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The present study deals with the experimental and theoretical approaches of
LaNi, hydrogen storage alloy. The structural, morphological and hydrogena-
tion characterization of this sample which is synthesized by the arc melting
technique were carried out by X-ray diffraction, scanning electron microscopy
and a homemade Sievert’s type apparatus, respectively. The results showed
that after several hydrogenation/dehydrogenation cycles, disproportionation
occurs in LaNi,. The hydriding kinetic measurements under different applied
pressures show that the hydrogen storage capacity (Cwt.%) increases with
pressure. However, kinetic analysis at different temperatures under constant
initial pressure, which is fitted to two models such as Jander diffusion model
and Johnson-Mehl-Avrami, revealed that Cwt.% and hydriding reaction rate
are decreased and increased by increasing temperature, respectively.

The theoretical study using full potential linearized augmented plane wave
plus local orbitals method was also performed to investigate the structural, en-
ergetic and electronic properties of LaNi, and its saturated hydride (LaNi,H.).
From the two possible space groups for LaNi H , P6,mc was found as the
most favorable one. A volume expansion of ~26% was found for its hydride.
Other calculated results including the equilibrium atomic positions, bulk
modulus and the enthalpy of formation were in good agreement with other
theoretical and experimental results. The band structure calculations showed
that the valence bands were mainly derived from Ni-3d states, and the band-
width of the occupied Ni-3d bands in hydride phase was narrower than that of
the parent compound due to the filling of Ni-3d bands as a result of hydrogen
absorption and volume expansion.
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1. Introduction

The limited fossil fuel resources and the environ-
mental impact of their use require a change to
renewable energy sources (wind, solar, biomass,
geothermal, hydropower, hydrogen and fuel cell)
in the near future [1]. For mobile application,
an efficient energy carrier is needed that can be
produced and used in a closed cycle. Presently,
hydrogen is the only energy carrier that can be
produced easily in large quantities and in an ap-
propriate time scale. However, the absence of a
practical means for hydrogen storage has brought
about a major difficulty in utilizing hydrogen as
a fuel or energy carrier [2]. A solid hydrogen
storage system, like metal hydrides, is reliable,
simple to fabricate and much safer than the use
of other phases of hydrogen. The metal hydrides
still attract highest attention because of their ap-
plications in a wide range of industrial fields
such as hydrogen storage media for fuel cells and
internal combustion engines, electrodes for re-
chargeable batteries, and energy conversion ma-
terials [3]. In particular, LaNi, alloy is of great
technological interest in its applications, such as
compressors, heat pumps, rechargeable batteries
and energy conversion materials [3-5]. Further-
more, LaNi-H system is accepted as a prototype
of hydrogen absorbing materials for its excellent
hydrogenation properties. The hydrogen storage
capacity for LaNi, is about 1.38 wt.% which ex-
ceeds that of liquid hydrogen [6].

On the theoretical side, the band structure and
chemical nature of the parent compound play key
roles in the performance and hydriding proper-
ties as they determine the hydrogen storage ca-
pacity (Cwt.%), intrinsic kinetics, as well as the
operating temperature and pressure range [7].
For example, in LaNi-based compounds, it is
well known that the state of vacancy of the Ni-
3d level controls the hydrogen storage capacity
as the 4s and 3d band overlap [8]. Besides, from
the stability perspective, the measured heat of
formation (4H) for LaNi, hydride at high hydro-
gen density is found experimentally to be about
-32 kJ/mol.H, [9]. However, recent theoretical
calculations could not predict the correct heat
of formation for LaNi, hydrides. Tatsumi et al.
[10] studied the heat of formation of LaNi H, by
a plane-wave basis pseudo-potential method and
obtained -45 kJ/mol.H,, which is approximately
50% more negative than the experimental value.
This has discouraged using first-principles total
energy methods in the search for novel metal hy-
drides. Hector et al. [11] improved these results

by employing the well-known pseudo-potential
plane-wave (PP-PW) method and obtained -40
kJ/mol.H, for 4H. It should also be noted that the
saturated LaNi, hydride (LaNi H.: f phase) is ex-
perimentally characterized in two different space
groups (SGs), namely P6,mc and P31c¢ phases
[12-13]. Neither of the two possible SGs could
be discarded by a neutron diffraction experimen-
tal characterization or pseudo-potential (PP) the-
oretical approach [11], while all-electron calcu-
lations using augmented spherical wave (ASW)
claimed that SG P6,mc is more stable [13]. How-
ever, the SG P6,mc can be preferred primarily
because its crystallography is somewhat simpler
[11]. So, it can be instructive to investigate the
stability of B phase hydride systems by the full-
potential linearized augmented plane wave plus
local orbitals (FP-LAPW+lo), which is the most
accurate one for band structure calculations [14].
In this paper, the synthesis details and physical
properties of pure LaNi, and its hydride based on
their structural and absorption kinetic characteri-
zation were investigated. Moreover, the theoreti-
cal study of structural, energetic and electronic
properties of this compound and its B hydride
were followed using FP-LAPW+lo method im-
plemented in Wien2k code [15].

2. Experimental and theoretical details

2.1. Experimental details: synthesis
and characterization details

The LaNi, alloy was prepared in an arc furnace
under higil purity argon atmosphere (99.999%)
with stoichiometric proportion of constituent ele-
ments. The obtained alloy ingot was turned over
and re-melted three times for obtaining more
homogeneity. Then, the ingot was mechanically
crushed and ground into the powder of 200 mesh
size for X-ray diffraction (XRD) characterization
and kinetics curves. The crystal structure and lat-
tice parameters of the alloy before and after hy-
drogenation/dehydrogenation cycles were deter-
mined by XRD (X Pert Pro, PANalytical system)
with Cu-Ka radiation (A= 1.5406 A). The plas-
ma-optical emission spectroscopy (model: Var-
ian Vista Pro ICP-OES) was used to investigate
the composition of alloy. To study the kinetics
behavior of LaNij, alloy, first a homemade Siev-
ert’s type apparatus was designed and fabricated
in our laboratory as shown in Fig. 1. This appara-
tus works according to the pressure reduction in
determined volumes [2].
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Figure 1. A schematic of the homemade Sievert’s type
apparatus which is used in our studies.

For hydrogenation measurements, about 2g of pow-
der sample was introduced into the reactor. Then the
reactor was evacuated to ~ 10 Torr at room tempera-
ture and heated up to 673 K for 2h in vacuum. The
high purity hydrogen (99.999%) with 6 MPa pressure
was applied to the reactor for 60 min after which the
sample cooled down to room temperature. By repeat-
ing this process several times, the sample became
completely activated and ready for measurement of
absorption kinetic plots.

2.2, Computational details: crystal
structures and computational methodology

LaNi, crystallizes in the hexagonal CaCu,-type struc-
ture (SG P6/mmm) as La atoms occupy la sites and
Ni atoms occupy 2c¢ and 3g sites. Hydrogenation
of LaNi,, up to maximum hydrogen uptake brings
modifications of the crystal structure with two pos-
sible space groups for LaNi,H, (B phase), 1.c. P6,mc
and P31c, determined by neutron diffraction data
[13]. These show a supercell unit (2xLaNi,H.),
ie. LaNi H , along the c-axis [13]. The on71y
difference between the two structures is a mir-
ror plane that leads to (X, x-, z) coordinates for
6¢ sites in P6.mc instead of (x, y, z) in P31c¢ [13,
11]. There are one La (2a), three Ni (2b, 2b and
6¢) and three H (2b, 6¢ and 6¢) sites in B-hydride
structure of LaNi_ [13].

In this work, the theoretical calculations of struc-
tural, energetic and electronic properties of LaNi
compound and its saturated hydride (LaNi H73
were performed using FP-LAPW-+lo method
as implemented in the WIEN2k code [15]. The
generalized gradient approximation (GGA) of
PBE96 [16] was used as exchange correlation
functional. The muffin-tin sphere radit R are
chosen as 2.35, 2.21 and 0.9 bohr for La, N1 and

H atoms, respectively. The size of the basis set is
given by the product R_xK_  =7.0 (LaNi,) and
5.0 (LaNiH,), where K is the largest recipro-
cal space wave vector in the basis set. A cutoff
energy of -6.0 Ry was chosen between valence
and core states. The maximum value of / was tak-
enasl =10.0, and the charge density is Fou-
rier expanded up to G, =14.0 (LaNi,) and 18.0
(LaNiH.). A mesh of 133 (LaNi,), 76 (LaNiH,
in P6,mc) and 100 (LaNi,H, in P31c) k-points
in the irreducible Brillouin zone (IBZ) was used
for BZ integration with a modified tetrahedron
method [17] to guarantee the convergence of to-
tal energy. Self-consistency was achieved by de-
manding the charge convergence criterions set to
10 Ry and 10 electrons, simultaneously. In the
following, the saturated hydride phases crystal-
lizing with SGs P6,mc and P31c will be referred
to as B, and f,, respectively.

3. Results and discussion
3.1. Experimental work

3.1.1. X-ray and microstructure characteriza-
tions

Figures 2a-2c¢ show the XRD patterns of as-
synthesized, hydrogenated and dehydrogenated
LaNi, alloys (after 30 cycles), respectively. The
results of structural parameters including the lat-
tice parameters, unit cell volumes, overall broad-
ening at full width at half maximum (FWHM) of
the main peak (111), crystallites size and lattice
strain of LaNi, alloy are listed in Table 1.
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Figure 2. XRD patterns of (a) as-synthesized, (b) hydro-
genated and (c) dehydrogenated LaNi, alloy.
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The XRD pattern of as-synthesized LaNi; alloy
(Fig. 2a) indicates that parent bulk alloy is ho-
mogeneous with a single phase corresponding to
CaCu.-type hexagonal structure (SG: P6/mmm;
JCPDS/PDF No.: 50- -0777). However, for hydro-
genated and dehydrogenated LaNi, alloy after
hydrogenation/dehydrogenation through sev-
eral cycles, in addition to CaCu.-type hexagonal
structure as a main phase, a small amount of free
Ni (SG: Fm-3m; JCPDS/PDF no.: 04-0850) also
was detected (Figs. 2b & 2c). Appearance of Ni
phase that has been also reported in the litera-
ture [18-19] is due to disproportionation process
[2] that can be disappeared by different methods
such as heat treatment of the as-casted LaNi, al-
loy [20]. On the other hand, intensity of peaks
(especially for most intense peak) is decreased
for hydrogenated/dehydrogenated samples that
indicated decreasing of crystallinity of alloy
after several hydrogenation/dehydrogenation
(H/D) cycles. Also, H/D process caused overall
(observed) broadening of the XRD peaks. For
quantitative description of this result, the crystal-
lite sizes and the microstrains could be calculated
from the broadening diffraction peaks [21].

The overall broadening of the diffraction peak
(observed) contains the instrumental and physi-
cal broadening. The physical broadening () is
comprised of two effects: one arising from the
average crystallite size (D) and the other from
the microstrain (¢) [21]. In order to obtain 3, the
instrumental broadening should be eliminated
from the overall broadening of samples. We used
the pure Si sample for calculation of instrumen-
tal broadening. The broadening effects caused by
crystallite size and microstrain were separated by
using Williamson-Hall and least square fit meth-
od [21]:

ﬂpc059:0.89+84sin6’ 0
A D A

From the slope and the ordinate intercept of

Williamson-Hall plot, ie. f”cos@/A versus

4sin 6/A , the microstrain and the crystallite size
were determined and presented in Table 1.

Table 1. Structural parameters, FWHM (111), crystal-
lite size and microstrain of different samples.

Lattice parameters Umit cell volume | FWHM il
aA [ eldl [ VKT | amp o
As-synthesized LaNis 50182 39816 86.833 0.3034 157 ] 0.094
LaNigHys | 5.0241 4.0085 876252 05210

Hydrogenated ! L 1104 0.28
Ni 3.5447 - 44,5388 -

-

Sample Phases D [nm]

o —— 1
Dehyérogenated LaNis 50153 | 39956 | 87.0380 04417 | 137 024
I Ni 35315 - 44.043 -

By comparing the results, it can be concluded
that the lattice strains are introduced by the cy-
cling process [1], and a decrease in particle size
was found due to the lattice expansion on hydro-
genation [18]. The calculated crystallite size of
the as-synthesized sample was 157 nm which re-
duced to 104 nm after hydrogenation (30 cycles)
and 137 nm after dehydrogenation due to the lat-
tice strain caused by the defects generated from
hydrogen cycling [21].

Comparison of structural parameters of hydro-
genated LaNi; alloy with as-synthesized indicates
an increase in lattice parameters and unit cell
volume due to hydrogen insertion in interstitial
positions. It must be noted that plateau pressure
of LaNi,-H system at room temperature is higher
than atmospherlc pressure, so once the hydrogen-
ated LaNi, alloy (full hydride) was put in ambient
condltlons most of the hydrogen absorbed by the
alloy was desorbed form hydride. Nonetheless, a
very small percentage of absorbed hydrogen still
remains that detected by XRD results as LaNi H_
(x~0.3). Beside, a countable increase is found in
the lattice parameter ‘c’ in dehydrogenated alloy
in comparison to as-synthesized alloy, whereas
a very small decrease is observed in the lattice
parameter ‘a’. These decrease and increase ob-
served in the lattice parameters are probably due
to presence of strain and residual hydrogen in the
lattice of the alloy after hydrogenation/dehydro-
genation cycles, respectively [22-23].

To investigate the effect of H/D cycling on the
surface morphology and microstructure of LaNi
alloy powder, the SEM images of back- scattere(i
electrons of particles were taken at different
magnifications both before (Figs. 3a, b) and after
30 H/D cycles (Figs. 3¢, d). It is well observed
that after H/D cycling, the particle size decreas-
es, mostly lower than 10-20 m, and they have
nearly uniform size distribution compared to
non-cycled ingots. The internal stress created in
lattice due to the volume expansion (shrinkage)
from hydrogen absorption (desorption) is really
the driving force to lead to the pulverization of
the alloy [24, 25]. On the other hand, no crack
was found in the non-cycled alloy, while some
cracks were developed on the surface of the al-
loys after H/D cycles. Formation of new small
grains might be resulting from propagations of
these microcracks [25].
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Figure 3. SEM images of (a and b) alloy ingots put in
the reactor before hydrogenation; (¢ and d) the alloy
after 30 H/D cycles.

3.1.2. Hydrogen absorption kinetics

The hydriding kinetic measurements of LaNi, al-
loy, after 30 hydriding/dehydriding cycles, were
carried out within two schemes: (i) absorption
kinetic at constant temperature under different
applied pressures, and (ii) absorption kinetic at
different temperatures (T=20, 40 and 60 °C) un-
der constant initial pressure for H, (4 MPa). The
hydrogen absorption kinetic plots “of LaNi, at 40
°C for different hydrogen pressures are shown in
e e Pl L R e Fig. 4. The hydrogen storage capacity (Cwt.%) is
Dateimisns G413 Vec hvee ezl defined as the ratio between the mass of the ab-
sorbed hydrogen and mass of the hydride. As can
be seen, the hydrogen storage capacity of LaNi,

51gn1ﬁcantly increases with an increment in hy-
drogen applied pressure: 0.53, 0.97, 1.12, 1.21,

1.32% for 0.5, 1,2, 3, 4 MPa hydrogen pressures,
respectively. The increase in the hydrogen stor-
age capacity as a function of applied pressure can
be explained as follows: with increase in initial
pressure, the hydrogen gas concentration on the
surface of LaNi, particles is increased which re-
sults in the increase of the effective pressure or
the pressure driving force in excess of the equi-
librium pressure [26].

GEM MAD: 400 x 4
SEM MV, 15.00 kv Dot SE Delector 100um
Datedmd; DROAH D Wae: Hivae reo
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Figure 4. The hydriding Kinetic plots of the LaNi, at
40 °C under different pressures.

Hence, both the absorption kinetic and hydrogen
storage capacity (Cwt.%) increase. It should be
noted that since working temperature is constant
for all initial pressures, therefore, its catalytic ef-
fect for the dissociation of the H molecules to
H atoms has the same contribution for different
pressures.

Fig. 5 shows the influence of operating tem-
peratures on the hydrogen absorption kinetics of
LaNi, hydride alloy under a constant initial pres-
sure of H, (4MPa). It can be seen that hydriding
reaction rates increase with operating tempera-
ture. However, it is found that hydrogen stor-
age capacity (Cwt.%) decreases with increasing
temperature. The observed increase and decrease
for absorption reaction rate and hydrogen capac-
ity can be understood from the catalytic effect of
temperature and from the reversible hydrogen
absorption/desorption on the surface of LaNi,
grain, respectively. With increase in temperature
more and more hydrogen is desorbed during the
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Figure 5. The hydriding kinetics plots of the LaNi, at
different temperatures.

hydrogen absorption processes, resulting in the
decrease of the hydrogen capacity for LaNi, al-
loy [27]. As the working temperature 1ncreases
more H_ molecules are dissociated to H atoms
[28]. That is why that reaction rate increases with
temperature.

The mechanism of hydriding reaction kinet-
ics was studied by using different fitting mod-
els. In the literature, different models [29-35]
have been proposed. The most extended model
is the Johnson-Mehl-Avarmi model [35] which
has been validated with differentsorption ex-
perimental data, not only for LaNi,, but also for
other alloys [31]. In this work, Jander diffusion
model (JDM) [34], irst order and antilog John-
son-Mehl-Avarmi (JMA) models [35] were em-
ployed as fitting models to analyze the hydrid-
ing reaction mechan-isms of LaNi, (Table 2).

Table 2. Some conventional fitting models used for
hydriding reaction kinetic.

Kinetic model Comments

Jander diffusion model (JDM)

In these models, ¢ (7), k and n are the reacted
fraction at any time (t), and the rate constant
and order of reaction, respectively. The ¢ (7) is
defined as the ratio between the mass of sample
at time t and that of saturated sample at infinite
time. In JDM model, the particles are considered
as spherical in shape, and diffusion is the only
rate-controlling mechanism [34], whereas JMA
model includes both diffusion and nucleation and
growth as the rate-controlling mechanisms [35].
It should be noted that the rate constant (k) de-
pends on temperature and supply pressure. For
a constant temperature, plots of [1-(1-§)'*]* and
vs. time (t), respectively for JDM and first order
JMA models, are the straight lines with slope k,
whereas for antilog JMA model, a plot of vs. is
a straight line with slope n and intersect In(k).
The rate constants obtained at different tempera-
tures using different models altogether, R?, as the
linear regression are presented in Table 3.

It can be seen that the hydriding reaction rate in-
creases with increasing the temperature within
all models. For JDM model, the derivation of
experimental data is rather larger for the high
temperature (60°C) as previously reported by
Muthukumar et al. [30]. The R? of the linear re-
gression equations of the JMA antilog model is
slightly more than those of JMA first order and
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also JDM model for 20 and 40°C, while R? of the
JMA first order model is the highest at the high

Table 3. Calculated rate constants for different
temperatures using JDM and JMA models.

. Temperature, | rate constant 2 10
Kinetic model ©C) k, (ms)"! R?, (%)
20 1.73 99.87

JDM model 40 343 99.76
60 5.66 98.54

Birat onder 20 13.88 98.39
TMA 40 26.11 99.74

60 4447 99.88

. 20 36.2 99.9
Anmfﬁg“’d"] 40 5535 99.82
60 96.68 99.07

temperature (60 °C).

Therefore, the JIMA model is superior to the JDM
model in analyzing the absorption reaction ki-
netic mechanism of LaNi,, and hence diffusion
along with nucleation and growth is the rate-con-
trolling step.

Using the values of constant rate evaluated from
different models, the activation energy £ of hy-
driding reaction was calculated by Arrhenius re-
lationship:

k= Ae(_RETaj 2)

where 4 and R is the pre-exponential factor and
universal gas constant, respectively. A plot of /n
(k) vs. I/T is a stralght line with slope £ /R as
shown in Fig. 6 for JDM and JIMA models.”

* JDM
A First order JMA
= Antl log JMA

y=-2616.03921x+5.49657
e~ ___ R=0.99300

Ink
/

y=-2844 18243x+5 42873 Ty
R’=0.99969

—_ -

o
6 | y=2899.60212x+3.54836 T —
R’=0.99453

7 L L L .
0.0029 0.0030 0.0031 0.0032 0.0033 0.0034 0.0035
1T (K"

Figure 6. Arrhenius plot for LaNi_ with different mod-
els.

The estimated values of £ are 24.11, 23.65 and
21.75 kJ/mol.H, for JDM, “first order and antilog
JMA models respectlvely These results are in

good agreement with those of [30].

3.2. Theoretical work
3.2.1. Equilibrium structural properties

In the first step, a geometry optimization was car-
ried out on LaNi, (parent alloy) and LaNi H, (sat-
urated hydride) usmg the FP-LAPW+1o scheme.

To find which  phase models (3, or B,) are the
most stable, both space groups (§Gs) were con-
sidered from a structural and energetic points of
view. The starting internal parameters as well
as the lattice constants were taken from the ex-
periment [13]. The optimization results for lat-
tice constants and equilibrium atomic Wyckoff
positions obtained from the Murnaghan fit [36]
and from minimizing the Hellmann-Feynman
forces [37] are presented in Table 4. The other
experimental and theoretical results are also list-
ed for comparison. Our results show that the SG
P6.mc is more stable than the SG P31c (Fig. 7).

Table 4. The calculated lattice parameters a, ¢ (A),
relaxed atomic positions and bulk modulus B, (GPa).
The corresponding experimental and theoretical values

are also given for comparison.

This work Other works
Ti c E: T E

LaNis
(P8 mtrm)

5.0182 50012 50178

]
e 3979 39816 39632 3.986¢*

LaNisHs (Péamc)

(3 1 (173,23, 0.819)
H> Lsc] (015 :s 0 280) (0.169, -x, 0.280)

54090
e ssn 70 8.600°
(0, 0, 0.004)

(0.517, -0.486, 0.250)
(1/3, 2/3, 0.006)

(1/3, 2/3, 0.497)

)| (0510, -0.490, 0.057)
3,2/3,0.82 (173,273, 0.83)

(0136, 0.852, 0278) | (0,154, “0.168, 0.2 99)

La (2a) (0 U DO_»(]
Nil (6c) (0.5
Ni2 (2b) (13 3. U 008)
Ni3 (2b) (13
H1 (6c) (0.307, 0.496, 0.058)
H2 (2b) 173, 2/3,0.821

H3 (6¢) (0.160, 0.839, 0.291)
*Al Alam et al [13].

® Hector et al [11].

¢ Bereznitsky et al [39].
4Brouha et al [40].

¢ Tanaka et al [41].

The lattice constants and internal parameters cal-
culated for the SG P6,mc are also closer to those
of the experimental values with respect to the SG
P31c. The same trends were observed in other ab
initio calculations [10, 13]. The calculated equi-
librium volumes for 3, and B3, phases and for dou-
ble unit cell of parent alloy (La,Ni,, =2xLaNi,)
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are 219.1, 219.8 and 172.8 A®, respectively. The
agreement between our theoretical results and
experimental parameters is excellent in compari-
son with other reported theoretical results [10,
13]. The difference between the equilibrium en-
ergies resulting from E(v) curves of both B, and
B, models (A= E, - £, ) was estimated about 20.05
eV/cell which is much larger than about 0.05
meV/cell [11] obtained from PP method. So, un-
like PP calculations, FP-LAPW-+lo calculations
similar to all-electron ASW calculation [13, 38]
point to B, phase as the most probable SG for the
B phase hydrlde The resulting bulk modulus B
through E(v) curve fitting with Murnaghan [3 6T
are ~ 138, 133 and 132 for LaNi,, LaNi, H,, (B,)

107714

and La N11 JHi, (B, respectlvely The reduction
in B, after hydrogenation is indicative of the
larger compressibility of the hydride phase, with
respect to parent compound, under hydrostatic
pressure (Fig. 8). This is related to volume ex-
pansion of hydride compound seen earlier. It also
indicates that parent compound is harder than its

hydride.

La Ni H
64424.01 =

-54424.04 |-

Energy (Ryizell)

-64424.07 |-

P6,mc™- -

-64424.10

Volume (Angstrom)” = =
Figure 7. Volume optimization of the La,Ni H ,
compound for SGs P31c and P6,mc. The solid curves
are Murnaghan fits.

(o0 LaNi,

------ La N\mH1 (B, phase)

—La,Ni, H,, (5,phase)

VIV
°

' . L 1 L 1
0 5 10 15 20 26 30
Pressure (GPa)

Figure 8. Variation of V/V_ with theoretical pressure, V,
is equilibrium volume.

3.2.2. Energetics and heat of formation

The heat of formation (AH) for an absorption
reaction is one of the most important thermody-
namic factors which indicates the metal hydro-
gen bond stability [7] The enthalpy of formation
of LaNi, and LaNi,H (per H,) from LaNi, and

H, gas are expresse by [11]:
AH (LaNig)=| E(LaNi;) - E(La) - SE (Ni) | 3)
AH (LaNiH,) = %[E(LaNiSHJ— E(LaNi})|-E(H,) (4)

where E (LaNiy), E (La), E (Ni) and E (LaNi;H.)

, are the total energy of LaNi,, elemental La, ele-
mental Ni and LaNi JH per unit cell, respectlvely
E(H,) is total energy of gaseous H molecules
evaluated with considering a big box and keep-
ing the bond length between the two H atoms [7,
42]. In the present work, the heat of formation
for LaNi, was evaluated ~ 159.3 kJ/(mol-LaNi,)
which is in better agreement with experlment
(159.1+8.3 kJ/mol-LaNi; [43]) compared to
other theoretical work (- 168 kJ/mol- LaNi, [11]).
The calculated heat of formation for 3, and §
phases (its hydrides) was about -39.1 and -38.4
kJ/mol-H,, respectively. These indicate that the
formation of all compounds is favorable from
the thermodynamic point of view, but B, phase
1s more stable than B, which is in good agree-
ment with the results. The agreement between
our results and experiment (-34.8+1.8 kJ/mol-H,
at 285 K for LaNiH, ., [44]) is good in cornparl-
son with results of pseudo-potential theoretical
approaches (-40 [11] and -57 [38] kJ/mol-H, at
0 K for LaNi,H.) as it was expected to be 1m-
proved by usmg full-potential methods [38]. I
the following, we employ the P6,mc structure for
LaNi, H,, for our calculations.

3.2.3. Density of states and band structures

In this section, we study the density of states and
band structures of LaNi, and LaNi;H, (P6,mc)
because in the previous section we showed that
SG P6,mc is more stable. Figs. 9a and b display
the total (TDOS) and partial (PDOS) electronic
density of states for LaNi, and its hydride, respec-
tively. The origin of the energy scale is located at
the Fermi energy (E,). The DOS of pure La and
Ni as the constituent elements are also given for
comparison. The origin of the energy scale is lo-
cated at the Fermi energy (E.). The DOS of pure
La and Ni as the constituent elements are also
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given for comparison. It is clear that the TDOS
of LaNi; is composed of both bonding and non-
bondlng states. The band structure calculations
show that the occupied states of this compound
are very similar to those of constituent transition
metal (pure Ni). This fact indicates that the va-
lence band of LaNi, is mainly derived from Ni-
3d states, which is in good agreement with XPS
measurements [45].

It can also be seen that the TDOS at E_ is mostly
composed of Ni (2¢) and Ni (3g) states. However,
the contribution of Ni (3g) states is slightly in-
creased due to the fact that Ni at 2¢ and 3g sites
are found with the occupation ratio 2:3, respec-
tively (considering site occupations). For parent
LaNi, compound, the narrow intensive peaks lo-
cated in the range of about 0-4 eV below the Fer-
mi energy are formed mainly by the Ni-3d states
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Figure 9. TDOS and PDOS for: (a) LaNi, and (b)
LaNi,H, (SG P6,mc). For PDOS calculations, the site
occupations were considered for Ni and H atoms.

which have dominant contribution for valence
bands, while the conduction bands are generally
provided by the La-4f states centered at about 3.1
eV. The DOS results are in good agreement with
the other reported theoretical approaches [11,
46]. Fig. 10a shows DOS for La-5d and Ni-3d
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Figure 10. PDOS for La-d and Ni-d states in: (a) LaNi,,
and (b) LaNi_H.. The inset (Fig. 10b) shows PDOS for's

states of H atoms.

states of LaNi,. La states (mostly 5d) forming the
bonding states are hybridized with Ni-3d band,

but their contribution to the DOS at the Fermi
level is very low. The bandwidth of occupied
Ni-3d states is evaluated as being about 3.8 eV,
which is in good agreement with ultraviolet and
X-ray photoemission data [47, 48], as it is nar-
rower than the 4.3 eV width in elemental Ni [47].

Fig. 10b shows PDOS for LaNi,H, compound. A
comparison of TDOS for LaNi, and its hydride
shows that the sharp peak just “above E, in the
LaNi, DOS is shifted below E, due to hydrogen
absorptlon which can stabilize the LaNi. satu-
rated hydride. Moreover, a new group of states
appear at energies about 5-10 eV below E_ due
to hydrogenation arising from hybrldlzatlon of
the H 1s states with Ni, and to a lesser extent La
states. These states forming 14 bands in band
structure of hydride compound (Fig. 11b) are sep-
arated from those higher in energy through a gap
of ~1.5 eV. However no energy gap was found
for valence bands in the parent compound (Fig.
11a). From Figs 10a and b, it is also clear that
the bandwidth of the the occupied Ni-3d states in
hydride phase (3.2 eV) is narrower than that of
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its parent compound (3.9 eV), in good agree-
ment with 3.1 eV in Ref. [11]. It can be attributed
to the volume expansion of ~26% [11]. For the
hydride phase, similar to the parent compound,
Ni-3d states have dominant contribution at E,
and among these states, Nil have the most in-
tensity with respect to all the other atomic con-
stituents which is related to the presence of Nil
in all three hydrogen insertion sites. So, it is ex-
pected that the Nil-H interaction be dominant.
the Nil—H interaction be dominant.

(a) LaNi_ (P6/mmm)

Energy (eV)

Energy (eV)

Figure 11. Energy band structures of (a) LaNi, and (b)
LaNi H,, (P6,mc).
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We also obtained the intensity of DOS at Fermi
level, n(E,), for LaNi, and LaNi,H._ of about 8.98
and 7.54 states/eV-f.u. respectlvely Decrease in
DOS atE_ for hydride phase can be due to the fill-
ing of Ni- 3d band as a result of hydrogen absorp-
tion. The electronic-specific heat coefficient [11],

expressed by » :Tk *n(£,), was calculated.

The y=21.18 and 17.77 mJ/mol-K? obtained for
LaNi and its hydride are in good agreement with
the experlmental heat capacity measurements
and with 21.7 and 17.44 mJ/mol-K? of Hector et
al. [11].

4. Conclusion

In this paper, the structural, morphological and
hydrogenation properties of the LaNi_ hydrogen
storage alloy have been investigated. XRD analy-
ses revealed that after 30 H/D cycling, the deple-
tion of Ni fine particles occurred on the surface
of LaNi, as some weak peaks corresponding to
pure nickel phase also appeared. In addition, the
crystallite size of alloy decreases after H/D cy-
cling while the lattice strain increases. After H/D
cycling, the particle size decreases and also its
distribution becomes nearly uniform compared
to non-cycled alloy. The hydriding kinetic meas-
urements showed that the Cwt. % increases with
the applied pressure at constant temperature,
while it decreases with temperature under con-
stant applied pressure conditions. However, the
hydriding reaction rates increase with tempera-
ture. The theoretical part of this study is related
to the structural, energetic and electronic prop-
erties of LaNi, and its saturated hydride using
FP-LAPW+lo method. The results indicated a
unit cell volume expansion of ~26% for hydride
sample due to hydrogen insertion in interstitial
sites. However, after hydrogenation, the bulk
modulus decreases. The formation of all com-
pounds was favorable from the thermodynami-
cal point of view. The band structure calculations
of LaNi, showed that the valence band is mainly
derived from Ni-3d states, and is in good agree-
ment with XPS measurements. It was also seen
that the bandwidth of the occupied Ni-3d states
in hydride phase was narrower than that of the
parent compound, because of volume expansion.
However, intensity of DOS at E_ and hence the
electronic-specific heat coefficient decreases af-
ter hydrogenation which can be due to the filling
of Ni-3d band as a result of hydrogen absorption.
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