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Abstract: The calculations of total energy, band structure, and electronic density of states and Mulliken population

analysis of BLaNisH, (5 <« <8) were performed by adopting the method of total energy based on the density func-

tional theory. The augmented plane wave function was selected as the basis set in combination with ultra soft

pseudo-potential technology. The influence of the amount of H absorbed in alloys was discussed in terms of geome-

try, electronic structure and thermodynamic derived from calculated results. The results show that the amount of H

absorbed and the preferred site occupation of the absorbed hydrogen atoms were controlled by the position of H-

bands and the energy gap between H-bands and conduction bands. The Bphase hydrides of LaNis are most stable

when hydrogen atom capacity coating in the range of 6 = 7.
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1 INTRODUCTION

LaNis-based alloys are the negative electrode
material widely used in Ni/MH battery present-
ly[ 173]
rial are related with its microscopic structure. It is

. Many macroscopic prosperities of the mate-

necessary to properly describe the energy and elec
tronic structure of LaNis-based alloys and their hy-

1961 and

drides. So far, much work on experiment
theory!”"? have been reported. Ultraviolet photoe-
lectron spectroscopy ( UPS) was used to measure
the electronic specific heat coefficient'*™® to obtain
the electronic change on the Fermi surface before
and after alloys hydrogenation. X-ray absorbed
near edge spectroscopy (XANES)!'"™ was used to
observe the nature of bonds between metal and hy-
drogen. The calculation method basing on the first
principle theory, such as tight binding approxima-

tion recursion ( TBR)'"", self-consistent linear

muffin tin orbital( LMTO)'"" and DV-Xd"™, was
adopted to analyse the electron density of LaNis
and LaNisH7. However, the location of the atoms
in TBR is in the real space and the periodicity is
not considered. And in the atomic sphere approxi-
mation of LMTO,
spheres influences the calculated results signifi-
cantly. Additionally, DV-Xais based on the clus-
ter and takes only the nearest neighbor atoms into

the number of the atomic

account, so it can hardly pay attention to the influ-
ence by farther atoms. In this work, the total
energy-plane wave pseudopotential method was

introduced with better description of large perio-
dicity system and better analysis to the energy and
electronic structure in the hydrogen interstice site
in LaNis.

2 DETAILS OF CALCULATIONS

2.1 Crystal structure

LaNis is the parent alloy in ABs-type hydrogen
storage alloys with a hexagonal symmetry ( space
group P6/ mmm, structure type CaCus). La occu-
pies the la (0, 0, 0) site and the two nonequiva-
lent Ni occupy the 2¢ (1/3, 2/3, 0) and 3g (1/2,
0, 1/2) sites. Two ordered structures about its B
phase hydrides have been reported based on a care
ful interpretation of the neutron diffraction data.

[ vith five nonequivalent inter-

One is P/ mmm
stices available for the hydrogen and their positions
are given in Table 1. In the five sites, 3f is octa
hedron and others are tetrahedron. Another is
P6:mc ™ ' which have a doubled unit cell of
LaNis along the caxis and a replacement of the
six-fold symmetry axis by a 63 screw axis, with
three different hydrogen sites ( Table 1). In this
work, both models were discussed and the initial
crystal structures are listed in Table 2 and Table

3.

2.2 Calculation method
The total energy-plane wave pseudo-potential
method' ' based on the density functional theory,
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Table 1 Interstitial sites in unit cell of
I.aNis( space group, P/ mmm) and La:Nio(space group, P6:mc)
P6/ mmm P63mec
Coordination

Site % ¥ z Site % % z

3f 0.5 0 0 12d 0. 47 0 0.058  Lax2, Ni**x2, Ni*x2
4h 0.333 0. 667 0. 369 2b 0.333 0. 667 0.321 Ni*x 1, Ni* x3

6m 0. 137 2x 0.5 6c' 0.138 2x 0.25 Lax2, Ni*x2

120 0.204 2x 0.354 6" 0. 17 2x 0. 301 Lax1, Ni¥*x1, Ni*x2
12n 0. 455 0 0.117 Lax1, Ni*x2, Ni*x1

Table 2 Position of H in BLaNisH, unit cell before and after geometry optimization
P6/ mmm P6smec
Before After Before After Before After

H LaNisHs  LaNisHs  LaNisH;  LaNisHs H La:NiwH o LaxNiioH 1o
3f 120 12n 12n 12n 12d 12d 6c' 6c'

4h 120 4h 120 4h 12d 12d 6c' 6c'

6m 120 120 120 6m 12d 12d 6c' 6c'

120 12n 12n 3f 120 12d 12d 6c" 6c'

12n 12n 120 120 12n 12d 12d 6c" 6c"

6m 6m 6m 6m 12d 12d 6c" 6c"
120 120 2b 2b

12n 120 2b 2b

12n 12n

Table 3 Cell parameters of BLaNisH.
a/ nm ¢/ nm c/a V/ nm®
Hydride
M odel Calculated Model Calculated Calculated Model Calculated
LaNisHs 0.5399 0.542 1 0. 429 0.4327 0.798 2 0.108 3 0.110 4
LaNisHs 0.544 1 0.4369 0.8030 0.1113
LaNisH 0.546 3 0.4349 0.796 1 0.1123
LaNisHs 0.5528 0.4378 0. 7920 0.1157
La:NioH 14 0.5396 0.5453 0.857 1 0.8653 0.793 4 0.216 1 0.2223
applied for describing the large-scale periodic E., the exchange correlation energy Exc, and the

systems, was adopted. The total energy Ei as a
function of electron density ¥ x) can be expressed
by
Ex[Qx)] = TJQx)]+ Es[Qx)] +
Exc[Ax)]+ Eif/Qx)] (1

where the terms refer to the kinetic energy T'. of
nominteracting electrons, the electrostatic energy

potential energy Ee: of nominteracting electrons in
the external field.

The approximation
(GGA)'""" combined in local density approximation

generalized gradient

(LDA) was used for the exchange correlation ener-
The ultrasoft
(USP)!" describes the electron-ion interaction and

gy functional. pseudo-potential
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generates good scattering properties over a pre
specified energy range, which results in much
better transferability and accuracy of pseudo-
potential. The pseudo-potential basis set in this
work comprised a 5s°5p°5d'6s® valence configura
tion for La, a 3d*4s® valence configuration for Ni
and a 1s' valence configuration for H. The method
for electronic relaxation is based on density mix-
ing'”" combined with conjugate gradient to mini-
mize the sum of eigenvalue. The method is robust
for metallic systems for the cell elongated in one
dimension. The solution of Kohn-Sham equation
can be obtained by self-consistent. The new charge
density at the end of the steps mixed with the inr
tial density and the process is repeated until con-
vergence.

In the calculation, the models were trans-
formed to crystalline super-lattice firstly and then
geometry optimization was performed on the mod-
els in the lowest symmetry (space group, Pl).
The single energy was calculated on the optimized
models. In order to meet the convergence goal, the
plane-wave cutoff energy was 240 eV, and the FFT
grid was 24 x 24 x 18 for LaNisH.(x= 57~ 8) and
24 x 24 x 40 for La:NiwoH14. The calculation was
When the self
consistent process ended, the energy change per
atom was less than 0.2 x 10" * eV/atom, RMS dis-
placement, force and stress was less than 10 * nm,
0.005eV/nm and 0.1 GPa,
plane-w ave cutoff energy in single point energy cal-
culation was 300eV, FFT grid was 27 x 27 x 24 for
LaNisH.(x= 578) and 27 X 27 X 45 for LaxNiio-
His. The k-space is 0. 003 5 nm. In the space, ac

performed in reciprocal space.

respectively. The

cording Monkhorst-Pack algorithm, the I[-centered
k-point grids in hexagonal irreducible Brilliouin
zones (IBZ) was (6, 6, 7) with 126 k-points for
LaNisH.(x= 57~ 8) and (6, 6, 3) k-point grids
with 98 k-points in IBZ for LaaNiocH . The simu-
lated environment temperature is 273 K. Calcula-
tion of the H> molecule was made using a supercell

of 0.10x0.10x0. 10 nm’.
3 RESULTS AND DISCUSSION

3.1 Optimized structures

The cell parameters and the position of hydro-
gen after optimization are listed in Table 2 and
Table 3. Three types of hydrogen motion occur in
LaNisH.:

1) The tetrahedron sites 4h, 6m and 120 be-
long to the pentagon ring in a ( 110) plane'® . Hy-
drogen atoms move to 120 site or stay at their orig-
inal position. It is a fast diffusive motion that can
easily occur around the z= 1/2 plane, i.e. a hydro-
gen atom at 6m site move to the 120 site in La-

NisHs, LaNisHs and LaNisH7, and hydrogen at 4h

site to the 120 site in LaNisHs and LaNisH7. It
seems that the only way for a hydrogen atom to
escape from a ring of 6m sites is to jump to a 120
site. A hydrogen atom in a 4h site can jump in a z
direction to another 4h site, but then it must jump
to a 120 site or simply return to its origin, which
can be observed in the optimization process.

2) A rapid localized jump happens within the
3f 7 12n site clusters consisting of four 12n sites
centered on a 3f site of the z= 0 plane. It can be
understood easily because the distances between
nearest-neighbor sites are rather short (3f = 12n,
0. 06 nm) "** .

3) The slow diffusive motion can occur be
tween z= 0 (3f and 12n sites) and z= 1/2 plane
(4h, 120 and 6m sites). The diffusion from 120
site to 12n site occur in LaNisHs, LaNisH¢ and La-
NisH7, and 12n site to 120 site in LaNisHs,
LaNisH7 and LaNisHs, and 3f site to 120 site in
LaNisHs. The only way for a hydrogen atom to es-
cape from the cluster is to jump to a 120 site!”'.

In fact, the 120 site seemed to be the “hub” of

the process if diffusion occurs by nearest-neighbor
jumps, as provided with the experimental stud-
y'?!'. We can conclude that there must be at least
some occupancy of 120 site during absorption.
When the amount of hydrogen absorbed varies
from 5 to 8, the maximum of hydrogen atoms in
12n site is 3, just as the early experiment re-
sults!®!,
In La2NiwwH 14, the position of hydrogen varies
slightly compared with the initial model. T he final
distribution of hydrogen is 3 at 12d, 2 at 6¢', 1 at
6c", 1 at 2b, which accords with the earlier exper
iments'

It can also be affirmed from T able 3 that with
the increase of the amount of hydrogen, the a and
c axis increase and the cell volume expanses. The
proportions ¢/a of hydrides lie in the interval
0.792070.803 0, quite agreeing with the values

» { _ -2 23]
33 N3

3.2 Electronic structure
3.2.1 Band structures and density of states

Fig. 1 displays the total and partial densities of
states (DOS) of LaNis and LaNisH7 with the Fer-
mi level Er as the energy zero. As found in earlier

1°"* and experimental work'”” **!  the

theoretica
occupied bands of LaNis and its hydrides are domi
nantly but not completely filled by Nr3d bands.
They are also hybridized with lanthanum-contribu-
ted (6sp-5d) derived states'*” with Er falling in the
rapidly decreasing portion of these bands. There is
very little La contribution below Er and the major

La DOS component arises above Er centered at
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Fig.1 Total and partial densities of states for
LaNis and LaNisH7(P6/ mmm)

1.57 eV in LaNis and 2. 63 eV in LaNisH7, which
is from the 4f states according to Ref.[29]. It can
be inferred that the small structure observed in the
total DOS both in LaNis and its hydride arises from
the NrLa interaction. The energy difference be-
tween the Nr3d electrons and the La5d electrons
is so large that the d electrons are more localized
on the Nrsites'™ . With the addition of hydrogen
to LaNis, a new band appeared, lying at a lower
energy than the conduction band of the host metal,
which can be filled with the added electrons. Dur-
ing the hydrogenation process electrons are pro-
gressively transferred from the conduction band of
the host metal into this new band, which centers at
— 5.37eV. This band involves both the symmetri-
cal ( bonding)
bonding) orbitals derived primarily from the H-1s
orbital but with a little d admixture. These states
are referred to as hydrogenic states'”''. The hydro-

and the antrsymmetrical (antr

gen in LaNis hydrides is tending toward the anionic
model™ . The centre of the dband in hydride
shifts downwards from - 0.86eV to - 1.25eV
compared with LaNis, owing to the entry of the
protons which lowers the energy of the d band.
Additionally, this band narrows from 2. 39 eV in
LaNis to 1. 74 eV in LaNisH due to the large lattice
expansion upon hydrogenation in part and also to
the modification of the Nr3d bands on account of
the NrH interaction. The narrowing also explains
the shape change of the absorption edge in XANES

[7]

spectra '. A very weak structure at low energies

due to the M-H bonding is presented in Figs. 1(b)
and (c) respectively with a strong NrH bonding
and a much weaker La-H bond, showing that the
hydrogen atoms bind mostly with the nickel at-
oms''" .

The contour plots (Fig. 2) of the charge den-

sities @« ) along the ¢ axis in the (21 10) plane of
both LaNis and LaNisH7 (P6/ mmm and P6s;mc)
can also explain it. In Fig. 2(a), the high charge
density regions are centered at the Ni atoms in con-
trast to the low charge density at the interstitial re-
gions, which is well delocalized and not significant-
ly directional, indicative of metallic bonding. A
relatively high electron-density region extends
from the H site, being located within the corre-
sponding low-density regions of the host alloy, to-
wards the Ni site ( Figs. 2(b) and (c¢)). On the
other hand, there is very weak directional LaH
bonding in this figure showing the greater impor-
tance of the NrH interaction than that of the
LaH. No localized charge can be detected, sug-
gesting that the local NrH interactions would be
more ionic than covalent as shown in Ref. [ 33].
The DOS at Fermi level decreases after hydro-
genation ( Fig. 3) which is probably caused by fill-
ing of the new bonding states formed in these com-
pound with the added electrons of hydrogen and
part of excited d electron into empty states in s p
band, indicated in Fig. 4 that the d-orbital distribu-
tion to total DOS at Er reduces with the amount of
hydrogen. Whereas the lanthanum d contribution
becomes important (Fig. 3 and Fig. 5) as observed
in XANES spectra”, owing to the Fermi level
falling in a rising portion of the DOS of the lantha-
num valence electrons, while no contribution in
LaNis'*.
and H to the DOS increases as the amount of hy-

What is more, the contribution of La

drogen increases, in contrast to the decrease of Ni.

T he position of Fermi level rises with the ad-
dition of hydrogen atoms due to the presence of
supplementary electron in part brought by added
hydrogen atom and also to the deformation of the
nickel d bands by the NrH interaction ( Fig. 6).
The &and d values are plotted in Fig. 7, where 6
denotes the distance between the top of H band
and the Fermi level Ev, and d denotes the band
gap between Hs band and conduction band of hy-
drides. The trend of 6 and d values is similar as
hydrogen capacity increases. Furthermore, there
exists a knee point when hydrogen equals 7 and
when hydrogen is more than 7 the values changes
suddenly. It can be speculated that when hydrogen
capacity is larger than 7 the hydrides is less stable.
3.2.2 Mulliken population analysis

T he ionicity of each atom in LaNis and its hy-
drides was estimated according to the Mulliken
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Fig.2 Valence electron density of LaNis(a),
LaNisH7(P6/ mmm) ( b)

and La:NiwHuu(P6smc) (¢) for (21 10) plane
(M apping area 2¢ X 2c,
inner most contour 1079.6 nm™ (0. 16a. u.”?),
outermost 134.9 nm™ *(0.02a. u. ),
134.9 nm™ *(0.02a. u.” %) step)

population analysis. As shown in Fig. 8, the ionicr
ty of the La is always positive. On the other hand,
the ionicities of the H and Ni are always nega

H atom number

Fig.3 Variation of DOS at Fermi energy level
amount of hydrogen added upon hydrogenation

%0
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Fig. 4 Contribution of d-orbital to
total DOS at Fermi level

100

802 * — Ni
»—H
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At
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Fig. 5 Contribution of different atoms to
total DOS at Fermi level
(33

tive 7. The results reveal significant charge trans-

fer from La to Niand H. As the amount of hydro-
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Fig.7 Changes of 6and d values in
LaNisH.(x=578)
( 6—Distance between top of
H band and Fermi energy Er;
d —Band gap between Hs band and
conduction band of hydrides)

gen added increases, the ionicity of H is nearly
constant and keeps about 0.3e, whereas, the
transferred charge on La increases and the obtained
charge on Ni decreases. For example, there is a
transfer of about 0. 4e per Ni from La to Ni in
LaNis while only about 0. 08e in LaNisH7 ( P6/
mmm and P6:mc). This slightly shifts the d band
of hydrides to lower energies because of the de
crease in negative charge, which accords with the
calculation of DOS shown in Fig. 1.

The bond order is the overlap population of
electrons between atoms. This is a measure of the
strength of the covalent bond between atoms. The
bond order between the hydrogen atom and the La
atom is always negative (Fig. 9) regardless of hy-
drogenation, indicating a repulsive interaction op-

H atom number

Fig. 8 Changes in ionicities of atoms in LaNis

and LaNisH.(x= 57 8)

0.30

0.28}

0.24.. %
* — H-La

Bond order

-0.30r

-0.34

-0.38 5 6 7 3

H atom number
Fig. 9 Changes in bond order of H-metal in
LaNisH.(x=578)

erating between them. On the other hand, the
bond order on NrH is always large and positive. It
is clear that the hydrogen atom bonds more strong-
ly with the Ni’* atoms than with Ni** atom except
for x= 8 since the ionicity of Ni* atom is a little
higher than Ni** atom shown in Fig. 8. Likewise,
the NrH bond is stronger than the LaH bond
which is consistent with the result of the electron
distribution shown in Fig. 2. It can be also found a
knee point at H capacity equal to 7 and after it the
bond order changes severely. Fig. 10 shows the
change in the bond order between the M-M pairs.
The bond order of LaNi is negative and that of
NrNi is positive regardless of hydrogenation. This
shows an antrbonding interaction operating be
tween La and other atoms. Hydrogen atom makes
a stronger chemical bond with the Ni atom than
with the La atom, despite the larger affinity of La
than Ni for hydrogen on the binary metakhydrogen
system. The bond strength between metal pairs is
reduced by the introduction of a hydrogen atom in-
to the alloy. Similar results are also reported by
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Suenobu et al'”’. A platform can be found betw een
x= 6 and x= 7. Associated with Fig.9, it can be
inferred that the influence of hydrogen capacity on
hydrides is slight with x lying between 6 and 7 and
the hydride is stable.

12
0.8

8 04

8 o NiZC-NiZC

B-LOT e — Nid-Nj

R » — Ni38-Nj’e

o — La-Ni%*

|
=
'S

H atom number

Fig. 10 Changes in bond order of metaFmetal in
LaNis and LaNisH.(x= 57 8)

3.3 Heat of formation

Heat of formation AH is crucial to assessing
the practical viability of a hydride material and has
been a primary focus of experimental work. Since
hydrides are not easily amenable to measurement
by experiments, theoretical estimates are of inter-
est and value. Pasturel et al” > have developed
semrempirical equations to estimate the heat of
formation of LaNis-type hydrides starting from the
model of Bouten et al'”” and Mal et al'™ . The AH
value from this model is = 29. 7 kJ/ mol. We have
calculated the theoretical heat of formation of the
hydride directly from the total energies of LaNis,
hydrides and H2. Table 4 lists the total energies £
and heat of formation AH obtained from our calcu-
lations. Treating all the hydrides with the same

Table 4 Calculated total energies £ and
heat of formation AH
Hydride E/(eV *f.u.”") AH/ (k] * mol™ )
H» - 31.8154
LaNis - 6152.708 4
LaNisHs - 6232.8701 -27.9
LaNisHse - 6249.106 0 -30.6
LaNisH~ - 6265.3531 - 35.6
LaNisHs - 6281.2227 - 30.2
LasNioHiwis - 12530.9264 - 38.6

computational machinery ensures that systematic
errors reduce to the greatest extent in energy
differences. The theoretical heat of formation per
molecular hydrogen AH for the hydrogen reaction,
yLaNis+ Ha= (LaNisH.),+ AH can be calculated
[26, 29] .

2 {_L
Xy

It is apparent that E(H2) is as important to

as follows

AH = [E(MH)- E(M)]} - E(H2)

the determination of AH as the condensed phase
Including E ( Haom ), the total

ground state £~ (H2) of the H2 molecule from our

total energies.

computation for a (1 nm)”’ repeated cell is
E" (H2)= E(H2) = 2E(H uon)
- 6.7950eV- 2(12.5102¢V)
= - 31.8154 ¢V
The heat of formation of LaNisH7 is the low-
est in LaNisH. (x= 5 7 8) from Table 4, which

shows LaNisH7 is the most stable with the amount

of hydrogen equal to 7. This result also accords
with the suggestion of DOS and Mulliken popula-
tion analysis. The value (- 35. 6 kJ/ mol) agrees
with calorimetric measurements varying from
— 32.120. 1 kJ/mol at 298 K for LaNisHs.2'™ to
- 34.8 £1.8kJ/mol at 285K for LaNisHs.3'*" . In
contrast with the value from the semrempirical
model™ and from the theoretical calculation by
means of the tight-binding linear muffin-tin orbital
method™, this result is closer to the value from
experiments. The method in this work is perhaps
more creditable and practicable to obtain theoreti-
cal heat of formation of LaNis-type hydrides.
When the amount of hydrogen reaches to 7, the
heat of formation of the P6smc structure is lower
than that of P6/ mmm, which shows the P6:mec
structure is more reasonable than P6/ mmm to B

phase hydrides of LaNis.

4 CONCLUSIONS

By using the super-cell total energy calculation
combined with ultrasoft pseudo-potential the ge-
ometry and electronic structure and energetics of
LaNis and LaNisH. (5 <« <8) were obtained. The
hydrogen motion in Bphase hydrides, including
long range diffusion and short range hop, can be
observed during the process of geometry optimiza-
tion as found in experiments. A new band was
formed during hydrogenation mainly from the
bonding between the hydrogen s orbital and the
nickel s-p-d orbital. The band gap between this
band and the conduction band can be observed
clearly. The calculations reveal the charge transfer
from La to Ni and H. The hydrogen takes off the
localized La 5d electron near the Fermi level and is
mainly inclined to bond with Ni. The calculated to-
tal energies can deduce the heat of formation for
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LaNisH. (5 <« <8), which is very favorable agree-
ment with measurements on LaNis hydrides. From
the analysis of electronic structure and heat of for-
mation, we can conclude that Bphase hydrides of
LaNis are most stable when hydrogen atom capaci-
ty locating in the range of 6 and 7.
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