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Abstract: Hydrogen as a clean and abundant energy source
with high energy density is considered as a promising solu-
tion to future energy crisis, although storage of hydrogen
is still challenging. Lithium hydride can be an alterna-
tive for hydrogen storage because of its small volume and
high storage capacities, although this material is unsuit-
able as hydrogen reservoir because of its high dehydriding
temperature. The density functional theory calculations
based on the first principle are applied to study the physi-
cal properties of LiH without and with different metal M
(M=Al, Fe, and Ru). The M-substituted systems exhibit
lower dehydriding temperatures than the pure LiH, and
Li; xAlxH may be the most suitable candidate for hydro-
gen reservoir owing to the high hydrogen content and
low dehydriding temperature. The stability and thermo-
dynamic properties for hydrogen storage are discussed for
these systems. The kinetics and the optical activity in the
visible and infrared regions are enhanced by the metal
dopants, characterized by the M impurity bands in the
band gaps of the doped systems.

Keywords: Electronic Structures; Formation Energy;
Hydrogen Storage; Lithium Hydride; Optical Properties.

1 Introduction

Hydrogen is an ideal energy carrier for various applica-
tions. One of the key challenges is the storage of hydrogen
with high storability and portability. Owing to their high
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density [1], reversibility [2], and safety [3], metal hydrides
(MHs) are more promising candidates for hydrogen storage
than other media. MHs are especially suitable for station-
ary on-site solid-state hydrogen storage because of their
relatively low operating pressures and temperatures [4].
Intensive research has been carried out on MHs recently
for the improvement of hydrogenation properties [1]. For
example, alanates and magnesium hydride are remark-
able hydrogen storage materials because of their high stor-
age capacities [5-8]. However, the primary and the most
important process of hydrogen storage is hydrogen absorp-
tion with high content in materials. As the simplest MH,
LiH is applicable for hydrogen storage [9-11] because of
its largest hydrogen content [12, 13] and its high efficiency
in nuclear industry [14]. However, it has too high reaction
heat to be used for fuel cell vehicles. Fortunately, MHs
can be destabilized by doping with other metal elements
and their oxides [15-18] or alloying with other elements
[19-21]. For instance, as one of the best candidates for
hydrogen storage, LiAlH, can release 7.9 wt.% H below
220 °C [22]. Through reactive ball milling [23], addition of
Fe to MgH; can effectively improve the hydrogen sorption
kinetic properties of the system [24]. Ruthenium plays a
key role in Ru-catalysts for formic acid dehydrogenation
in recyclable systems [25]. Remarkably, transition metal
(TM) dopants in materials may usually enhance the opti-
cal absorption in the infrared and visible regions [26] by
introducing a metal-induced gap band (MIGB) between
the valence band (VB) and the conduction band (CB)
[27, 28]. In general, the ideal hydrogen storage materi-
als require favorable thermodynamic properties with suf-
ficiently rapid kinetics of hydrogen charging/discharging,
and attempts should be made to enhance the reversibility
of the hydriding/dehydriding reactions. However, studies
for this simplest MH, LiH, are relatively scarce up to now.
Thus, further investigations are worthy to be carried out on
the electronic and thermodynamic properties of LiH and
suitable enhancement of the hydrogen storage properties
with metal dopants.

In this paper, the structural, electronic, thermody-
namic, and optical properties and hydrogen storage of LiH
without and with various metal M (M=Al, Fe, and Ru)
dopants are studied from the density functional theory
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(DFT) calculations based on the quantum chemistry and
solid state physics software package CP2K (version 4.1)
by Universitdt Ziirich (Ziirich, Switzerland) and Univer-
sitidt Paderborn (Paderborn, Germany) [29] and Cambridge
sequential total energy package (CASTEP) [30], which have
been widely applied in previous works [31-34].

This paper is organized as follows: The computational
methods are illustrated in Section 2. In Section 3, the
information about the optimized structures and proper-
ties (e.g. electronic structures and thermodynamic and
optical properties) of LiH and Li; xMyH are discussed
and compared. Finally, the conclusions are summarized in
Section 4.

2 Method of Calculation

To obtain the stable structures for the substitutional metals M (M=Al,
Fe, and Ru) on the Li site in the LiH crystal, geometry optimiza-
tions (GEO-OPT) are employed with CP2K/Quickstep [35] by using the
mixed Gaussian and plane wave approaches, GPW and GAPW [36, 37].
The periodic calculations with periodic boundary conditions are per-
formed. The simulation cell containing 64 atoms (Li3;MHs,) is tested,
with the periodic boundary conditions imposed along X (// [100]),
Y (// [010]) and Z (// [001]) axes. The convergence tests of the total
energy with respect to the plane-wave energy cutoff have been care-
fully examined. The final set of energies and geometry optimization is
computed with an auxiliary plane wave grid cutoff of 500 Ry, without
any other constraints except the symmetries. All geometry optimiza-
tions and thermodynamic property calculations are based on gener-
alised gradient approximation (GGA) functional PBE [38], double-{
Gaussian basis set [39] in combination with Goedecker-Teter-Hutter
pseudopotentials [40].

The hybrid functional PBEO (25 % of Fock-exchange) [41] in
CASTEP code is adopted to study the electronic structures and opti-
cal properties, which are determined by using the norm-conserving
pseudopotentials [42]. Brillouin zone sampling is performed with a
2 2 2 k-point grid. The high symmetric points are chosen as
W(0.50, 0.25, 0.75), L(0.50, 0.50, 0.50), G(0.00, 0.00, 0.00), X(0.50,
0.00, 0.50), and K(0.375, 0.375, 0.75), as well as Z(0.00, 0.00, 0.50),
M(0.50, 0.50, 0.00), R(0.00, 0.50, 0.50), A(0.50, 0.00, 0.00), and
Y(0.00, 0.50, 0.00).

Non-spin-polarization is performed in all calculations for LiH
and Li; AlyH systems, whereas spin-polarized calculations are
made for Li; yFeyH and Li; xRuyH systems because of paramag-
netism. The number of unpaired electron in two d’ systems is 3 or
1, with the spin S = 3/2 or 1/2 for Fe* or Ru™, respectively.

3 Results and Discussions

3.1 Structural Properties

LiH is crystallized in the NaCl-type structure (FM-3M, space
group no. 225). All the calculations are carried out using
a2 2 2super-cell containing 31 Li atoms, 1 metal M
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atom, and 32 H atoms, denoted henceforth as Li3;;MHs,.
The metal (M=Al, Fe, and Ru) doped concentration is
x = 3.125 %. The lattice constants of Li, Al, Fe, and Ru are
shown in Table 1, which are comparable with the experi-
mental data [45]. Here, because of difference of cells after
doping, the lattice parameters a of the supercell we used
are twice the lattice constants aq of pure LiH, i.e. a = 2ay.
As a relaxed parameter, the lattice parameters for LiH
with and without M dopants are optimized by fixing the
relative atomic position and varying the lattice parame-
ter a by 10 % of the experimental data 2ay. The total
energy of LiH, as a function of volume, before and after
being doped with a certain element (Al, Fe, and Ru), is cal-
culated using the PBE functional and double-{ basis set
with Goedecker-Teter-Hutter pseudopotentials. The results
are shown in Figure 1. The structural parameters, the bulk
modulus By, and its first derivative B’y with respect to
the pressure listed in Table 2 are given by fitting the total
energies to the Murnaghan equation of state [46]:
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where Ej is the minimum energy and V) is the equilibrium
volume. The simulated ag (=4.024 A) and B, (=33.59 GPa)
of LiH are close to the experimental values (ag ~ 4.083 A
[47] and By =~ 33.60 GPa [48]).

After the metal M doping, the local structures of
[MHg] octahedra are also modified with respect to the
host LiH. The distances between the nearest neighbor
(nn) H atoms and the central metal M are illustrated in
Table 3. The increase of the cation-anion distance in the
[AlH¢]® center related to the host [LiH¢]> octahedron
is attributable to the larger ionic radius (~0.93 A [49]) of
impurity Al* than host Li* (=0.76 A [47]). For Fe replac-
ing a host Li in LiH crystal, the symmetry of the [FeHg]
cluster maintains cubic with the threefold orbitally degen-
erated ground state “Tig of high spin (S = 3/2) under
intermediate crystal fields. The slightly smaller Fe—H bond

Table 1: Lattice parameters of the simple elements.

Element Space group Crystalline lonic a/k c/A
structure  radius (+1)

Li 229-Im3m bcc 0.76 [43] 3.5092 3.5092

Al 225-Fm3m fcc 0.93 [44] 4.0495 4.0495

Fe 227-Im3m bcc - 2.8664 2.8664

Ru 194-P63/mmc hcp - 2.7058 4.2816
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Figure 1: Calculated free energy versus supercell volume for pure LiH and Li; xMyH. (a) LiH, (b) Li; xAlH, (c) Lix

xFexH, and (d) Li; xRuxH.

Table 2: Optimized structural parameters and the thermodynamical quantities of pure LiH and Liz;MHs, (M=Al, Fe, and Ru).

Systems Relaxed parameters a(h) Cg (wt.%) B, (GPa) B’ AH (k)/mol H)
H M

LizoHs» 8.24766 12.681 - 33.59 3.35 94.06

Lis1AlH3, 8.26399 11.755 9.832 42.03 3.52 73.14

Liz; FeHs, 8.14150 10.636 18.416 40.07 3.49 79.76

Li31RuH3, 8.08434 9.255 29.008 41.68 3.48 84.92

Table 3: Local structure of [MH¢]®> , the distance between nn H and cent
metal M, and the overlap population (OP) of the bond H-M.

ral metal M (Al, Fe, and Ru), the spin and Mulliken charge of the

Systems Spin (~/2) Charge (e) OP (e) X(A) Y (A) Z@A) R(R)
Lis1 AlH3; 0 0.57 0.04 2.2546 2.2546 2.2546 2.2546
Liz1 FeHs, 2.85 0.96 0.59 1.8329 1.8329 1.8329 1.8329
Lis1RuHs, 0.79 1.46 0.88 1.8169 1.8169 1.9430 1.8589

length than Li—H in host LiH may be largely ascribed to
the strong covalency and hence remarkable Fe—H orbital
hybridization. As for the [RuHg]® cluster, the distances
between central Ru* and nn H exhibit similar uniform
shrinkage by about 9.8 % and extra tetragonal elonga-
tion due to the Jahn-Teller effect, characterized by the

axial elongation a = 0.016 A, with the error less than
1 % due to the limits of the DFT calculations. Then the
original cubic two-fold orbitally degenerated 2Eg ground
state is split into two orbital singlets *A;g and ?Byg, with
the former lying lowest. Similar tetragonally elongated
d’ centers with low spin (S = 1/2) were also investigated



578 = L-N.Wu et al.: Properties for metal-doped LiH crystals

with high order perturbation formulas [50] and DFT calcu-
lations [43, 51, 52]. In fact, substitution of Li* by obviously
covalent Fe™ or Ru™ may induce the enhancement of
metal-ligand covalent interactions and hence shorter aver-
age bond lengths. The calculated spins in Table 3 for Fe-
and Ru-doped LiH suitably support the high (S = 3/2) and
low (S = 1/2) spins of the related systems, respectively,
and can be regarded as valid in physics.

3.2 Band Structures and Density of States

The electronic structures can offer important information
about the electronic and optical characteristics of mate-
rials. The density of states (DOS) is used to analyze and
explain the effect of the metal dopants on the stabil-
ity and kinetics of the hydrogen absorption-desorption in
Li; xMxH. For this purpose, the band structures and (total
and projected) DOS of LiH with and without M dopants
are calculated and shown in Figures 2 and 3. The Fermi
level presented with a gray line is set as zero of energy.
It is well known that the DFT calculations based on local-
density approximations and GGA approximations under-
estimate the bandgaps [44, 53], while meta-GGAs and
hybrid functionals are more accurate and reliable [54].
So, the PBEO functional is adopted in the present calcu-
lations for bandgaps, which yields consistent results with
the experimental data.

3.2.1 Pure LiH

The electronic structures of pure LiH exhibit a nonmetallic
character with the energy gap of 4.157 eV (Figs. 2a and 3a)
at X point, which is slightly lower than the experimental
value 4.94 eV [55]. The above discrepancy between theory
and experiment may be ascribed to the DFT calculations,
which usually suffer from the errors in the estimation of
the bandgap [56] and yield a larger band width and smaller
gap. The Fermi level locates at the top of the VB. The whole
VB originates mainly from H-s orbital. The first part of VB
(so called “high VB”) from 0.87 eV to the Fermi level
arises almost from the H-s state. The second part of VB (so
called “low VB”) from 5.7 to 0.87 eV consists mainly
of the H-s state slightly hybridized with the Li-s state. The
CB is almost attributed to Li-s state. The barely hybridized
states reveal the ionicity of LiH.

3.2.2 LiH Doped with Metals

In the unit cell of pure LiH, H and Li atoms locate at
equivalent sites and exhibit similar DOS. However, the
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symmetry is disturbed when the Li atom at (0.5, 0.5, 0.5)
positioninthe4 4 4 supercell is substituted by an M
dopant. Thus, more Li and H atoms become inequivalent
and lead to the significantly different DOS. In the following
discussion, the PDOS of only two kinds of inequivalent H
or Li atoms is considered: six nn ligands H (labeled as H1),
next nearest neighbor (nnn) Li (labeled as Li1), and farther
H or Li (labeled as H2 or Li2) atoms away from the impurity.
The DOS of farther H and Li atoms in the doped systems are
almost the same as those in pure LiH.

To clarify the effect of the doped elements (M=Al,
Fe, and Ru) on the electronic structures of LiH, the band
structures and DOS of Li; xMyH are plotted in Figures 2
and 3, respectively. The doped systems exhibit the more
dispersive DOS and the wider bands. Moreover, the M
dopants induce a MIGB between VB and CB [27, 28] and
may improve the utilization of visible and infrared light.
This point is to be discussed in the following subsection.
The electronic structures of Li; yMyxH show similar VB and
CB patterns to pure LiH, except the MIGB in the middle of
the band gap arising from the d-orbitals of Fe and Ru or
s- orbitals of Al where the contribution to the total DOS
comes mainly from the impurities M.

Comparing with pure LiH, another remarkable feature
of the energy band for M-substituted LiH is that the Fermi
level shifts up towards the CB. The strong hybridization of
Fe (or Ru) -d or Al-p with H-s orbitals in the doped systems
is dissimilar to the weak hybridization between the nn H
and Li in pure LiH. Naturally, no hybridization is found
between M and Li atoms, indicating no binary LiM after
releasing hydrogen. This point is in agreement with the
results of Section 3.5, where addition of metal M in LiH
leads to the decreases of stability and desorption temper-
ature of the systems. It is noted that LiH doped with Al
exhibits the highest DOS near the Fermi level.

From Figure 3c,d, the fivefold degenerated d orbitals
are divided into an orbital triplet ¢, and an orbital dou-
blet eg, with the former lying lower [57]. Similar d level
splittings due to the crystal fields were also reported with
DFT calculations [43, 51, 52]. The positions of the two TM
impurity levels (t,g and eg) shift towards the CB, and con-
sequently, the distance between e,¢ and the CB decreases,
especially for M=Ru. This point is also consistent with
the calculations of formation heat, which shows similar
decreasing trend from Ru to Fe.

3.3 Electronic Spin Configuration

According to the crystal field theory [58], Fe™ and Ru™
ions with the same d’ configurations can exhibit dis-
similar behaviors in octahedral crystal fields, dependent
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Figure 2: Band structures of LiH without and with the dopants. A MIGB occurs between the VB and CB for Li; xMxH system. In the band
structure of the spin-polarized Li; xFexH (c) and Li; xRuxH (d), blue and red lines represent the spin-up and spin-down states, respectively.

(a) Pure LiH, (b) Liy xAlH, (c) Liy xFexH, and (d) Li; xRuxH.

on the competition between the crystal field stabilization
energy (A) and intra-orbital electron pairing energy (IT)
(see Fig. 4). For Fe* with A < TI, the two 3d electrons are
more likely to occupy the higher eg orbitals than to pair
with the electrons in the lower t,¢ orbitals, associated with
the case of weak field with high spin (i.e. t,g°es* config-
uration with S = 3/2). For Ru* with A > II, the stronger

crystal field forces the six 4d electrons to pair with each
other in the lower t,; orbitals with only one unpaired 4d
electron in the higher eg orbitals, corresponding to the
case of strong field with low spin (i.e. t,¢%e, configuration
with § = 1/2). This point is also suitably supported by the
band structures and DOS for Fe and Ru doped systems in
Figures 2c,d and 3c,d, respectively.
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Figure 3: Total and projected DOS for the pure LiH and LixM; xH. H1and Li1 denote the nn H and nnn Li, respectively. H2 and Li2 stand for
the corresponding atoms far away from the dopants M. (a) LiH, (b) Li; xAlxH (c) Li; xFexH, and (d) Li; xRuxH.

3.4 Charge density

The charge distribution in both pure and doped LiH sys-
tems can be analyzed here. On the Pauling scale, H has a
higher electronegativity of 2.20, while Li has a lower value
of 0.98. Thus, in LiH, atomic H has a more potential to

attract electrons than atomic Li and induce Li* cation and
H anion. The 2D charge density plot of Li; xMyH is shown
in Figure 5, which clearly shows the charge density surface
around H and TM (Fe and Ru) atoms. These charge density
contours exhibit the ionic character of LiH and covalent
nature of Li; xMyH, respectively.
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Figure 4: The electronic spin configuration of d’ transition-metal ions Fe™* (t,4°e42; high-spin) and Ru™ (t,4%€,; low-spin) in an octahedral
ligand field. Based on the crystal field theory, the high- or low-spin depends on a competition between the crystal field stabilization energy
(A) and the intra-orbital electron pairing energy ().

Figure 5: Electron density of Liy xMH. The central atoms of the plane are Li or M atom. The colors are corresponding to different densities:
red-higher; blue-lower. (a) LiH, (b) Liy xAlcH, (c) Liy xFexH, and (d) Li; xRuxH.

The electronegativity values of Al, Fe, and Ru are 1.61,
1.83, and 2.20, respectively. Thus, H and M (=Al, Fe, and
Ru) may show affinity for electrons. This point is also ver-
ified by the Mulliken charge of M in Table 3. Hydrides of
Al are well-known covalent compounds [59, 60] in view
of Al electronegativity larger and smaller than Li and H,
respectively. Thus, the Al-H bond is expected to be more
covalent than the host Li—H one from the lower difference

in electronegativity of the former, as pointed out for com-
plex metal aluminum hydrides [5]. From the contours in
Figure 5, Li continues to show absence of charge density
after doping. The electron density is directed along the
six principal M-H bonds, validating the presence of cova-
lent bonding. Meanwhile, the overlap populations (OP)
in Table 3 reaffirm the significant covalency of Fe-H and
Ru-H bonds and mild covalency of Al-H bonds as well.
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3.5 Optical Properties

The imaginary part e, (w) is calculated from the momen-
tum matrix elements between the occupied and unoccu-
pied wave functions within the selection rules. The real
part ege(w) is obtained from the Kramers-Kronig relation-
ship [61]. Then the other linear optical properties [i.e.
electron energy loss spectrum L(w), absorption coefficient
a(w), reflectivity R(w), refractive index n(w), and extinc-
tion coefficient k(w)] can be further obtained [62]. The
related results are presented in Figures 6 and 7 for the
energy range up to 15 eV.

3.5.1 Optical Absorption

The absorption coefficients a(w) (=2kw/c) are calculated
and presented in Figure 6, in which the absorption spectra
in the range of 0-4.5 eV are magnified and shown in the
inset. The quantity k is the imaginary part of the refractive
index. For pure LiH, the absorption coefficient increases
obviously in the energy range of 4.1-10.2 eV, in the UV
and far-UV region, with the strong absorption in the range
of 9-11 eV. The absorption spectra of LiH show a number
of well-defined extreme points, marked as A ( 6.6 eV), B
( 75eV),C( 10.2eV),andD( 11.4 eV), quantitativelyin
accordance with the experimental findings [63-65]. After
M doping, these peaks (A, B, C, and D) exhibit red-shifts
to the lower energy regions (labeled as A’, B’, C’, and D’,
respectively), in the UV-Vis region. However, the inten-
sity of the absorption spectra decreases, and the width
becomes narrower. Especially, a new wide peak F/ ( 0.6—
3.0 eV) appears in the visible and infrared regions for the-
Ru doped system because of the d-d transition bands.

250,000 ! : : ' : : ]
——LiH 15,000
—— LiH/Al 10,000
LiH/Fe
200,000 - R, i
5 150.000 - i
=
S
£
£ 100,000 - -
3
<
50,000 - -
0
0

Energy (eV)

Figure 6: Absorption coefficient a(w) of LiH with and without the
dopants. All absorption peaks show some red-shifts for the doped
systems related to those for pure LiH.
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So, TM doping may effectively improve the utilization of
visible and infrared light.

3.5.2 Dielectric Function

The calculated complex dielectric functions e(w) =
ere(w) + ieym(w) of LixM; xH are presented in Figure 7a,b,
which exhibit isotropy along various directions. The real
part ege(w) describes the polarizability of the materials,
whereas the imaginary part £y, (w) is related to the absorp-
tion a(w) of the systems. The static optical dielectric con-
stants £(0) are 2.52, 2.21, 2.15, and 2.78 for LiH, LixAl; H,
LixFe; xH, and LixRu; xH, respectively. Interestingly, ege
of LixRu; H at very low energy region (e.g. 10 4-0.01 eV
for the THz band) exhibits a moderate increase (by no less
than 5 %) as compared with pure LiH. This may support
the valid method to increase the dielectric constant of
materials at THz region with TM dopants [66, 67]. Simi-
larly, the curve of the calculated ege(w) has the extreme
points at A ( 5.0eV), B( 70eV), C( 81eV), and D
( 10.5eV) for LiH, while the corresponding extreme
points (A’, B’, C’, and D’) exhibit dissimilar red shifts
for the doped systems. A new extreme point F/ ( 1.3 eV)
occurs for LixRu; xH, which is comparable with the peak
F’in the absorption spectra. In the real dielectric function,
there are some negative regions of 9.7-11.3, 8.2-10.6, 8.5—
10.8, and 8.2-11.0 eV for LiH, LixAl; xH, LixFe; xH, and
LixRu; xH, respectively. The incident light in these regions
cannot propagate because of the imaginary wave vector K
in the equation of wave motion K*c?> = w’¢, reflecting the
metallic nature of the materials at these frequencies.

From Figure 7a,b, the extreme points (A 5.9 eV,
B 74eV,C 91eV, and D 111 eV) of giy(w) are
close to those of ege(w) for LiH. Similarly, the correspond-
ing extreme points (A’, B/, C/, and D’) also red-shift to
some degrees for the doped systems, and a new extreme
point F’ (0.8 eV) occurs in the visible region of &1, (w) for
LixRu; xH. So, the doped systems may effectively improve
the utilization of visible light and infrared light. The curve
em(w) falls to O at below 4.0 eV for LiH, which is compa-
rable with the direct bandgap at X point. The peaks of the
imaginary part &, (w) are corresponding to the different
inter-band transitions.

3.5.3 Optical Conductivity

The frequency-dependent conductivity o(w) has both real
and imaginary parts: 0 = oge + i0yy,, which can be
expressed in terms of the dielectric functions as oge =
im€m, Om = i75(1 £re). To make sure that the dc
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Figure 7: Linear optical properties for LiH with and without the dopants. (a,b) dielectric function, (c,d) conductivity, (e,f) refractive index,
(g) reflectivity, (h) loss function.

the real part of OC spectra reveals the similar shapes and
the slight red shifts of the peak positions related to the
absorption spectra. After doping, a new peak exists in the

conductivity gg. = 0re(0) = 0, we set the Drude damp-
ing parameteras10 “eV [65, 68]. The optical conductivity
(OC) spectra are shown in Figure 7c,d. It can be found that
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visible region, and the corresponding extreme points (A’,
B’, C’, and D’) for doped systems also show some red shifts
related to those (A, B, C, and D) for pure LiH.

3.5.4 Refractive Index and Extinction Coefficient

The complex dielectric constant is an elementary para-
meter involving many important properties of materials.
From the relationships between refractive index N = n +
ik = ¢ and dielectric constant ege = n> k2, e = 2nk,
the real and imaginary parts of the complex refractive
index can be given as

s

d

n(w) = €3, + 0 + Epe

N| -

s
k(w) =

q

Eho + €L, ERe - ®)

N| -

The refraction index n(w) and extinction coefficient
k(w) vs. photon energy for LiyM; yH are shown in
Figure 7e,f. Comparing Figure 7a with Figure 7e, one
can conclude that the curves of refraction index n(w)
are analogous to ege(w). The refraction indexes for zero
frequency are obtained as 1.59, 1.49, 1.61, and 1.67 for
LiH, LixAl; xH, LixFe; xH, and LixRu; xH, respectively.
The original extreme points A ( 5.1¢eV), B ( 71eV), C
( 83eV),and D ( 10.9 eV) show different red shifts in
the doped systems. Remarkably, a new extreme point F’
appears at 198 eV for LixRu; xH, which is compara-
ble with the peak position F’ in the absorption spectra.
The profiles of the extinction coefficient k(w) = €1,/(2n)
in Figure 7f are similar to €j, in Figure 7b. The photon
energies for the peaks A, B, C, and D are 6.3, 7.5, 10.1, and
11.4 eV, respectively. The slight differences between k(w)
and e, may rise from the adopted calculation method,
which is not well justified for the materials with some
absorption coefficients [69].

3.5.5 Optical Reflectivity Coefficient

Optical reflectivity is calculated from the refractive index
by using Rw)=j1 N/Q+Ni=[n 1°+K]
[(n + 1)? + k?] and presented in Figure 7g. With respect
to the optical reflectivity coefficient 5.2 % at 0 eV for pure
LiH, doping with metal M induces some decreases by 1.4 %
and 1.7 % for M=Al and Fe and an increase by 1.0 % for
M=Ru, respectively. The optical reflectivity coefficient of
LixM; xH is largely lower than pure LiH in the infrared,
visible, and near UV regions (<72 eV) and higher in the
far UV region (7.2-11.5 eV).
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3.5.6 Energy Loss Function

Involving with important information related to the
energy loss of fast moving electrons in materials,
the electron energy loss function is calculated from
L(w) = Im( 1/e(w)) and displayed in Figure 7h. The
energy loss of LiH is almost zero below 4.2 eV and very
low in the entire UV-Vis region. However, the curves of
loss function for the doped systems are changed dramat-
ically in the region from 10 to 12 eV. A number of broad
and small peaks termed “plasmons” arise in the loss func-
tion for pure LiH, whereas a sharper and narrower peak
referred to “longitudinal exciton” occurs for the M-doped
LiH crystals. The resonance peak for the doped LiH sys-
tems locates in the region of 10.6-11.1 eV, corresponding
to the steep drop of the reflection coefficient R(w) after
10.3 eV.

3.6 Thermodynamic Properties and
Hydrogen Storage

The reactions related to the formation of LiH and LixM; xH
are as follows:

Li+%H2 ¥ LiH

1
xLi+(1 x)M+ EHZ ¥ LixM; H 3)
To calculate the formation heat of these reactions, the
total energies of element Li, metal-atom M, and hydro-
gen molecule are subtracted from the hydrides LiH and
LixM; xH with x = 1and x = 0.96875:

. . . 1
AH(LiH) = Eot(LiH)  Eor(Li) EEtot(Hz)

AH(LixM; xH) = Etot(LixMy xH)  xEtot(Li)

1 OE«M) Ea) (@)

The total energies obtained with the optimized
structures of LiH, Li, and Ru are used for the stud-
ied systems. The total energy of hydrogen molecule is
Ewt(Hy) = 2.332 Ry, adjacent to 2.330 Ry in [70] and

2.320 Ry in [7]. The computed formation enthalpy is
listed in Table 3. The formation heat 94.06 kJ/mol
H of LiH is actually close to the experimental values
(= 905 KkJ/mol H [47] and 116.3 kJ/mol H [71]) and
the previous theoretical results (= 89 kJ/mol H [7],

87 kJ/mol H [72], 81KkJ/mol H [73], and 85 kJ/mol
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H [6]) obtained with different methods. The slight dis-
crepancies can be ascribed to the different calculation
methods. Importantly, the addition of metal M to LiH
reduces the stability of LiH and may consequently improve
the dehydrogenation process. The order (Al < Fe < Ru)
of the magnitude of AH can be illustrated by the stronger
crystal fields of the d’ clusters, especially the low spin
S=1/2) Ru+[t2g6eg] group as compared with the high
spin (S = 3/2) Fe™ [t,g°e,?] one [58]. Therefore, the desta-
bilization effect is enhanced with metal dopants without
obviously sacrificing the storage capacities.

The thermodynamic properties of the hydrides
can be described with the standard Gibbs free energy
AG = AH TAS. For the standard zero Gibbs free energy
at the decomposition temperature and a constant pres-
sure [18], the temperature can be estimated from enthalpy
and entropy changes by using AH = TAS. As the entropy
changes of a solid are much smaller than that of the cor-
responding gas during heating, the entropy change in the
decomposition reaction is dominated by the entropy loss
of the gaseous hydrogen. For most metal hydrides, the
entropy change (corresponding to a mole of gas trans-
forming into the solid) is AS = 130.7 J/mol K [74? ] at
the standard pressure and temperature. From the ther-
modynamic relation Tge. = AH/AS, the temperature of
dehydrogenation can be estimated from the calculated
AH(H,). This yields the significantly overestimated decom-
position temperature of 1439 K for pure LiH, as compared
with the experimental value 993 K [71]. The calculated
T4ec may display a slight or significant decrease with
dopants, as mentioned for similar doped hydrides [8].
From [21], the entropy change is estimated in the range
of 95-140 J/mol K for most dehydrogenation reactions.
Adoption of the upper limit of 140 J/mol K and the above
enthalpy change yields Tge. = 1343 K, which is still higher
than but closer to the measured 993 K [71].

The destabilization of LiH with M dopants so as to
reduce the dehydriding temperature may be an impor-
tant method for practical applications. From Table 3, AH
decreases from pure LiH to doped systems and shows
the order Ru > Fe > Al, corresponding to the dehydrid-
ing temperatures of 606, 570, and 522 K for Ru-, Fe-, and
Al-doped systems, respectively, with the upper limit of
entropy change. So, the Al-substituted system is possibly
the most suitable candidate for hydrogen storage due to
the high hydrogen content and low dehydriding temper-
ature, which is consistent with the various studies on the
complex alkali metal hydrides [1?]. It is noted that increas-
ing concentration of M dopants would induce new com-
plex metal hydrides and hence further decreases of AH, as
mentioned in [5].
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4 Conclusions

In order to improve the hydrogen storage properties of the
Li-based hydrides, such as Li; yMxH (M=Al, Fe, and Ru),
the DFT studies are carried out for LiH without and with
M dopants. The results of formation heats for LiH with
and without M as well as their electronic structures con-
firm that doping metals M may depress the stability of the
systems and favorably improve the dehydrogenating prop-
erties of LiH. The dopants indeed enhance the visible light
absorption of LiH by inducing some new d-d transition
bands in the visible region. The calculated formation heats
reveal that the Al-substituted systems can yield the great-
est reduction of the dehydriding temperature with respect
to pure LiH. Present calculations suggest that Al could be a
better substituent than Fe and Ru for enhancing the hydro-
gen storage properties of LiH. As is known, adding metal
dopants to LiH may improve the hydrogen diffusion and
reduce the absorption/desorption time. The kinetic prop-
erties will be studied in detail with kinetic Monte Carlo
method in the future work.
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