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Abstract-This paper presents ab initio calculations within the
Density Functional Theory (DFT) for the structural and
optoelectronic properties of the alkali metal hydrides LiH and
NaH in rocksalt structure (B1). This study used the Generalized
Gradient Approximation (GGA) of Wu-Cohen to consider the
electronic exchange and correlation interactions. In addition, the
Tran-Blaha modified Becke-Johnson exchange potential was used
with the GGA approach (GGA-TBmBJ) to calculate the band
structure with high accuracy. The structural properties, namely
the lattice parameter, the bulk modulus, and the pressure
derivative of the bulk modulus were determined and found to be
generally in good agreement with other research findings.
Furthermore, the energy band gaps, the Density Of States (DOS),
the static and high-frequency dielectric constant, along the
refractive index were addressed and analyzed. These results
could be useful for hydrogen storage purposes.
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1. INTRODUCTION

The energy transition is necessary in order to meet the
increasing energy needs and cope with global warming. The
main drivers for this transition are the adoption of responsible
consumer practices and the increased use of renewable sources
of energy. This transition also requires efficient processes for
production, conversion, storage, and transport of energy. Many
scientific and technological challenges exist in each of those
axes. As the problem of suitable materials is ubiquitous,
materials science is at the heart of this research. The challenge
is to obtain and optimize materials having specific properties to
fulfill the requirements of renewable energy.

Hydrogen is a transportable, storable, and convertible
energy medium and has great potential to become the ultimate
solution that combines energy security, resource availability,
and environmental compatibility. However, the greatest
challenge in the development of hydrogen-based technologies
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is how to store hydrogen safely, effectively, and economically
[1-5]. Depending on the physical state of hydrogen, three
different routes are currently used for its storage: compressed
gas, liquid, and solid-state. Hydrogen stored as a solid-state
material has potential advantages in terms of volumetric
density and safety, compared to compressed gas or liquid [6-
11]. In the case of solid-state, the bonds between hydrogen and
the host material can be of different kinds and strengths. Both
van der Waals weak and chemisorptive strong bonds can be
involved [11]. It is possible to increase the density of hydrogen,
as it is packed with H-H distances up to 170kg/m’ in many
hydride-type materials. This value is higher than the density of
hydrogen in a liquid state [12]. Numerous studies have been
conducted to determine and design the most suitable materials
with convenient gravimetric and volumetric densities for
hydrogen storage. These materials span a large class, from
conventional metal hydrides to complex hydrides, microporous
materials, and clathrate hydrates. This study addresses some
fundamental properties of LiH and NaH using the first
principles calculations to utilize the Density Functional Theory
(DFT). Such calculations are of great interest before the
synthesis procedure, which is a very time-consuming effort.
The structural properties along with their electronic and optical
features are explored and analyzed for the materials under load
in the rock-salt (Bl) structure. The comparison with
experimental and theoretical data, when possible, shows
satisfactory agreement in general.

II.  COMPUTATIONAL METHODOLOGY

This study used the Full Potential Linearized Augmented
Plane Wave (FP-LAPW) method, based on the DFT [13] that
constitutes the core of the WIEN2k code [14]. Exchange-
correlation energy was calculated using the WC-GGA [15]
when dealing with structural properties. The exchange-
correlation functional mBJ [16] was applied to determine the
electronic and other optical characteristics. In the FP-LAPW
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method, the wave function and the potential are developed as
sums of spherical harmonic functions inside non-overlapping
spheres, surrounding the atomic sites (muffin-tin spheres), and
a set of plane waves in the interstitial region. A plane wave cut-
off of Ryrkmax=7 (where R,y is the smallest muffin-tin radius
in the unit cell) was used. Ryir’s were chosen to be 1.7,2.1, and
2.5a.u. for H, Li, and Na, respectively. The k-sampling over the
Brillouin zone was performed up to a 13x13x13 Monkorst-
Pack [17-20] mesh for both considered materials. The number
of k-points and the plane wave cut-off energy varied in such a
manner as to obtain total energy convergence. The convergence
of these self-consistent calculations was considered to be
obtained within an error of 10 Ry on the total energy of the
crystals studied.

III.  RESULTS AND DISCUSSION

The total energy was calculated from the WC-GGA
approach as a function of the volume of LiH and NaH in the
rocksalt structure. At first, the total energy for some selected
lattice parameter values was calculated. The results obtained
were then written according to Murnaghan’s equation of state
[21]. This allowed determining the equilibrium lattice
parameter a,, the zero pressure bulk modulus By, and the first-
order pressure derivative of the bulk modulus B” for the
ground-state. These results are summarized in Table I with
experimental and theoretical data from other researches for
comparison. The WC-GGA lattice parameter in this study is
generally closer to the experiment than those of the GGA or
LDA approaches [27-29]. The ay, calculated for both LiH and
NaH from WC-GGA, agrees quite well with those reported in
[22, 23]. The same remark can be drawn for the bulk modulus
By, which agrees within a few percent with other experimental
or theoretical values [22, 24-26].

TABLE 1. ay, By, AND B' FOR LiH AND NaH IN Bl STRUCTURE USING
GGA AND WC-GGA ALONG WITH THE VALUES REPORTED IN THE

LITERATURE.
Material ay(A) B, (GPa) B’
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et | ey |3

LiH 4.015° 36.228° PR

3.92¢ 336467(1 3.40°
. 25.9068" .

s s |0

NaH 4.833° 23.546° 3 00°

. £ .
4.775¢ 1292";2 4.40"

a. Present calculation using WC-GGA, b. Present calculation using GGA,
c.[22], d. [23], e. [24, f. Experimental value quoted in [25], g. [26]

The formation energy is an important thermodynamic
quantity that permits one to characterize and classify hydrogen
storage materials. Formation energy is defined as the difference
between the sum of the total energies of the products and the
reactants:

AH = YE;,i(products) — YE,:(reactants) (1)

The formation of MH (M=Li, Na) materials from their
constituting elements is given as:

M+H->MH (2

The formation energy can be written as:
AH = Eyot(MH) — Eoe(M) — Eroc(H)  (3)

The total energies of LiH, NaH, Li, Na, and H were
calculated. The formation energies of LiH and NaH were found
to be -88.91kJ.molH, and -109.054kJ.molH,, respectively. The
desorption temperature of hydrides was estimated using the
standard Gibbs energy:

AG=AH-TAS (4)

where 4H and AS are the enthalpy of formation and the
standard entropy of the reaction respectively. At equilibrium,
the standard Gibbs energy AG is zero. Therefore, the
desorption temperature can be expressed as:

AH
T=-=- (5
The calculated desorption temperature was 680.33K for
LiH and 834.38K for NaH. The gravimetric hydrogen storage
capacity can be determined as:

G = (—5™ 100) (6)
we % MHost‘*‘(%)MH
where H/M is the hydrogen to material atom ratio, My is the
molar mass of H, and My, is the molar mass of the host

material. The hydrogen storage capacities calculated for LiH
and NaH were 22.5% and 8.06%, respectively.
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Fig. 1. Electron band structure calculated using TB-mBJ-GGA along high

symmetry directions for (a) LiH and (b) NaH.
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The electronic and optical properties of the materials are
classically described by their electronic band structure [30-33].
Accurate knowledge of the band parameters of a given material
provides precious information regarding its synthesis and
devices fabrication [34-37]. The results of using the GGA-
TBmBJ approach to compute the electronic band structure of
rocksalt LiH and NaH are plotted in Figure 1. It should be
noted that, from a qualitative point of view, the same picture is
observed for all the reported band structures. The Fermi level
energy does not cross any energy bands for all questioned
crystal materials. Therefore, LiH and NaH in the rocksalt
structure can be considered respectively as semiconductor and
insulating materials. According to Figure 1, the valence band
maxima and the conduction band minima are located at the
same high symmetry point X in the Brillouin zone. The band
gaps of these materials are direct in nature, agreeing with the
results of [22]. The fundamental difference between the band
structures arises from the magnitude of their fundamental
energy band gap, which differs from one band structure to
another. The calculated fundamental direct band gap (X-X) for
the rocksalt LiH and NaH were 3.05 and 3.65eV respectively.
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Fig. 2. Density of states (DOS) calculated using TB-mBJ-GGA for

(a) LiH and (b) NaH.

The properties of semiconductors can be related to the
electron configuration shown by the molecules. The Densities
Of States (DOS), total and projected, were computed for the
rocksalt LiH and NaH using the TB-mBJ approach to show
how the electrons are distributed on different orbitals. The
results are shown in Figure 2. An inspection of LiH (Figure
2(a)) shows that the first region of the DOS is the most tightly
bound energy band. The contribution of the Li-s electrons is

predominant for the energy bands near the Fermi level of the
LiH crystal. Hence, the Li-s electrons are useful for the
conductibility of the crystal of interest. The DOS at these
regions consist essentially of Li-s and Li-p states. The
contribution of the H-s states was remarkably weak. Figure 2a
also shows that the bonding peaks ranged from about -5 to
0eV. These peaks were mainly formed by the Li-s state. For
NaH (Figure 2b), it is observed that the intensity of the H-s
orbitals in the wvalence band constitutes the dominant
contribution to the DOS. The Na-p and Na-s states have a
minor contribution to the DOS compared to the H-s orbitals.
The bonding peaks ranged from about -3.75 to 0eV. Moreover,
the optical properties, such as the dielectric function, were
examined. The computed optical response functions, real &;(E)
and imaginary ¢,(E), for LiH and NaH are displayed in Figures
3 and 4 respectively, where E is the photon energy. The main
peak of the real parts of LiH and NaH occurs around £=2.94eV
and E=4.58eV respectively.
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Fig. 3. Real part of the dielectric function calculated using TB-mBJ-GGA.
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Imaginary part of the dielectric function calculated using TB-mBJ-

Based on the optical transition mechanisms, the optical
spectrum of a given crystal is usually classified into several
photon energy regions [38]. In general, three spectral regions
are distinguished. The first one is known as the reststrahlen
region and is characterized by the interactions between the
radiation field and the fundamental lattice vibrations [38]. For
very low energies, the real part of the dielectric function tends
to the static or low-energy dielectric constant &,. The ¢, for LiH
and NaH materials were determined as:
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go(LiH) = 455 (7)
go(NaH) =321 (8)

Regarding the ¢, of LiH, this result is different from the
quoted in [39]. To the best of our knowledge, no data regarding
&y for NaH has been reported so far. Thus, this result could
serve as a reference. The optical constant that relates the so-
called reststrahlen region to the near-infrared region is
commonly known as the high-frequency dielectric constant &..
For these materials, the calculations gave:

o, (LiH) = 7.84 (9)
£, (NaH) = 10.82 (10)

The calculated ¢, for LiH shows reasonable agreement with
the one reported in [34]. For NaH, the calculation in [40] gave
a value of 3.71, which is too low compared to this result. The
general shape of ¢; was expected for a harmonic oscillator with
resonant frequencies of about 8.39 and 5.71eV for LiH and
NaH, respectively. It is generally accepted that the resonance
frequency is a fundamental property of a given material. This
quantity allows the expression of the average energy that
separates the levels of bonding and anti-bonding [30]. The
absorption for the imaginary part of the dielectric function
starts at about 2.04 and 3.09¢V for LiH and NaH, respectively.
Similar behavior was reported in [41, 42] for ZnTe, Oy alloys.
Knowledge of the refractive index of semiconductors in the
energy range below or near the fundamental absorption edge is
mostly interesting in device design [43-48]. This refractive
device (n) can be easily derived from the dielectric function
&(E). The n values obtained for LiH and NaH were:

n(LiH) =2.8 (11)
n(NaH) =329 (12)

The n value for LiH is in reasonable agreement with the
value of 147 reported in [49]. The calculated spectral
dependence of n(E) for LiH and NaH is shown in Figure 5.
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Fig. 5. Refractive index calculated using TB-mBJ-GGA for LiH and NaH.

From this spectrum, it can be noted that clear peaks are
present. These peaks are due to the excitonic transitions at the
E) edges. Excitonic effects are believed to be responsible for
the enhancement of the oscillator strength at the critical points
M, and M; [50]. Since the total strength of the oscillator is

proportional to the number of valence electrons, it should be
"conserved" in some way. This means that as the oscillator
strength at the critical points M, and M! is enhanced due to
excitonic interactions, some losses occur elsewhere to achieve
strength conservation. The strongest peaks in the n(E) spectra
can be explained as the result of the 2D exciton transition (£;).

IV. CONCLUSION

This study examined the structural, electronic, and optical
properties of the alkali metal hydrides LiH and NaH, using the
FP-LAPW technique within DFT in the WC-GGA for
structural properties and TB-mBJ-GGA for electronic and
optical features. The crystal structure of both investigated
materials investigated was rocksalt (B1). Results regarding the
lattice constant, bulk modulus, and pressure derivative for LiH
and NaH were reported and compared, where possible, with the
available experimental and theoretical data. In general, a
reasonably good agreement was found between the results of
this study and the literature. The electron band structure, the
density of states, and the dependence of the real and imaginary
parts of the dielectric function along the refractive index of the
materials under load were also studied and analyzed. The
results derived from the present study could be useful for
hydrogen storage purposes.
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