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The phase transformation of LaoNi; during hydrogenation was investigated by in situ X-ray diffraction. We found two
hydride phases, La;Ni;H- 1 (phase I) and La,Ni;H1q g (phase Il), during the first absorption cycle. The metal sublattice
of phase | was orthorhombic (space group Pbcn) with lattice parameters a = 0.50128(6) nm, b = 0.8702(1) nm, and
¢ = 3.0377(1) nm. The sublattice for phase Il was monoclinic (space group C2/c) with lattice parameters a =
0.51641(9) nm, b= 0.8960(1) nm, ¢ = 3.1289(1) nm, and 3 = 90.17(1)°. The lattice parameter c increased with the
hydrogen content, while a and b decreased in the formation of phase | from the alloy. Phase transformation from phase
[ to phase Il was accompanied by isotropic expansion. The La,Ni, and LaNis subunit expanded by 48.9% and 6.0% in
volume, respectively, during hydrogenation to phase . They expanded an additional 14% and 5.8%, respectively, in
the formation of phase Il. The obtained volume expansion suggested different hydrogen distribution in the LayNi4 and

LaNis subunit during hydrogenation.

1. Introduction

La and Ni binary compounds with superstructures, LaNis,
La,Ni;, and LasNij9, have been investigated as candidates
for hydrogen storage materials. They consist of cells with
MgZn,- and CaCus-type structures stacking along the c-axis
in ratios of 1:1 to 1:3. The structural properties of several
compounds with PuNi;-, Ce,Ni;-, Gd,Co7-, and PrsCoyo-
type superstructures have been reported.'? La,Ni; has a
hexagonal Ce,Ni;-type structure at room temperature and
a thombohedral Gd,Co--type structure at 1249 K.*>* These
compounds are known to absorb hydrogen, but the hydro-
genation and structural properties of their superstructures
have not been studied in detail. In this study, we selected
Ce,Ni-type La,Ni;, which has the highest symmetry among
all the La and Ni binary compounds with superstructures, to
investigate the structural properties upon hydrogenation.

Oesterreicher et al. reported the hydrogen properties
and structures of a series of La—Ni binary compounds.’
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The maximum hydrogen capacity of La—Ni binary com-
pounds increases with the La/Ni ratios: MgCu,-type LaNi,,
PuNis-type LaNis, and Ce,Nis-type La,Ni; have maximum
hydrogen capacities of 1.5, 1.25, and 1.11 H/M, respectively.
They become amorphous when hydrogenated at 298 K and
5—10 MPa. Hydrogen-induced amorphization of La,Ni;
is promoted above 373 K. A pressure—composition (P—C)
isotherm of La,Ni; was obtained for hydrogen desorption at
323 K, with one sloping plateau present under 0.3 MPa.

Chung et al. reported the crystal structure of hydrogenated
La,Ni; using ex situ X-ray diffraction.® The hydrogenation
samples were prepared at 4 MPa with various temperatures:
252,273, 295, and 563 K. The results showed that hydrogen-
induced amorphization did not occur, but peak broadening
was observed after the initial hydrogen absorption cycle.
La,Ni; gradually transformed into an amorphous state over
ten hydrogen absorption—desorption cycles. Yartys et al.
studied the crystal structure of La,Ni;Dgs using ex situ
neutron diffraction,” and they reported that La,Ni; main-
tains its crystal structure during absorption up to at least
~(0.7 D/M. This corresponds to 65% of the maximum
hydrogen content reported by Chung et al.® The structure
of the full hydride phase is still unknown, and the hydrogen
properties and structural changes in La,Ni; have not yet been
fully clarified.
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Recently, Ce,Ni;-type alloys have attracted great interest
as potential material for negative electrodes of nickel—metal
hydride (Ni-MH) batteries. Yonezu et al. compared the
electrochemical properties of a Ce,Nis-type (Mm, Mg),Ni;-
related alloy and an MmNis-related alloy.® The (Mm, Mg),-
Ni; and MmNis-related alloys had discharge capacities of
340 and 310 mAh/g, respectively, with a charge and discharge
current of 150 mA/g at 298 K. The discharge capacity of
the MmNis-related alloy decreased by 60% from its initial
capacity after 600 cycles, but that of the (Mm, Mg),Ni;-
related alloy reached 800 cycles with only 30% capacity loss.
The results show that the (Mm, Mg),Ni;-related alloy has a
larger discharge capacity and better cycle stability than the
MmNis-related alloy. This type of alloy has already been
employed in some commercial Ni-MH batteries.”

Structural changes during hydrogenation provide substan-
tial information for the development of hydrogen storage
materials. For such alloys with superstructures, it is particu-
larly interesting to elucidate how hydrogen occupies each
CaCus- and MgZn,-type cell during hydrogenation and how
the hydrogen occupation of the cell is related to the hydro-
genation properties. Some studies have reported the struc-
tural changes in Ce,Nis-type alloys upon hydrogenation.
Fillinchunk et al. reported the crystal structure of hydro-
genated Ce,Ni, usin% in situ synchrotron X-ray and neutron
powder diffraction.'® Their results showed that hexagonal
Ce,Ni; transformed into orthorhombic Ce,Ni;D.4 They
indicated the differences in structural change between Ce,-
Ni;D-4 and a previously reported La,Ni;Dg s structure;
Yartys et al. claimed that La,Ni; maintained hexagonal
symmetry (P63/mmc) even after hydrogenation. Although
these two hydrides have different symmetries, they have
similar hydrogen distributions in the stacking cells; most
of the hydrogen occupies the MgZn,-type cells, while the
CaCus-type cells are almost empty.

This study focused on Ce,Nis-type La,Ni; to study the
relation between hydrogenation properties and structural
change. We attempted to observe hydrogen absorption—
desorption phenomena and understand the structural changes
from the alloy to the full-hydride phase (=1.0 H/M) using in
situ X-ray diffraction (XRD) along the P—C isotherm. The
structural parameters of the metal sublattice were refined
using the Rietveld method, and the structural changes upon
hydrogenation were analyzed. This study presents the phase
transformation, lattice parameters, and volume of the MgZn,-
and CaCus-type cells with increasing hydrogen content, since
the expanding behavior of MgZn,- and CaCus-type cells
should be closely related to the occupation of hydrogen in
these cells.

2. Experimental Section

An La,Niy alloy was prepared by arc-melting La and Ni
metals (99.9%) in an Ar atmosphere. The obtained ingot was
annealed at 1153 K for 65 h under a vacuum of 2.0 x 102 Pa
and quenched in ice water. The chemical composition was
determined to be La,Niy 5 by energy dispersive X-ray (EDX).
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The sample for the P—Cisotherm measurement was sealed
in a stainless steel container heated in vacuumat 373 K for 1 h
and then evacuated at 273 K for 1 h. The P—C isotherm was
measured using the Sieverts method with no other pretreat-
ment for activation.

The powder sample was sieved to a particle size of <20 um
for XRD measurement. The crystal structure was determined
through XRD using a Rigaku RINT 2500 V diffractometer
equipped with a Bragg—Brentano-type goniometer. The
operation conditions for the X-ray generator were 50 kV
and 200 mA with 0.5° divergence and scattering slits and a
0.15 mm receiving slit. XRD data were obtained using Cu Kat
radiation monochromatized with a curved graphite in a step-
scan; the range of 26 was 3—100° in ex situ measurements for
the alloy and 19—95° in in situ measurements for the hydride
phases.

XRD data was measured in situ using a high-pressure
chamber with beryllium windows and a temperature-
controlled sample stage attached to the goniometer. A 1.8 g
sample was placed in a stainless steel holder and covered with
a 0.5 mm-thick beryllium plate to maintain the surface flat of
the sample during hydrogenation. The temperature was kept
at273 K after heating at 373 K for 1 h. To accurately evaluate
the lattice parameters, NIST Si (640 C) was mixed with the
sample as an internal standard. The peak shift due to shifting
of the surface of the sample bed was also calibrated using the
internal standard. Data at 20 values around 51°, 71°, and 77°,
which contained peaks from the beryllium plate, were ex-
cluded from refinement. BeO was included as the refinement
as the second phase.

Possible space groups for the hydride phases were deter-
mined using the Dicvol06,'' N-TREOR,'*!* and EXPO 2004
packages.'* Peak positions were determined after K-
separation using EXP02004, followed by indexing and
refinement of the unit cell parameters. The structure para-
meters were refined with the Rietveld refinement program
RIETAN-2000.""!7 The pseudo-Voight function was used
to express the peak profile, and the background intensity was
fitted using a polynomial function with 12 parameters.

3. Results

3.1. Crystal Structure of La,Ni,;. The XRD pattern of
La,Ni; in the 26 region between 3° and 15° is shown in
Figure 1. Two super-reflection peaks of the Ce,Nis-type
structure, 002 and 004, were clearly observed. The pattern
also indicated that no La—Ni binary alloys with other
superstructures, PulNis-, Gd>,Co-, or PrsCoq9-type, were
contained in the sample. The observed 002 and 004 reflec-
tions corresponded to d = 1.234 and 0.617 nm, respec-
tively, providing a value of about 2.47 nm for the lattice
parameter c.

The structural parameters of the alloy were determined
by Rietveld refinement of the XRD data in the 26 region
between 19° and 100°. Data at 26 values around 30°, 34°,
and 41°, which contained small peaks from an unknown
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Figure 1. XRD pattern for La,Ni; in a low-angle region. Superlattice
peaks of 002 and 004 were observed.
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Figure 2. Refinement of XRD data for hexagonal La,Ni;. The line
indicates calculated intensities, and the points superimposed on it are the
observed intensities. The positions of Bragg peaks (bars) and the differ-
ence between the measured and calculated intensities are shown below the
diffraction pattern.

phase and the Laves phase, were excluded from the refine-
ment. Figure 2 shows the refined pattern of La,Ni;. The
model was based on a Ce,Ni;s-type structure with the
space group P6s/mmec. The refined lattice parameters
a and ¢ were 0.50656(9) and 2.4714(3) nm, respectively,
which agreed with the values reported by Buschow and
Van Der Goot.*

3.2. P—C Isotherm of La,Ni;. Figure 3 shows the P—C
isotherm of La,Ni; at 273 K. The alloy absorbed hydro-
gen gradually up to 0.8 H/M and showed a plateau
between 0.8 and 1.2 H/M. The absorption and desorption
pressures for the plateau were 0.57 and 0.06 MPa, respec-
tively. La,Ni; showed larger hysteresis than LaNis. The
maximum hydrogen storage capacity reached 1.24 H/M
at 1.0 MPa. After the desorption measurement, 0.74 H/M
of hydrogen remained.

3.3. Crystal Structure of Hydride Phase. Figure 4
shows in situ XRD patterns of the alloy and two hydride
phases (the hydride phases I and II indicated in Figure 3).
Their hydrogen contents were approximately 0.7 and 1.2
H/M, respectively. The pattern of phase I was clearly dif-
ferent from that of the alloy phase: the number of Bragg
peaks observed for phase I was larger than that for the
alloy phase. Small peaks from an impurity phase in the
alloy sample disappeared upon hydrogenation due to
amorphization. The pattern of phase II was similar to
that of phase I, but the Bragg peaks shifted toward lower

(18) Nakamura, Y.; Oguro, K.; Uehara, 1.; Akiba, E. J. Alloys Compd.
2000, 298, 138-145.
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Figure 3. P—C isotherm of La,Ni; for the first absorption and desorp-
tion at 273 K.
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Figure 4. Change in XRD patterns for La,Ni; during hydrogenation
from the alloy phase to the hydride phases I and II. The patterns for the
hydrides contain the diffraction of Si (internal standards), Be, and BeO
(from a Be plate used for in situ measurements).

20 values from phase I to phase II. Peak broadening was
observed in both phases, but it was apparently smaller
than that observed in LaNis.'®

3.4. Crystal Structures of La,Ni;H~ ; and La,Ni;H g.
An initial structural model of phase I based on the same
space group as the P6;/mmic alloy was developed. The
goodness of fit is defined as S = Ry,,/R.. The calculated
pattern did not fit well with the observed pattern. The
goodness of fit S was 7.76. The number of Bragg peaks for
phase I was larger than that calculated for the structural
model, indicating that the metal lattice changed from the
space group P6s/mmec to lower symmetry during hydro-
genation.

The 12 Bragg peaks for phase I were indexed using
Dicvol06, which gave an orthorhombic unit cell with
lattice parameters ¢ = 0.45 nm, b = 0.87 nm, and ¢ =
3.03 nm. They were indexed with EXPO as well, which
gave possible symmetries matching space groups Pnna,
Pbcn, Pcen, Pbca, or Pnma and lattice parameters a =
0.50 nm, b = 0.86 nm, and ¢ = 3.02 nm. Both results indi-
cated that the most possible symmetry for phase I was
orthorhombic. The orthorhombic unit cell can be consid-
ered in relation to a hexagonal cell, as shown in Figure 6a,
where the lattice parameters of the two structures are
related to each other as dorn = dhexs Dorth = 2€0830°a ey,



8766 Inorganic Chemistry, Vol. 49, No. 19, 2010

14000
12000
10000
8000
6000
4000,
2000]

Intensity (counts)

[
.
DEERETEEETE LY Py Iy
A

K
RS UV

20 25 30 35 40 45 50 S5 60 65 70 75 & 8 90
201/°

Figure 5. Refinement results of in situ XRD data for La,Ni;H; .
Upper, middle, and lower bars below the diffraction pattern indicate
the positions of Bragg peaks for BeO, Si, and La,Ni;H> , respectively.

and corth = Chex- T'he simplest structure model would
be based on an orthorhombic cell in which Ni atoms
are located at the same positions as in the hexagonal
structure for the alloy phase, as shown in Figure 6a. This
possible simple lattice cannot be obtained using Pnna,
Pcen, Pbca, and Pnma; only Pbcn satisfies the condition
among the candidate space groups. The structural model
for Pbcn contains two different La sites, Lal and La2, in
8d sites and eight different Ni sites, Nil at the 4a site, Ni3
at 4¢ site, and Ni2,4—8, at 84 sites. The structural para-
meters of phase | were determined by Rietveld refinement
of the XRD data in the 26 region between 19° and 95°. The
pattern was refined using profile parameters, including
both the anisotropic broadening parameters X,
(crystallite size) and Y, (lattice strain) and isotropic para-
meters. The refined pattern is shown in Figure 5, and the
refined structural parameters and the R factors are listed
in Table 1.

EXPO suggested that the metal sublattice of phase II
is monoclinic. A trial-and-error method for applying
monoclinic structure models provided C2/c. The possible
simple lattice could be obtained using C2/c. Refinement
using the C2/c model provided S = 2.08. A satisfactory fit
was obtained with space group C2/c. The refined structural
parameters of phase I with C2/c were a = 0.51641(9) nm,
b = 0.8960(1) nm, ¢ = 3.1289(1) nm, and 8 = 90.17(1)°,
as shown in Table 2. The value of S was slightly larger
than 90°. In order to confirm the C2/c model as the most
probable model, we investigated higher symmetries. An
orthorhombic Phcn model has the closest structure to
the C2/c model. The obtained lattice parameters for the
Pben model excluding 8 were similar to C2/c; however,
the S value of 2.52 was apparently larger. The Pbcn
model did not fit as well as the orthorhombic models
even with anisotropic peak broadening parameters.
The deviation of 3 from 90° in the monoclinic symmetry
was not negligible. As shown in Figure 7, the deviation
induced the displacement of Nil atoms on the (001)
plane by as much as 0.025 nm from the corresponding
position in the orthorhombic model due to the large
lattice parameter ¢, which was over 3.0 nm. The differ-
ence in the Nil atomic position between the orthorhom-
bic and monoclinic models was significant. These results
indicate that the most possible space group for phase Il is
C2/c. Figure 8 shows the Rietveld refinement pattern for
phase 1. The refined structural parameters are listed in
Table 2. The crystal structure of phase I1 is illustrated in
Figure 6c.

Iwase et al.
Table 1. Structural Parameters of La,Ni;H; | (Phase )
atom site g X y z B (1072 nm?)
Lal 8d 1.0 0.000(2) 0.329(4) 0.1845(1) 1.5(1)
La2 84 1.0 0.0002) 0.3333) 0.0488(1) 3.4(2)
Nil 4da 1.0 0 0 0 1.5(1)
Ni2 84 1.0 0.542(9) 0.164(6) 0.1839(4) 1.2(4)
Ni3 4 1.0 0 0.827(4) 1/4 1.9(5)
Ni4 8 1.0 0.250(2) 0.118(3)  0.250(1) 0.9(2)
Ni5 8 1.0 0.0003) 0.8002) 0.1098(4) 1.6(3)
Ni6  8d 1.0 03135 0.051(3) 0.1180(6) 1.5(4)
Ni7 8 1.0 0.783(6) 0.075(5) 0.1049(4) 0.3(1)
Ni§  8d 1.0 0.0002) 0.0003) 0.1766(4) 1.5(2)

“Space group: Pbcn (No.60), a = 0.50128(6) nm, b = 0.8702(1) nm,
and ¢ = 3.0377(1) nm. Ry, = 6.41%, R; = 5.07%, R. = 3.08%, and
S = 2.08.

Table 2. Structural Parameters of La,Ni;H (¢ (Phase I1)*

atom  site g X v z B (1072 nm?)
Lal 8f 1.0 0.000(2) 0.328(2) 0.3187(2) 1.6(2)
La2 8 1.0 0.000(3) 0.322(3)  0.4548(1) 1.5(2)
Nil 4a 1.0 0 0 0 1.7(3)
Ni2 8 1.0 0.000(3) 0.000(4) 0.1771(5) 2.5(5)
Ni3 8f 1.0 0.000(4) 0.649(5) 0.1770(4) 1.4(1)
Ni4 8f 1.0 0.245(6) 0.592(5) 0.250(1) 0.7(5)
Ni5 4e 1.0 0.5004) 0.3244) 1/4 1.2(2)
Ni6 8f 1.0 0.500(3) 0.300(3) 0.1068(5) 1.3(4)
Ni7 8f 1.0 0.225(9) 0.560(6)  0.1095(6) 1.7(4)
Ni8 8f 1.0 0.7498) 0.555(6)  0.1110(5) 0.9(3)

“Space group: C2/c (No.15), a = 0.51641(9) nm, b = 0.8960(1) nm,
¢ =3.1289(1)nm, and 8 = 90.17(1)°. Ry, = 6.31%, Ry = 7.14%, R. =
3.14%,and § = 2.01.

4. Discussion

4.1. Crystal Structure. Yartys et al.,” using ex situ neu-
tron diffraction, reported that La,Ni;Dg¢ 5 has the same
hexagonal symmetry (P63/mmc) as an alloy with lattice
parameters a = 0.49534(6) nm and ¢ = 2.9579(5) nm.
This hydride seems to correspond to phase I in our study,
considering the hydrogen content and lattice parameters.
However, the observed in situ XRD pattern of phase |
was apparently different from the pattern for an alloy
with a hexagonal lattice. Rietveld refinement revealed
that the metal sublattice of phase I was orthorhombic
(space group: Pbcn). The structure of phase I, including
the position of hydrogen (D), does not have symmetry
any higher than this. Therefore, our results do not agree
with those of Yartys et al.”

The structure of Ce,Ni;Dy (x = 4 to 5) was studied by
Fillinchunk et al.'® and Denys et al.'® Both studies indi-
cated that Ce,Ni; with a hexagonal structure (P6s/mmic)
transformed into Ce,Ni;D, with an orthorhombic struc-
ture (Pmcn). A similar structural change is observed for
hydrogenation from La,Ni; to La,Ni;H5 ;, although the
symmetry of the hydride in both cases is not exactly the
same.

Denys et al.'"” studied the phase transformation of
Ce,Ni; during deuteration using in situ neutron diffrac-
tion. The structure of Ce,Ni;D,; was determined to be
orthorhombic (Pmcn). The crystal structure of the metal
sublattice of Ce,Ni; transforms from hexagonal to
orthorhombic in hydrogenation, as observed for La,Niy

(19) Denys, R. V.; Yartys, V. A.; Sato, M.; Riabov, A. B.; Delaplane,
R. G. J. Solid State Chem. 2007, 180, 2566-2576.
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(a) alloy

Figure 6. Structural changes in metal sublattice for La,Ni;: (a) before
hydrogenation, (b) La,Ni;H;; (phase I, orthorhombic), and (c) La,-
Ni;H o5 (phase 11, monoclinic).

in this study. Refinement of La,Ni;H7 ; (phase I) using
the Pmcn model provided S = 3.32. The S value of the
Pmcn model was apparently larger than that of the Pbcn
model. The Pmcn model did not fit. In order to determine
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Figure 8. Refinement results of in situ XRD data for La,Ni;H ;o g. The
upper, middle, and lower bars below the diffraction pattern indicate the
positions of Bragg peaks for BeO, Si, and La,Ni;H g, respectively.

Table 3. Expansion of the Lattice Axes, Unit Cell Volume, and the Volume of
La,Niy and LaNis Subunit?

expansion 1 (%) expansion 2 (%) expansion 3 (%)
alloy—phase I phase [—=phase I alloy—phase II

a —1.1 3.0 1.9

b —0.8 3.0 2.1

¢ 22.9 3.0 26.6

unit cell volume 20.6 9.3 31.8

La,Niy cell 48.9 14.0 69.8
volume

LaNis cell 6.0 5.8 12.2
volume

“Expansion 1 of phase I and expansion 3 of phase II were calculated
using the value of the alloy as a reference. Expansion 2 of phase II was
obtained from phase 1.

the crystal structure of a hydride phase stable at a pres-
surized state, in situ measurement was necessary.

A hydride phase corresponding to La,NisHjq g in our
study has not yet been reported in the literature. Our
results revealed that the metal sublattice for phase II is
monoclinic (C2/c).

4.2. Expansion of Unit Cell, MgZn,- and CaCus-Type
Subunit. The expansion of the axes and the unit cell is
listed in Table 3. Here, the lattice parameters «, b, and ¢
are defined as shown in Figure 6a for the alloy phase
to evaluate the expansion of the three axes. The lattice
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expanded anisotropically during transformation from the
alloy to phase I: the ¢ axis expanded by more than 20%,
but the a and b axes shrank by about 1%, increasing
the unit cell volume by 20%. In contrast, all of the axes
expanded by 3% and the unit cell volume increased by
9% during transformation from phase I to phase II. The
expansion rate per amount of absorbed hydrogen was
similar to that for the formation of phase I.

The volume expansions of the La,Niy and LaNis sub-
units were calculated as shown in Table 3. During the
formation of phase I from the alloy, the La,Niy cell
expanded by more than 48%, but the LaNis cell expanded
by only 6%. Both cells expanded by 5—14% during trans-
formation from phase I to phase II. The cell expansion
corresponds to the amount of hydrogen inserted into each
of the La,Niy and LaNis cells. Considering the expansion
of each cell, most of the hydrogen occupied the La,Niy
cells in phase I, with a small amount of hydrogen occupy-
ing the LaNis cells. Hydrogen absorbed in the formation
from phase I to phase II was likely to be distributed in
both the La,Niy and LaNis subunits, considering that
both the cells expanded. The total volume expansion of
the LaNis cells was about 54% of that observed for LaNis
in the formation of LaNisH.;. Assuming that the LaNis
cell expanded in proportion to the hydrogen content for
both LaNisH ., and La,Ni;H;q g, the hydrogen content in
each LaNis cell in La,Ni;H; g seems to be about 0.4 H/M
(LaNisH -, 4); around 30% of the total amount of hydro-
gen in La,Ni;sH;( g is located in the LaNis cell.

The expansions during the formation of phase I were
compared with those reported for the formation of Ce,-
Ni;Dy47."” The Ce,Niy cell expanded by 62—63%, but
the volume of the CeNis cell remained unchanged during
hydrogenation. Rietveld refinement showed that hydro-
gen atoms were located only in the Ce,Niy cell. A study on
La,Ni;Dg 5’ reported the tendency for cell expansion and
hydrogen occupation to be similar to those reported for
Ce,Ni;Dy 7. There was a small difference in the expansion
of the ABjs cell between these reports (no expansion or
shrinkage) and our study (expansion by 6%).

4.3. Hydrogen Sites Occupied in the MgZn,- and CaCus-
Type Subunit. The refined structural parameters and
volume expansions showed that, in phase I, most of the
hydrogen is located in the La,Niy cells. The structural
changes to the orthorhombic symmetry form possible
hydrogen sites at the center of the LaszNi; octahedron
and Las;Ni; tetrahedron in the La,Niy cell, as shown in
Figure 6b. The volumes of the LasNi; octahedron and
La;Ni, tetrahedron increased by 35% and 135%, respec-
tively, during hydrogenation. The La,Ni, tetrahedron
expanded by 34% in volume, and the expansion of three
La|Ni; tetrahedrons varied from 8% to 43%. The sig-
nificantly large expansion of the La;Ni; tetrahedron
strongly suggests hydrogen occupation of this site in the
La,Niy cell.

Partial occupation of hydrogen is possible in the La;Nis
octahedron, La,Ni, tetrahedron, and some of the La;Niz
tetrahedrons. Denys et al.'? reported that, for the Ce,Niy,
cell of Ce,NisDy 4, hydrogen occupies the Ce;Ni, tetra-
hedron, Ce,Ni, tetrahedron, and Ce;Nij; octahedron. The
volumes for the CesNi; tetrahedron, Ce,Ni, tetrahedron,
and Ce;Niz octahedron increased by 170%, 26%, and
10%, respectively, during hydrogenation. The expansion
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of the Ce;Ni; tetrahedron was larger than for the other
sites. The same tendency was seen in the La;Ni; tetra-
hedron for the La,Nis cell of La,;Ni;. These results
suggest that hydrogen occupation in La3zNi; and Ce;Ni;
is associated with the phase transformation from hexag-
onal to orthorhombic. For the LaNis cell, the volume
change in four La;Nis tetrahedrons and three La,Ni,
tetrahedrons ranged from —15% to 34% and —2.0% to
14%, respectively.

The formation of phase II from phase I was accom-
panied by isotropic lattice expansion with volume
increases of the La,Niy and LaNis subunit, showing that
hydrogen occupation in the subunit increased. For the
La,Niy cell, the La3Ni; tetrahedron expanded by 10%
in volume, but two La;Ni; sites were unchanged from
phase I. The La,Ni, tetrahedron expanded by 18%, and
the volume of three La;Ni; tetrahedrons changed from
—23% to 61%. For the LaNis cell, four La;Nij tetra-
hedrons showed volume changes from —7% to 17%, and
three La,Ni, tetrahedrons expanded from 14% to 38%.
These results suggest that hydrogen remained in the Las-
Ni; site and extra occupation occurred at some La;Ni;
sites in the La,Niy cell. Some of the La,Ni, sites in the
LaNis cell are likely to be occupied. Itis necessary to carry
out in situ neutron diffraction to determine the hydrogen
occupation for these hydride phases. The above results
provide good suggestions for modeling the structure of
the hydrides because, in most cases, the volume change in
each site strongly reflects hydrogen occupation.

5. Conclusion

We investigated the phase transformation of La,Ni; dur-
ing hydrogenation through in situ XRD measurements along
the P—Cisotherm. The maximum hydrogen storage capacity
reached 1.2 H/M in the first absorption, and about 60% of
the maximum hydrogen capacity remained after the first
desorption.

We found two hydride phases, La,Ni;H..; and La,Ni;-
H-;1, and determined the crystal structures of their metal
sublattices. La,NisH~ ; has an orthorhombic structure with
space group Pbcn, and La,Ni;H g g has a monoclinic struc-
ture with space group C2/c. The lattice expanded anisotro-
pically during transformation from the alloy to La,Ni;H.7:
the ¢ axis expanded by more than 20%, but the « and b axes
shrank by about 1%. The La,Ni,4 cell expanded by 48%, but
the LaNis cell expanded by only 6%. Most of the hydrogen
occupied the La,Niy cells in La,Ni;H.;, with a small amount
of hydrogen occupying the LaNis cells. During transfor-
mation from La,Ni;H_; to La,Ni;H-;;, all of the axes
expanded by 3% and both the La,Ni; and LaNis subunit
expanded by 5—14%, showing that hydrogen was distributed
in the subunit. Considering expansion of tetrahedrons and
octahedrons comprised by metal atoms, the LasNi; sites in
the La,Niy cell are mainly occupied in La,NisH7, and extra
occupation at the La;Nij sites in the La,Niy cell and the
La,Ni, sites in the LaNis cell are likely to be occupied in
LazNi7H~1 1-
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