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In this paper the crystal structure, electronic structure and hydrogen site occupation of LaNis 5Alg.5Hy hydride

phase (y = 5.0,6.0) have been investigated by using full-potential linearized augmented plane wave method. The

hydrogen atoms were found to prefer the 6m, 120 and 12n sites, while no 4h sites were occupied. A narrowed Ni-d

band is found due to the lattice expansion, the total density of states at Ep increases with y, which indicates that

the compounds become less stable. The interaction between Al and Ni, H plays a dominant role in the stability of

LaNig.5Alp.5sHy hydride phase. The smaller the shift of Er towards the higher energy region, the more stable the

compounds will be. The obtained results are compared with experimental data and discussed in the light of previous

works.
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1. Introduction

The storage of hydrogen in the form of metal
hydrides has been investigated for the last three
decades.'=4 LaNis alloys are of great technological
interest in their applications such as heat pumps, com-
pressors, rechargeable batteries and energy conversion
materials,>% besides, LaNis—H system is accepted as
a prototype of hydrogen absorbing materials for its
excellent hydrogenation properties. However, partial
substitution by M (M = Al, Co, Sn, Mn, Fe) for Ni in
the LaNis improves some practical properties of this
hydrogen storage alloy.!”—?!

LaNi5_,Al, (0< z <1.5) alloys have been exten-
sively investigated because of their interesting hydrid-
ing properties.['®11] LaNi, 5Aly 5 is a very useful mate-
rial because of its low plateau pressure and resistance
to impurities in hydrogen gas. Al substitution for Niin
LaNis alloy can drastically increase the cycle life time
and the discharge capacity!'?l without causing much
decrease in hydrogen storage capacity'*] and decrease
the activation energy.('*]

Comparing with the many investigations of the
LaNiys 5Alp.sHy compounds, we find that little works
have been carried out on the structure and the elec-
tronic properties of hydride phase (y-phase) (4.5 <

y < 6).[1% Sites occupation of H atoms and the elec-
tronic structures of the LaNis 5Alg sH, hydride phase
are still unclear, in addition to the electronic struc-
tures. The Metal-H interactions have not been com-
prehensively understood.

In this paper, the electronic structures and
the microarrangements of hydrogen atoms in
LaNiy 5Alp5H, hydride phase (y-phase) have been
studied by means of the full-potential linearized aug-
mented plane wave (FLAPW) method. More informa-
tion on the electronic structures of LaNiy 5Alg sH, is
obtained. The hydrogen occupied sites are also anal-
ysed, the calculated electronic properties have been

compared with experimental results.

2. Crystal structures and compu-
tational methodology

LaNis crystal has a hexagonal CaCus structure
(space group P6/mmm). The La atom occupies the
la (0, 0, 0) Wyckoff site. The two nonequivalent Ni
atoms occupy the 2c¢ (2/3, 1/3, 0) and the 3g (0, 0.5,
0.5) Wyckoff sites. X-ray powder diffraction!*d! shows
that the LaNis_,Al, alloys still retain the CaCus
structure until x < 1.3. Al atoms prefer 3g sites in
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LaNi s Al'718) and this fact was verified by total en-
ergy calculations.!'?! Based on these results, we build
a double unit cell along ¢ axis of LaNis unit cell. Al
atom substitutes Ni atom in the 3g (0.5a, 0.5b, 0.75¢)
site as shown in Fig.1.

Fig.1. The double unit cell used for LaNig 5Alp.5 ternary
alloys.

In LaNig alloys there are five nonequivalent in-
terstices which have been reported to be available to
store hydrogen atoms.['?) There are ten nonequivalent
interstices in the double unit cell: 3f* (LayNig), 4h*
(Ni4), 6m* (LagNig), 1211* (LalNig), 120>k (LalNig),
3f (LazNigAll), 4h (NigAll), 6m (LagNig), 12n
(LajNizAly) and 120 (LajNiz). The sites marked
without “*’ denote the sites in the Al-substituted unit

ko

cell, moreover, the sites marked with represent

the unchanged LaNis unit cell. Based on the West-
lake’s two criterions, namely: (a) the minimum inter-
stitial size is 0.4 A; (b) the minimum H-H distance is
2.1 A 1200 geveral models are built for LaNig 5Alg s H,
(y 5.0,6.0).
tice constants, Fr and total energy are shown in Ta-

ble 1 and Table 2.
7

The hydrogen occupied sites, lat-

Because Percheron-Guégan et

(21 maintained that the

all'™ and Crowder and Jame,
LaNi5_,Al, hydrides and deuterated compounds still
belong to the P6/mmm space group, the P6/mmm
space group was retained in the following calculation.

The calculations have been performed by using
the density functional theory (DFT) in the general-
ized gradient approximation (GGA). We have used the
FLAPW method.

The GGA of Perdew, Burke and Ernzerhof!2?
(PBE96) was used for the exchange—correlation energy
functional. Atomic geometries were obtained by min-
imizing the Hellman-Feynman[?3:24 forces, and the
Pulay scheme is used for a more rapid convergence.

In our calculations the plane wave cutoff energy
was chosen as 280eV in order to get a good plane
wave basis set. K-point grids have 128 k-points in
the irreducible Brillouin zone (IBZ) of LaNiy 5Al s H,
(y = 5.0,6.0). The force components on each atom
were relaxed to 1073eV /A and the energy convergence
were set to less than 0.0002eV. The density of states
(DOS) is calculated with the linear energy tetrahedron
method in a mesh of 0.0002 eV.

Table 1. Calculated values of the lattice constants, Er and Energy for LaNig 5Alg.5Hs.0

sites occupation a/nm ¢/nm Er Energy/Ry
6m, 120%, 3f, 6m*, 3%, 6m*, 12n, 120, 6m, 12n* 0.5194 0.4580 0.6771 —61862.7397
6m, 120%, 3f, 6m*, 3%, 6m*, 12n, 120 3*, 120 0.5216 0.4568 0.6751 —61862.7376
6m, 120*, 3f, 6m*, 3f*, 6m*, 12n, 120, 12n*, 4h 0.5210 0.4549 0.6761 —61862.7371
Table 2. Calculated values of the lattice constants, Fr and Energy for LaNig 5Alp 5He.0-
sites occupation a/nm ¢/nm Er Energy /Ry
6m, 120*, 3f, 6m*, 3f*, 6m*, 12n, 120, 6m, 12n*, 6m, 12n 0.5221 0.4690 0.6649 —61864.8125
6m, 120%, 3f, 6m*, 3f%, 6m*, 12n, 120, 6m, 12n*, 4h*, 6m 0.5127 0.4596 0.6618 —61864.7568
6m, 120*, 3f, 6m*, 3f* 6m*, 120*, 12n, 6m, 12n*, 120, 12n 0.5160 0.4618 0.6610 —61864.7725

In Table 1, it is found that the hydrogen atoms
prefer to occupy 6m and 6m* sites, in accord with
Ref.[25]. From Table 2, it seems that as long as 6m*
and 6m sites, hydrogen atoms also prefer the 12n and
120 sites. We conclude that the hydrogen atoms prefer
the 6m, 12n and 120 sites, no 4h sites were occupied.

3. Results and discussion

3.1. Optimized structures

The calculated lattice constants for
LaNiy 5Alp.sHy, the total DOSs at Er and the elec-
tronic specific heat coefficients are listed in Table 3.
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Table 3. The lattice constants for LaNig 5Alg 5, total DOS at Ep and v for LaNig 5Alg s Hy (y = 5.0,6.0).

LaNi4,5A10,5H5,0

LaNi4,5A10,5H6,0

LaNig 5Alp.5

a 0.5194 nm 0.5221 nm a(cal) 0.5057 nm

c 0.4580 nm 0.4690 nm c(cal) 0.4093 nm
n(EFr) 14.77 15.58 a(exp) 0.5038 nm(26]

v 34.83 36.75 c(exp) 0.4007 nm(26]

So far there is no experimental lattice constants
available for LaNiy 5Alp sH, (y = 5.0,6.0), in this in-
stance the lattice constants of LaNiy 5Aly 5 are calcu-
lated and compared with experimental data. The cal-
culated lattice constants are in excellent accord with
the experimental values. The electronic specific heat
v = (7?/3)kin

stant. We found that the lattice expansion is mainly

(Er)," where kg is Boltzmann’s con-

along the ¢ axis, the compound becomes less sta-
ble. The total DOS at EF increases from 14.77 to
15.58 states/eV.f.u, the corresponding coefficients of

45

36 1

DOS
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the electronic specific heat are 34.83 and 36.75mJ /mol
LaNi4,5A10,5Hy7K2.

3.2. Densities of states

The origin of the energy scale is located at
the Fermi energy Fp. Total and partial DOSs of
LaNig 5Alp5H, (y = 5.0,6.0) are shown in Fig.2 to
Fig.4. Because the partial DOSs of LaNiy 5Alg5Hg.0
are similar to the partial DOSs of LaNiy 5Alg5Hs 0,
they are not shown.
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Fig.2. Spin-averaged total DOS for LaNis 5Alg.5Hs.0 (a) and partial DOSs projected onto H, Al, Ni, La (b).
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Fig.3. Spin-averaged partial DOSs projected onto Ni (a) and H, Al (b) in LaNig 5Alg.5Hs.0.



No. 7

Density functional theory study on LaNig 5Alg.5 hydride phase: electronic properties and sites occupation

2059

In Figs.2 and 4, the total DOSs of LaNi4 5Aly s H,
(y =5.0,6.0) are shown, with a double unit cell. The
total DOSs at Fermi energy Er are dominated by the
contribution of the Ni-d bands. The increase of hy-
drogen atoms from 5.0 to 6.0 results in a broadening
of the total DOSs and a narrowing of Ni-d bands.

The Fermi energy Er goes up at the top of the
Ni-d bands and shifts towards the high energy states
with y. The Ni-d bands are not entirely filled, which
indicates that the LaNis 5Alg.sH, becomes less stable
with the increase of y. Refs.[27,28] show that the Ni-d
bands are entirely filled in LaNis Al crystal, but in our
calculation the Ni-d bands are not completely filled
in LaNis 5Alp.sHy. We conclude that the addition of
hydrogen atoms make the La—Ni—Al hydride unstable.
The increase of total DOSs at Er is mainly induced

45
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Energy/eV

by the increase of Ni-d bands at EF.

It is clear from Fig.4(a), Er remains located at
the upper extreme of the Ni-3d bands. Figure 4(b)
displays partial DOSs for H, Al, Ni and La. Hydrogen-
derived bands are mainly located at —10.5 eV to
—4.5 eV below Er. The value of DOSs located around
—10.5 eV to —4.5 eV of Al and H increases, which
indicates that Al-H interaction is enhanced. Bond-
ing interactions between Al-Ni and Al-H can play
a role in improving the cycling life time and stabil-
ity of LaNig 5AlgsH, compounds. When y increases
from 5.0 to 6.0, the Ni-d bands are narrowed due to
a decrease in the Ni-Ni interaction. In the hydride
phase, the contribution of Ni-d bands at Er remains
bigger than that of the La-d bands in comparison with
Refs.[29,30].
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Fig.4. Spin-averaged total DOS for LaNis 5Alg.5He.0 (a) and partial DOSs projected onto H, Al, Ni La (b).

In Fig.3(b), the Al-s and H-s bands are located
at —10.5 eV to —4.5 eV, while the Al-p and H-p
bands are located at higher energy region (—4.5 eV to
—2 eV). The bonding interactions of the H-s with Al-
s, and Ni bands are the dominators of the total DOSs
at —10.5 eV to —4.5 €V, the H-La interaction is much
smaller than the H-Ni interaction. The contribution
of H-p and Ni-d interaction is small but non-negligible.
It is clear that the chemical bonding interaction of H
with Ni and Al plays a role in improving the stability
of the LaNiy 5Alp. s Hy compounds. Ni-H interaction is
the dominator of the metal-hydrogen bonding interac-
tion bands. Al-H interaction is the second important
component in the metal-hydrogen bonding.

We find three factors that affect the stability of

the LaNiy 5Alg sH, compounds:

(I) The contribution of Al-H and Al-Ni bonding
at low energy region. The compound will be more
stable if the contribution is higher.

(IT) The location of Ep. If Ep locates at the bot-
tom of the valley, the compound will be stable.

(ITII) The shift of Fr towards higher energy re-
gion. If it is smaller than the corresponding LaNisH,,

compounds, it is more stable than LaNisH,,.

3.3. Charge distributions

The charge distributions for LaNis 5Aly sH, (y =
5.0,6.0) are shown in Figs.5 and 6. Bond charges be-
tween the hydrogen atoms and the metal atoms are
shown. It is clear that the highest charge density re-
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sides in the immediate vicinity of the atomic nuclei.
As we expected, the hydrogen atoms locate in the low-
density regions of the alloy, namely, the interstice re-
gions. No localized bond charge can be seen, it sug-
gests that the M-H (M = La, Ni, Al) interactions are

ionic.

Fig.5. Charge density of LaNis 5Alg.5Hs o for the (1120)

-3

plane (Innermost contour 10.0 a.u.”°, outer-most 0.1

a.a."3).

12

Fig.6. Charge density of LaNis 5Alg.5He.o for the (1120)

3

plane. (Innermost contour 10.0 a.u.”*, outer-most 0.1

a.u."3)

In Fig.5 no clear La—H bonding can be seen.
The electron cloud of hydrogen atom disperses mainly
through the Ni—H direction. In Fig.6 it is clear that
the AI-H bonding (~ 0.25 a.u.~3) is weaker than the
Ni-H bonding (~ 0.5 a.u.=3), but stronger than the
La—H bonding.

Finally, we can see the decreasing strength of
metal-Hydrogen bonding while going from Ni-H
(strongest), to Al-H (intermediate) to La—H (weak-
est) in Figs.5 and 6.

4. Conclusions

By building a double unit cell, we have analysed
the microarrangements of hydrogen atoms, the crys-
tal structures, stability and the electronic structures of
LaNiy 5Alp5H, (y = 5.0,6.0) through all-electron cal-
culations. Based on the calculations, we found that
the hydrogen atoms prefer to occupy the 6m, 120 and
12n sites, no 4h sites were occupied, in accordance
with Ref.[14]. We also give the most probable sites
for hydrogen atoms in LaNis 5Alg 5H,, they are listed
in Table 1 and Table 2.

In the hydride phase of LaNissAlgsH,, the s
bands of Al, H elements lead to an increase in the DOS
located around —10.5 eV to —4.5 eV. The DOS at Erp
remains high due to an important contribution of Ni-d
bands. The addition of hydrogen atoms induces the
increase of total DOSs at Er, the calculated total DOS
at Ep increases from 14.77 to 15.58 states/eV-f.u, the
corresponding electronic specific heats are 34.83 and
36.75 mJ/mol LaNiys 5Alg sH,~K? respectively.

The DOS at Er remains high due to an important
contribution of Ni-d bands compared with LaNis. A
narrowed Ni-d band was found due to the lattice ex-
pansion. We also found that the greater stability of
the LaNig 5AlpsH, compared to LaNisH, is mainly
due to Ni-H, Al-Ni bonding and to a smaller shift of
FEr towards higher energies.
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