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HIGHLIGHTS

e Development of the thermodynamic properties of the hydride NazAlHs.

e Substituting aluminum with Be, Si, and Fe enhances NazAlHg for hydrogen storage.
o The criteria imposed by the DOE were validated during this work.

e Optimization of the storage capacity of NazAlHg hydride.

ARTICLE INFO ABSTRACT

Keywords: In this work, the structural, thermodynamic, and electronic properties, as well as the diffusion kinetics and
Hydrogen storage volumetric and gravimetric capacities of sodium and aluminum hydride NasAlHg, were evaluated and enhanced
Hydride

by substituting the aluminum element with Be (Na3Al; yBexHg), Si (Na3Al; 4SixHe), and Fe (NasAl; yFexHg) with
x = 0.25 and x = 0.5. All calculations were performed according to density functional theory (DFT), using the
generalized gradient approximation (GGA) developed by Perdew, Burke, and Ernzerhof for solids (PBEsol). The
results show an improvement in the thermodynamic properties. For instance, the formation enthalpy decreased
from —82.25 kJ/mol.Hz for the unsubstituted hydride NasAlHg to —34.24 kJ/mol.H; for (NasAlg 75Beg 25He) and
—35.02 kJ/mol.Hz for (NagAl 5Sip sHe), values that closely align with those suggested by the U.S. Department of
Energy (DOE). The decomposition temperature (T4q) dropped from 632.76 K for the unsubstituted hydride
NagAlHg to 392.21 K for (NagAl sFeg sHe), corresponding to the operational temperature range of hydrogen fuel
cells (PEM) from 289 to 393 K. Furthermore, the gravimetric capacity of hydrogen increased from 5.93 wt% for
the unsubstituted hydride NazAlHg to 6.40 wt% for NagAlj sBeg sHe, in line with the DOE’s recommended value
of 6 wt%. Analysis of the density of states of NagAlHe revealed that the bandgap is 2.98 eV, indicating that the
hydride NasAlHg is insulating. The activation energy of hydride NazAlHg varies between 0.8 and 3.05 eV.

NasAlHg
Thermodynamic properties
DFT

1. Introduction years, according to the U.S. Energy Information Administration (EIA)
[1-4]. For instance, the estimated global reserves of oil and natural gas

The current state of energy worldwide faces a major challenge: fossil are about 50 years, while coal reserves are approximately 156 years [5,
fuels, such as oil, natural gas, and coal, will be depleted in the coming 6]. On the other hand, according to the Intergovernmental Panel on
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Climate Change (IPCC), global temperatures have risen by about 1.5 °C
since the industrial revolution, between 1980 and 1999 [7]. The in-
crease in temperature presents a threat to countries with coastal areas,
raising the risk of the disappearance of certain islands and vulnerable
regions [8]. If this increase continues along the same trends, a rise of up
to 2 °C could be reached by the end of the century [9]. In this context,
the Paris Conference (COP21) aims to limit global warming to between
1.5 and 2 °C above pre-industrial levels [8,9]. To reach this goal, it is
essential to explore alternative energy sources that are less polluting and
more abundant on Earth. Among the solutions identified so far are
renewable energies such as solar, wind, hydroelectric, biomass, and
marine energy [10]. However, these types of energy suffer from limi-
tations related to their availability under all conditions, For example,
marine energy cannot function if there are no waves [11].

In recent years, we have developed another type of energy:
hydrogen-based energy, which is becoming a trend both now and in the
future [12-17]. This is due to its sustainability and high energy content,
as it has an energy density of 142 MJ/kg, approximately three times that
of fossil resources [18,19]. Additionally, the conventional way of pro-
ducing hydrogen through electrolysis of water without harmful green-
house gas emissions is an another attractive advantage [8,9,20,21].
However, this new type of energy faces a major challenge in storage [22,
23].

Many experts believe that storing hydrogen in the form of hydrides is
safer than storing it in high-pressure cylinders, which require nearly
700 bars to contain 30 kg of hydrogen per cubic meter [18,24,25]. This
poses a threat both for the storage and use of hydrogen. While liquid
hydrogen storage offers an energy density of 8.4 MJ/L, higher than that
of gaseous hydrogen at 4.4 MJ/L, it represents a significant challenge
due to cooling and compression processes that result in nearly 30 % loss
of stored energy in liquid hydrogen. Due to safety concerns associated
with the hydrogenation process and the potential to reuse hydrides after
discharge, solid storage remains one of the most sought-after methods in
hydrogen storage [20,26-32]. However, one issue to address in solid
storage is meeting certain criteria. If these hydrides do not meet the
requirements set by the U.S. Department of Energy (DOE), they cannot
be used as energy storage systems. Among these criteria, the formation
enthalpy must be equal to —40 kJ/mol.H,, the temperature must be
between 289 and 393 K, and the gravimetric capacity must exceed 6 wt
% [33-35]. Among the commonly developed hydrides in recent years
are magnesium-based hydrides such as MgH; [23,36], Mg2CoHs [37,38]
and MgoNiH4 [10], as well as complex hydrides like lithium borohy-
dride, LiBH4 [20,39], Sodium aluminum hydride, NaAlH4 [40-43].

To broaden and enrich the research field on materials suitable for
hydrogen storage, we have chosen sodium aluminum hydride, NasAlHg,
due to its hydrogen content and the competitive cost of aluminum and
sodium in the market [26,44-48]. Additionally, NagAlHg has an acti-
vation energy of 0.62 eV, indicating that the hydrogenation process is
relatively easy to achieve [49]. Furthermore, the storage capacity of
sodium aluminum hydride is 5.5 wt% [47], which is close to the value
suggested by the U.S. Department of Energy set at 6 wt%. However, its
experimental formation enthalpy is —89 kJ/mol.H,, and its decompo-
sition temperature is 268 °C factors that require improvement [50].
Moreover, the strong bond between the Na™ ions and [AlHg] 3" makes
this hydride more stable, which complicates the release of hydrogen
under ambient temperature and pressure conditions. This characteristic
limits the large-scale use of this hydride, particularly in transport ap-
plications, which require safety guarantees. Studies have been con-
ducted to improve the storage capacity of NagAlHg, using TiCls and Ti
(OBu)4 to dope NasAlHg [26]. This method showed an increase in
storage capacity, but this was observed at temperatures ranging from
443.15 K to 543.15 K and under pressures ranging from 4.2 MPa to 6
MPa [27].

In this work, in order to optimize the thermodynamic properties and
storage capacity of NasAlHg hydride, the aluminum element was
replaced with three elements: Be (alkaline earth metal), Si (metalloid),
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and Fe (transition metal), at concentrations of 25 % and 50 %. The
reason for choosing these elements was to examine the effect of various
types of elements rather than just one. Additionally, these elements
exhibit different characteristics, such as their valence electron counts:
Be (2s2), Si (3s2 3p2), and Fe (3d°® 4s%) the electronic properties will be
explained in Fig. 7. They also differ in atomic radii, molar masses, and
electronegativity. These differences could lead to an increase in gravi-
metric capacity as well as improvements in formation enthalpy and
decomposition temperature. To the authors’ knowledge, the substitution
of aluminum with Be, Si, and Fe has not been previously studied in the
literature to enhance the thermodynamic properties or hydrogen storage
capacity of NagAlHg hydride. Therefore, the results obtained in this
work could guide future research on hydrogen storage in NagAlHg hy-
dride, as well as studies that may utilize these hydrides in commercial
applications for hydrogen fuel cells (PEM) [51].

2. Computational methodology

The calculations performed in this work are based on density func-
tional theory (DFT) and utilize the Cambridge Serial Total Energy
Package (CASTEP) computational code [52]. The generalized gradient
approximation (GGA) developed by Perdew, Burke, and Ernzerhof for
solids (PBE) is used as the approximation for all calculations con-
ducted [53]. An ultrasoft pseudopotential is applied with a cutoff energy
of 410 eV, and the K points are defined at 6 x 5 x 3. The convergence
energy is set to 5 x 1077 eV, with an energy of 5 x 10~° eV/atom. The
maximum allowed force is 0.01 eV/f\, the maximum stress is 0.02 GPa,
and the maximum displacement is 5 x 10™* A. The conventional cell of
the NagAlHg system, belonging to space group P21/c (No. 14), consists
of 12 hydrogen atoms, 6 sodium atoms, and 2 aluminum atoms [54].
Their positions are represented in Table 1.

3. Results and discussion

3.1. Structural Properties of NasAlHg and NasAl; . M,Hg (M = Be, Si,
and Fe) (x = 0.25 and 0.5)

Before proceeding with the substitution of the aluminum (Al)
element in sodium-aluminum hydride NagAlHg with other elements
such as beryllium (Be), silicon (Si), and iron (Fe), it is essential to first
optimize the structural parameters and the volume of the unit cell of
NagAlHg. This optimization enables the determination of the most ac-
curate values for the crystalline structure of the hydride, ensuring that

Table 1
Fractional coordinates of atoms (u,v and w) of system NasAlHg.

Element Atom number Fractional coordinates of atoms
u v w

H 1 0.224085 0.767069 1.063608
H 2 0.684627 0.830787 1.456388
H 3 0.883784 0.952070 1.283770
H 4 —0.224085 1.267069 —0.563608
H 5 —0.684627 1.330787 —0.956388
H 6 —0.883784 1.452070 —0.783770
H 7 —0.224085 —0.767069 —1.063608
H 8 —0.684627 —0.830787 —1.456388
H 9 —0.883784 —0.952070 —1.283770
H 10 0.224085 —0.267069 1.563608
H 11 0.684627 —0.330787 1.956388
H 12 0.883784 —0.452070 1.783770
Na 1 0.735274 0.953076 0.746054
Na 2 —0.735274 1.453076 —0.246054
Na 3 —0.735274 —0.953076 —0.746054
Na 4 0.735274 —0.453076 1.246054
Na 5 0.500000 0.000000 1.000000
Na 6 —0.500000 0.500000 —0.500000
Al 1 0.000000 0.000000 0.500000
Al 2 0.000000 0.500000 0.000000
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the results are consistent with both experimental and theoretical data.
The Na3AlHg system (space group P21/c No. 14) evaluated in this work
was reported by the official site (Materials Project) in 2014 with the
following lattice parameters: a = 5.543 A, b = 5.346 A, and ¢ = 9.384 A
[54]. These lattice parameters closely resemble the results obtained in
this study, based on the GGA-PBEsol approximation, which yields a =
5.32 ;\, b=5.25 10\, and c = 9.34 [o\, resulting in a volume of 260.86 Az,
The results obtained during this work are summarized in Table 2.

Once this optimization is completed, the aluminum (Al) element in
the NasAlHg structure will be substituted with 25 % and 50 % of Be, Si,
and Fe (Fig. 1). The results show that the substitution led to a significant
increase or decrease in volume. Specifically, the volume increases by
almost half when the substitution is at 25 %, while with a 50 % sub-
stitution, the volume experiences a slight decrease. This variation can be
explained by the fact that lower concentrations of substitutes create a
repulsive force between the substituting atoms and the main atoms of
the NagAlHg hydride. In contrast, higher concentrations of substituents
may reduce the repulsive forces and increase the attractive forces be-
tween the atoms, resulting in a slight decrease in volume.

3.2. Volumetric and gravimetric capacity

To continue our study and gain a deeper understanding of the impact
of the substitutions made on hydrogen storage, it is essential to examine
the volumetric and gravimetric capacity of NagAlHg as well as NagAl;.
xMyHg (where M = Be, Si, and Fe) for values of x equal to 0.25 and 0.5.
The equations used to calculate the volumetric capacity (Equation (1))
and the gravimetric capacity (Equation (2)) are as follows [55]:

nMy

AT €9)

nMy

C,= 2
¢ nMy + 3My, + (1 — x)My; + xMy 2

Where n is the number of hydrogen atoms in the unit cell, My is the
molar mass of hydrogen, N, is Avogadro’s number, V is the volume of
the unit cell, My, is the molar mass of sodium, Mj; is the molar mass of
aluminum, M), is the molar mass of the substituent (M = Be, Si, and Fe),
and x is the percentage of substitution.

The results obtained are presented in Fig. 2 and show that a 25 %
substitution with these elements reduced the volumetric capacity of
NagzAlHg from 36.6 g.Hy/L to approximately 20 g.Hy/L. In contrast, a 50
% substitution led to an increase in volumetric capacity, reaching up to
47.2 g.Hy/L for the iron element, which is greater than the minimum
value of 40 g.Hy/L proposed by the DOE, this increase is due to the
volume reduction of the substituted hydrides (NasAl; xMyHg) [33,34].
This variation can be explained by the repulsive or attractive forces
created between the substituting elements and the main atoms of the
NagAlHg hydride. At low concentrations of substitutes, repulsive forces
may dominate, thereby reducing the volumetric capacity. Conversely, at
higher concentrations, attractive forces may become more significant,
resulting in an increase in volumetric capacity. These observations are

Table 2
Lattice Parameters and Volume of NasAlHg and NazAl; ,M;Hg (M = Be, Si, and
Fe; x = 0.25 and 0.5).

Structure Lattice parameter @A) Volume (A%
a b c
NazAlHg 5.32 5.25 9.34 260.86
NagAlg 75Beg o5He 5.27 7.63 10.94 439.90
NagAlg, 75Si¢,25He 5.38 7.71 11.09 460.01
NagAly, 7sFeg 25Hs 5.31 7.61 10.84 438.03
NagAlg sBeg sHe 5.26 5.40 7.55 214.45
NagAlg 5Sio sHe 5.39 5.59 7.75 233.51
NagAlg sFeq sHe 5.30 5.29 7.58 212.52
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crucial for understanding how different substitutions influence the
properties of the material and for integrating these forces into the
manufacturing of hydride in future research.

On the other hand, the gravimetric capacity of NazAlHe hydride is
5.93 wt%, making it an interesting candidate for hydrogen storage. The
results are illustrated in Fig. 3, where the purple dotted line corresponds
to the minimum capacity of 6 wt% proposed by the DOE [33,34,55].
This capacity was optimized with the substitution of aluminum by
beryllium (Be), it reaches 6.06 wt% for a 25 % substitution rate of Be
(NagAlg 75Beg 25sHg), and 6.40 wt% for a 50 % substitution rate of Be
(NagAlp sBeg sHg). These results align with the 6 wt% value proposed by
the U.S. Department of Energy (DOE). In contrast, a slight decrease in
gravimetric capacity is observed when aluminum is substituted with 25
% and 50 % of silicon (Sl) (N33A10.75Si0_25H6 and Na3A10,5$i0_5H6) or iron
(Fe) (NagAlp 7sFeg2sHg and NagAlg sFegsHg), with capacities ranging
from 5.12 wt% to 5.81 wt%. However, these values remain close to those
of the DOE [33,34,55]. The increase in gravimetric capacity with
beryllium substitution, as well as the decrease observed with silicon and
iron, can be explained by the fact that beryllium has a lower molar mass
compared to the other substituting elements.

3.3. Thermodynamic Properties and hydrogenation kinetics

3.3.1. Activation energy

The activation energy is the energy required for a hydrogen atom to
move from one site to another. If this energy is very low, the hydroge-
nation process is likely favored, conversely, if the energy is high, the
process becomes more complex [10,39,56]. This quantity is therefore
essential for understanding the kinetics of hydrogenation of NagAlHg
hydride. To calculate this energy, it is necessary to know the energy of
the NagAlHg system in all configurations where the hydrogen atom can
exist. Thus, the activation energy is defined as the difference between
the energy of the final state and that of the initial state. In Fig. 4, the
activation energy is first calculated during the migration of the hydrogen
atom to the first nearest neighbor site, and then during its migration to
the second nearest neighbor site.

The results obtained show that the energy required for a hydrogen
atom to move to the first nearest neighbor site is 0.8 eV, which is very
close to the experimental value of 0.62 eV [49]. This activation energy
value indicates that the diffusion of the hydrogen atom to the first site is
feasible, leading us to conclude that NazAlHg hydride is promising for
hydrogen storage applications. In contrast, the migration of the
hydrogen atom from the first site to the second site requires an activa-
tion energy of 3.05 eV. This clearly indicates that the first migration of
the hydrogen atom to the nearest neighbor site is much more favorable
than the second migration. This difference in activation energy during
the migration of the hydrogen atom, whether to the first or second site,
can be attributed to several factors, such as the distance between the
sites and the attractive or repulsive forces that influence this migration
[20,56]. This means that NasAlHg has a higher stability, but it is
necessary to reduce it to make it more suitable for hydrogen storage
applications, which is the goal of the substitution.

3.3.2. Enthalpy of formation

The formation enthalpy factor AH is essential for determining suit-
able materials for hydrogen storage [23,39,57]. According to the U.S.
Department of Energy (DOE), a material selected for hydrogen storage
must have an enthalpy of —40 kJ/mol.H,. If this enthalpy is greater than
—40 kJ/mol.Hy, the hydride is considered thermodynamically unstable;
conversely, if it is lower, the hydride is deemed more thermodynami-
cally stable [20,56]. This enthalpy is generally defined as the difference
between the total energy of the products and that of the reactants. In the
case of NagAlHg hydride, the formation equation we use is as follows:

3Na + Al + 3H,—Na3AlH, 3

On the other hand, the formation equations used for the substitution
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Fig. 1. Schematic representation of NazAlHg (a), NazAlg 75sMp 25Hg (b), and NasAlp sMg sHe (¢) with (M = Be, Si, and Fe).
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Fig. 2. Volumetric Capacity of NazAlHg and NazAl; yMyHg (M = Be, Si, and Fe;
x = 0.25 and 0.5).
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Fig. 3. Gravimetric Capacity of NagAlHg and NazAl; x\MyHs (M = Be, Si, and Fe;
x = 0.25 and 0.5).
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Fig. 4. Activation Energy of NazAlHg during the transition of the atom to the
first nearest neighbor site and the second nearest neighbor site.

with 25 % and 50 % of beryllium (Be), silicon (Si), and iron (Fe) are as
follows:

3Na + Aly 75My 25 + 3Hy,—NasAly 75Mp 25He ()]

3Na +Alo_5Mo_5 + 3H2 —>Na3A10'5M0,5H6 (5)

While the formation enthalpy is calculated by: for the NagAlHg hy-
dride (Equation (6)), NagAlg75sMo2sHe (Equation (7)), and
NaszAlg sMo sHe (Equation (8)).

AH=E(NasAlHg) — 3E;o(Na) — Eyor (Al) — 3Eoi(Hz) (6)

AH = Eo(NasAly 75Mo 25He ) — 3Eot(Na) — Eio(Alo 75Mo 25) — 3E 0 (H2)
@)

AH =E,(NaszAlysMosHs) — 3E;o:(Na) — Eror (AlgsMo5) — 3E o (Hz) (€)]

Based on Equation (6), the formation enthalpy of Na3AlHg hydride is
equal to —82.25 kJ/mol.H,, indicating that NasAlHe has a very high
thermodynamic stability. This result is in good agreement with the
experimental results presented in Table 3:

However, this enthalpy needs to be developed to reach or approach
the target value of —40 kJ/mol.Hy, which is considered a benchmark
according to the U.S. Department of Energy (DOE) [33,34]. To reduce
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Table 3
Formation enthalpy of the NazAlHg hydride.

Compound Enthalpy of formation AH (kJ/mol.Hy)
NazAlHg —82.25 (This work)

—89 [50]

—69.7 [58]

—69.6 [59]

the stability of the NasAlHg system, the aluminum element will be
replaced by beryllium (NagAl; xBexHg), silicon (NazAl; 4SixHg), and iron
(NagAl;.xFexHg) with x = 0.25 and x = 0.75. The results obtained using
Equations (7) and (8) show that these substitutions can lead to a sig-
nificant improvement in formation enthalpy, as illustrated in Fig. 4,
where the blue dotted line corresponds to the enthalpy suggested by the
DOE.

Fig. 5 shows that a 25 % insertion of Be into the aluminum of
NasAlHg hydride reduces the formation enthalpy to —34.24 kJ/mol.H,
which is very close to the —40 kJ/mol.H; value set by the DOE.
Furthermore, a 50 % insertion of Be into the aluminum of NasAlHg
decreases the enthalpy to 12.31 kJ/mol.Hj, indicating that the material
would be thermodynamically unstable. In this context, we note that an
increase in concentration leads to a linear decrease in formation
enthalpy, and a 20 % percentage of (Be) could bring the enthalpy down
to —40 kJ/mol.Hy, exactly matching the value imposed by the DOE. On
the other hand, a 25 % insertion of Si into the aluminum of Na3AlHg
results in a slight decrease in formation enthalpy to —56.58 kJ/mol.H,.
In contrast, a concentration of 50 % reduces the formation enthalpy of
the NagAlg 5Sig sHg system to —35.02 kJ/mol.H,. In this same context,
we observe that the enthalpy follows a linear decrease, and a concen-
tration of 40 % Si could bring the enthalpy down to —40 kJ/mol.Hy,
corresponding to the ideal value from the DOE [33,39,60]. Regarding
iron, we find that the reaction enthalpy also follows a linear trend,
reaching —50.99 kJ/mol.H; for a concentration of 50 %, indicating that
the material remains more stable despite the high substitution
concentration.

3.3.3. Decomposition temperature

The second thermodynamic factor to improve is the decomposition
temperature Tq. According to the conditions set by the U.S. Department
of Energy (DOE), the best hydride is one that operates under ambient
conditions. For use in fuel cells (PEM), the temperature must be in the
range of 289-393 K [20,51]. First, to calculate this temperature, we refer
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Fig. 5. Formation Enthalpy of NazAlHg and NasAl; \MyHg (M = Be, Si, and Fe)
with x = 0.25 and 0.5.
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to Van’t Hoff’s law (Equation (9)) [35,57,61-63].
AG = AH — T4AS (C)]

With AG representing Gibbs energy, AH the formation enthalpy, Tq
the decomposition temperature, and AS the entropy. At equilibrium, AG
= 0 [22,30]. Since the entropy of the system depends on the thermal
agitation of hydrogen atoms, most hydrides exhibit an entropy of AS ~
130 J/mol.K [10,64,65]. Therefore, the decomposition temperature can
be determined using Equation (10).

_AH
T AS

The results show that NazAlHg hydride has a very high temperature
of 632.76 K, which exceeds the operating range of fuel cells (PEM),
which is 289-393 K [51,56]. Therefore, it is necessary to find a solution
to make it compatible with this temperature range.

To do this, we recalculated the temperature of the substituted hy-
drides NasAl; yMxHg (with x = 0.25 and 0.5 and M = Be, Si, and Fe). The
results obtained are illustrated in Fig. 6, where the amber area corre-
sponds to the temperature range of fuel cells. As shown in this fig, the
decomposition temperature Ty decreases linearly with the increase in
substitution percentage. Specifically, the temperature of the unsub-
stituted hydride is 632.76 K, while for the hydride substituted with 25 %
Be (NazAlp 75Beg 25Hg), this temperature reaches 263.36 K. This is close
to the temperature range of 289-393 K required for use in fuel cells
(PEM) [20,22,51,60].

On the other hand, when the substitution reaches 50 % Be
(NasAlg sBeg sHe), the temperature drops to —9.47 K, a very low value
compared to the operating range of fuel cells (PEM) [10,66]. These re-
sults clearly show that substituting aluminum with beryllium can meet
the temperature requirements for fuel cells. For example, substituting
aluminum with beryllium percentages between 18 % and 23 % could
adjust the decomposition temperature within the range 289-393K
required for fuel cells (PEM). For substitution with iron, the best result is
obtained with a 50 % substitution of aluminum by iron (NasAlys.
Feo.sHe), which raises the temperature to 392.22 K, perfectly aligning
with the operating range of fuel cells. In contrast, for the substitution of
aluminum with silicon (NazAlg 75Sig.25Hg and NagAlg sSig sHg), the ob-
tained temperatures are 435.26 K and 269.39 K, respectively. As shown
in Fig. 2, substitutions with percentages ranging from 33 % to 45 %
allow for adjusting the temperature within the required range for fuel
cells (PEM).
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Fig. 6. Decomposition temperature T4 of NagAlHg and NazAl; (M;Hg (x = 0.25
and 0.5) (M = Be, Si, and Fe).
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3.4. Density of states

To understand the electronic modifications occurring in NagAlHg
hydride after substitution, it is therefore evident to compare the total
(TDOS) and partial (PDOS) density of states of NagAlHg and NasAl;.
MxHg (with x = 0.25 and 0.5) and (M = Be, Si, and Fe) [35,39]. All
analyses were conducted using the (GGA-PBEsol) approximation. The
results obtained are illustrated in Fig. 7, where the dashed line corre-
sponds to the Fermi level Ef and serves as a reference.

The analysis of the total density of states (TDOS) shows that NagAlHg
hydride exhibits insulating characteristics, with a band gap of 2.98 eV,
very close to the theoretical values of 3.9 eV [49], and 2.73 eV [67].
When aluminum is substituted by 25 % and 50 % of Be, Si, and Fe, this
band gap is modified or shifted towards the valence band or the con-
duction band due to factors related to the atomic radii and electroneg-
ativity of the substituted elements.

More specifically, as shown in Fig. 7, when aluminum is replaced by
silicon (NagAl; 4SixHg with x = 0.25 and 0.5), the band gap shifts to-
wards the valence band. This shift can be explained by the fact that
silicon has a higher electronegativity compared to the other substituted
elements, such as iron and beryllium, examined in this study. For sub-
stitution with iron (NagAl; xFexHg), the gap is slightly shifted towards
the conduction band, and a decrease in the band gap is observed,
reaching 2.6 eV for a substitution percentage of 25 % (Na3Alg 7s.
Fep.25Hg) and 2.7 eV for 50 % (NasAlg sFegsHg). In the same way, for
substitution with beryllium (NasAl;.xBexHg), a slight shift of the gap
towards the conduction band and a slight decrease in the band gap are
observed, with values of 2.76 eV for 25 % substitution (NasAlg 7s.
Beg.osHg) and 2.83 eV for 50 % (NazAly sBeg sHg).

On the other hand, the peaks of the total density of states (TDOS)
vary with the substitution percentages, and this variation can explain
the phenomena discussed earlier, particularly the structural and ther-
modynamic properties. For example, the conduction band peaks in-
crease in the cases of (NasAlg7sBeg.osHg), (NazAlg75SigosHg), and
(NagAlg 7sFegasHg), reaching 13.48, 12.80, and 13.61 states/eV,
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respectively, compared to the conduction band peak of NagAlHg, which
is 6.8 states/eV. In contrast, for (NagAlg sBeg sHg) and (NasAlg 5Sig.sHg),
the peaks decrease slightly to 6.61 and 6.64 states/eV, respectively,
while for (NagAlg sFeg sHg), there is a slight increase to 6.98 states/eV.
This increase observed with iron substitution may be due to iron having
a larger atomic radius than aluminum, which is reversed for sub-
stitutions with beryllium and silicon. A similar phenomenon is observed
in the valence band. For instance, the peak of this band is 9.27 states/eV
for the unsubstituted hydride NasAlHg. For (NasAlp7s5Beg.2sHe),
(NagAlg 75Sig.25Hg), and (NagAlg 7s5Feg 2s5Hg), this peak significantly in-
creases to 18.10, 17.10, and 19.13 states/eV, respectively. In contrast,
this peak decreases in the cases of (NasAlysBegsHg) and (NasAlgs.
Sig.sHg), with values of 9.23 and 8.75 states/eV. However, there is a
slight increase in the case of substitution with 50 % iron (NasAlgs.
Feo.sHe), reaching 11.80 states/eV due to the atomic radius of iron.

4. Conclusion

In this work, we examined the influence of substituting aluminum
(Al) in NagAlHg hydride with elements such as Be, Si, and Fe, at per-
centages of 25 % and 50 %. The results obtained show that:

v The substitution of aluminum with 25 % Be and 50 % Si results in
enthalpies of —34.24 kJ/mol.H; and -35.02 kJ/mol.Hp, respectively.
This is closer to the ideal value proposed by the DOE for selecting
suitable materials for hydrogen storage.

v The substitution of aluminum with 50 % Fe results in a temperature
of 392.22 K, which is required for materials used in fuel cells (PEM).

v The substitution of aluminum with 50 % Be increases the gravimetric
capacity to 6.40 wt%, which meets the conditions proposed by the
DOE.

v The substitution of aluminum with 50 % Fe increases the volumetric
capacity to 47.2 g.Hy/L, which meets the standards proposed by the
DOE.
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