profile 

shows the transfer of electron momentum from 

the HOMO to LUMO regions due to excitations 

resulting from compression. Additionally, the 

behavior of the compound to exhibit a 

disappearance and reappearance of single-band 

is a characteristic of reconstructive transitions 

(Mujica et al., 2003) resulting from solid-solid 

phase transitions driven by pressure changes, 

which in our case shows exactly where the 

transition starts. Furthermore, at 3 GPa the 

formation of new bonds was found in the crystal 

structure as depicted in Figure 5. It was therefore 

observed to have been sustained at applied 

pressures up to 8 GPa, hence showing the 

stability of the material structure within the 

prescribed pressure range.  

A material’s total heat content is termed 

enthalpy (H), often representing the heat 

absorbed (endothermic) or released 

(exothermic) during a process. Nevertheless, a 

negative enthalpy change (𝛥𝐻 < 0) showcases 

the exothermic nature of a material that yields 

bond formations, whereas a positive enthalpy 

change (𝛥𝐻 > 0)  showcases endothermic 

nature resulting in bond breaking (Ren et al., 

2023; Yu & Liu, 2025). Figure 6(a) illustrates 

the change in enthalpy in kJ/mol. for α-AlH3 at 

varying low pressures. The obtained negative 

𝛥𝐻  values are indications leading to forming 

new, stable bonds in α-AlH3 with lowering 

potential energy, and a release of excess energy. 

The result provides insight into the 

thermodynamic favorability of the hydride by 

quantifying the energy released. From the 

Figure, an equilibrium is attained starting from 3 

GPa. Consequently, the propensity of the 

hydride suggests the stability and start of bond 

formation at 3 GPa pressure. This again 

confirms the electronic and structural transition 

results of Figures 4 and 5, respectively. The 

illustrations in Figures 6(b) – (d) showcase the 

temperature dependence of free energy, entropy, 

S, and constant volume heat capacity CV at 

different pressures in the temperature range 0–

800 K. In Figure 6(b), the free energy has its 

minimum value at 3 GPa observed to be − 0.04 

Ry for the material. The negative free energy 

verifies the thermodynamic stability of the 

hydride. Clearly, within the pressure range, it 
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can be seen in Figure 6(b) that the free energy at 

3 GPa, showcase the most stable equilibrium 

transition state for the studied hydride. The more 

negative a free energy is the higher the entropy 

(Musari, 2021). This analysis depicts a more 

negative free energy value, −0.04 Ry, at 3 GPa, 

and displayed a lesser negative value at higher 

pressures. This behavior at 3 GPa supports the 

observed electronic transition state in Figure 4. 

Displayed in Figure 6(c) is the entropy (S) plot 

of α-AlH3 for various pressures. Entropy, 

reflects the thermal energy of a material. The rise 

in temperature at fixed pressure can be seen 

resulting to a rise in entropy 𝑆. The 𝑆 value in 

Figure 6(c) rises upward until 3 GPa, and 

thereafter reduces to the minimum. The increase 

in 𝑆 is a consequence of the thermal excitation 

of electrons. As a result, electrons acquire higher 

energy and transit to higher energy states at a 

fixed pressure. From Figure 6(c) the highest 

entropy value is S ≈ 2.1 x 10–4 Ry/K at 3 GPa 

pressure. This is in concord to the analysis of the 

free energy. Thus, the exhibited discontinuity in 

the uprise of S could be attributed to the phase 

transition at the same pressure as in Figures 4 

and 5, respectively.  

The specific heat capacity CV in Figure 6(d) 

increases exponentially with temperature due to 

the increase in thermal excitation of electrons 

within the hydride. Similar to the S plot of Figure 

6(c), the CV plot confirms the assertion at 3 GPa 

for the hydride, as the highest spectra falls within 

the same pressure peak.

 

Figure 6: Enthalpy change vs pressure (a), Free energy (b), Entropy (c) and Heat capacity (d) as functions of 

temperature 
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The concept of Debye temperature TD is 

fundamental as it links many physical 

parameters, as well as describing the CV 

behavior. We observe in Figure 6(d) that the 

isochoric CV of the α-AlH3 increases 

exponentially with temperature for T < 450 K. 

For temperatures much higher than the Debye 

temperature (𝑇 > 𝑇𝐷), the CV approaches the 

Dulong and Petit law (Mouchou et al., 2023) as 

indicated with upper red line in Figure 6(d). 

From our result, one can see that at T > 500 K, 

all phonon modes at higher temperatures are 

sufficiently excited by thermal energy. The CV 

reflects the heat storage capacity of a material 

and in this study, the recorded maximum value 

of CV = 0.1457 mRy/cell/K (i.e. 191.35 J/mol.) 

at 3 GPa was obtained. 

Nevertheless, it is well known that the nature of 

the band gap is another important property of 

materials. Most materials are associated with 

direct band gap due to direct photon emission by 

electrons, but for indirect band gap, the photons 

cannot be directly emitted by electrons except by 

passing through an intermediate state and 

transferring momentum to the crystal lattice. In 

the current study, irrespective of the shift in 

symmetry, all the EBS profiles (see Figure 4(a)) 

revealed an indirect band gap, and the 

corresponding eigenvalues are calculated from 

the DOS as illustrated in Figure 7.  

  

Figure 7: Density of states (DOS) versus energy for the various pressures  

The DOS plot shows an increasing band gap 

nature due to the compressive strain effect 

arising from reduced unit cell volume influenced 

by applied pressures. Again, the energy band 

gap was observed to have increased from 1.423 

eV to 2.752 eV within the pressure range of 1 

GPa to 8 GPa presented in Figure 7. This 

increasing trend of band gap value in the DOS 

plots is similar to that reported by Graetz et al. 

(2006) at moderate pressure. Generally, Fermi 

energy exhibits increasing characteristics with 

increasing pressures as confirmed in Figure 8. 

Shown in Figure 9, Figure 10, and Figure 11 are 

the pressure-dependent plots of the Al-H-Al 

bond angle, Al-H bond distance, and volume 

compression respectively as functions of 

increasing applied pressure. Consequently, the 

three Figures exhibit the usual decreasing trend 

relating to increasing applied pressures. In 

agreement with the report of Graetz et al., the 

decreasing nature of Figure 10 exhibits a 

behavior towards strong covalency due to 

decreasing Al–H bond length resulting from 

increased applied pressure.  
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Figure 8: Fermi energy as a function of applied pressure 

 
Figure 9: Bond angle as a function of applied pressure 

 

Figure 10: Bond distance as a function of applied pressure 
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Figure 11: Volume compression at varying applied pressures 

3.4 Low Pressure-induced Optical Transition 

in α-AlH3  

In the linear range, the optical response 

functions of semiconductors to analyze the 

optical behavior are essential for understanding 

how they respond to incident photons. The 

complex dielectric function from the 

Ehrenreich-Cohen formula (Shahzad et al., 

2024) is given by )()()( 21  i+= , and 

quantifies how materials respond to 

electromagnetic (EM) radiation due to the 

interaction of photons with electrons (Aliabad & 

Yalcin 2017) over varying frequencies (ω). The 

optical properties are measured after the 

calculations of real [𝜀1(𝜔)]  and imaginary 

[𝜀2(𝜔)]  components of the complex function 

𝜀(𝜔). Also, while the polarization is indicated 

by ε1(ω), the energy dissipation of the system is 

delineated by (ε2). Specific equations that relate 

the components are (Hosen et al., 2025, Ekwere 

et al., 2024):  

𝜀1(𝜔) = 1 +
2

𝜋
𝑃 ∫  

𝜔/ 𝜀2(𝜔/)

(𝜔/)
2

 − 𝜔2

∞

0
 𝑑𝜔/           (7) 

where the momentum operator P is the Cauchy 

integral. The interband transitions from the EBS 

yields,  

𝜀2(𝜔) =
1

𝜋
[

4𝜋𝑒

𝑚𝜔
]

2
∑ .𝑖𝑗 ∫ [𝑀𝑖𝑗(𝑘)]

2∞

𝐵𝑍
 𝑓𝑖(1 − 𝑓𝑗)  × 𝛿[𝐸𝑓 −

 𝐸𝑖 − 𝜔]𝑑3(𝑘)                                               (8)  

where ‘i’ and ‘j’ represent the HOMO and 

LUMO bands in basis sets and 𝑀𝑖𝑗(𝑘) denote 

the dipole matrix in 𝑖𝑗 directions. In compliance 

with the Kramers–Kronig relationship and the 

direct transition probability between 𝜀1(𝜔) and 

𝜀2(𝜔), the electron energy loss (EEL) function 

L(𝜔) is computed as:  

( )
( )

( )
( ) ( )






2

2

2

1

21
Im

+
=







 −
=L  

                                             (9) 

As a valuable tool for investigating materials' 

optical response, the function L(𝜔)  is 

constituted by plasmon excitations. The optical 

spectra of Figure 12, and Figure 13 are the 

obtained results of our dielectric function 

calculations using equations ((7) – (9)) at 

different applied pressures of 1 GPa – 8 GPa 

within the energy spectrum of 0–15 eV. The real 

dielectric function 𝜀1(𝜔) of α-AlH3 within the 

given pressures showed a quick rise to 

maximum peaks and sharp drops in the low-

energy range, as depicted in Figure 12(a). The 

maximum peak reached by 𝜀1(𝜔) is 205.21 at 

0.25 eV (at 1 GPa). This maximum peak is 

similarly justified by 𝜀2(𝜔) in Figure 12(b) at 

the same pressure. Moreover, the 𝜀1(𝜔) tends to 

converge at circa 9 eV and beyond this range 

progresses parallel to the energy axis. This 



 
 
 

15                                                                                 A. O. Akpan, S. A. Ekong, J. B. Emah  

 
 

@ REJOST 2025 

behavior reflects the minimum polarization and 

dispersion of incident photons within this energy 

range. At zero energy, the calculated static 

dielectric constants 𝜀1(0)  within the pressure 

range lies between 204.78 and 134.63 

respectively. The elevated minimal positive 

values at 𝜀1(0) signify critical electrical energy 

storage ability and degree of polarization in α-

AlH3 hydride (Candan et al., 2025). In addition, 

below zero in the negative regime, 𝜀1(𝜔) for the 

different pressures lies in the range 2.15 – 17.61 

eV. The negative values satisfy a significant 

metallic character (Hosen et al., 2025, Gregory 

et al., 2024) of the compound. The relation 

linking the dielectric function to the electronic 

band structure (EBS) given as [𝜀1(0) ≈ 1 +

(
ℏ𝜔𝑝

𝐸𝑔
⁄ )

2

], is significant in that higher band 

gap energy 𝐸𝑔  generates minimal 𝜀1(𝜔)  value 

as prescribed in Penn model (Penn, 1962). Also, 

the optical spectra of 𝜀1(0) can be connected to 

refractive index by [𝑛2(0) = 𝜀1(0)] (Aliabad & 

Chahkandi, 2018). The evaluated static 

refractive index, 𝑛(0), lies in the range of 11.25 

– 14.29 (from 1 – 8 GPa).  

 
Figure 12: (a) Real part and (b) Imaginary part of dielectric function versus energy at various applied 

pressures 

Figure 12(b) displays the calculated imaginary 

dielectric function 𝜀2(𝜔)  and shows three 

prominent peaks each as critical points that 

represent the thresholds for the optical 

transitions. These peaks occur between the 

ranges of energy 0.31 – 2.57 eV along the x-

direction, which could be described from the 

DOS spectra. The prominent peaks appear due 

to interband electronic transitions leading to the 

orbital hybridization of the H(1s)-, Al(1s)-, and 

Al(2p)-states in the compound. The Figure 

shows that for the applied pressure promising 

applications are favorable for infrared and 

visible light technology.  

In Figure 13, the electron energy loss (EEL) 

function at different pressures calculated using 

Eq. (9) is displayed as a photon energy 

dependent function. The EEL function shown 

illustrates the scattering probability of 

photoelectrons. Observations from Figure 13 

show that below 33.00 eV there is no energy 

loss, indicating the material’s ability to retain 

photoelectrons within this energy range. The 

highest energy loss value is 78.7 at 36.69 eV. 

Energy loss drops to zero beyond 44.10 eV. The 
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highest energy of the EEL function L(ω) is 

defined as the energy of plasmon volume (ħωp). 

The real part of dielectric function 𝜀1(𝜔) equals 

zero at plasma resonances. Thus, from Figure 

13, the obtained maximum value of ħωp for the 

binary hydride (α-AlH3) is favored at 3 GPa with 

a photon energy of 36.69 eV at 78.7 peak 

maximum. In Figure 13, the outstanding 

promising sharp peak (with solid-yellow 

spectra) seen denoting 3 GPa is a deviation 

showing the highest interband excitations 

between the HOMO-LUMO transition. 

Consequently, this abrupt frequency 

discontinuity of EEL in the optical peaks at 3 

GPa is an indication of a rise and sudden drop in 

spectra function due to the applied pressures, 

signaling a phase transition point. The above 

optical observations confirm the low pressure 

induced phase transition of α-AlH3 at 3 GPa as 

observed in Figure 4(a) (electronic property), 

Figure 5 (structural property), and Figure 6, 

respectively. Moreso, at energies less than 33 eV 

the hydride exhibits a promising photo-

absorbing property. This photo-absorbing 

behavior herein showcases trends similar to 

ZnO2 (Thapa et al., 2015). 

 

 
Figure 13: Electron energy loss (EEL) function versus energy at various applied pressure 

4.0 Conclusion 

In this research, we explored the electronic, 

structural, thermodynamic, and optical 

properties of the α-AlH3 as a promising 

hydrogen storage material. By optimization of 

the structure using the generalized gradient 

approximation (GGA), implemented in the 

density functional theory (DFT)-based quantum 

espresso code, we report a gravimetric storage 

capacity of 10.08% and a desorption 

temperature value in agreement with the 

experiments. The electronic and structural 

analyses reveal that the bulk hydride is a 

semiconductor with an indirect band gap of 

2.16 eV. Also, the total and projected densities 

of states of α-AlH3 are calculated to understand 

the relative energetic contributions of electrons, 

leading to the hybridization and nature of 

bonding. From the calculated Al–H bond length, 

it is found that α-AlH3 exhibits a covalent 

bonding nature. Within the limits of the applied 

pressures, the thermodynamic and optical 

properties, such as real and imaginary parts of 

dielectric function, and the electron energy loss 

function L(ω) as well as the enthalpy ΔH, free 

energy, entropy S and heat capacity CV are 

calculated. The optical properties calculation of 

L(ω) at 3 GPa reasonably confirms the phase 

transition results computed from both the 

electronic band structure and the structural 

analysis. Further confirming this phase 

transition at 3 GPa is the thermodynamic 

analysis of the enthalpy ΔH, free energy (− 0.04 

Ry), entropy S, and heat capacity. The obtained 

results predict a phase transition occurring at a 

pressure of 3 GPa. This suggests that α-AlH₃ 
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may serve as a good energy storage candidate, 

and also a promising photo-absorber at energies 

lower than 33 eV.  
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