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Abstract

The structural properties of LaNi,CoDs,; and LaNi;ssMng4Al;3Cog55Dss; deuterides have been investigated by means of
powder neutron diffraction analysis. The data analysis of LaNi,CoDs;, deuteride has been performed using a modified Rietveld
procedure in order to take into account the anisotropic broadening of the observed diffraction lines. Distribution of Mn, Al
and Co substituting atoms on the nickel sublattice and occupancy rate determination of the occupied deuterium sites have
been achieved and are compared with those of other single substituted compounds.

Keywords: Neutron powder diffraction; Metal hydrides

1. Introduction

The LaNis; compound is known to absorb large
amounts of hydrogen [1] and therefore has been ex-
tensively studied [2,3] as a possible candidate to replace
cadmium in Ni—-Cd batteries. However, when used as
a metal hydride electrode, this alloy exhibits too high
an equilibrium pressure and too short a cycle lifetime
to be of practical interest in commercial batteries [4].
The capacity loss observed when cycling was commonly
attributed to the decomposition of the alloy into
La(OH); and nickel particles, but it has been shown
[5] that remarkable improvements on this matter can
be achieved by partial substitution on the nickel sub-
lattice with other elements such as cobalt, manganese
or aluminium. On those compounds, derived from parent
LaNi, the substituting nature and rate [6] also involve
thermodynamical property modifications of the cor-
responding hydrides (equilibrium pressure and ca-
pacity). Although these substitutions involve a decrease
of the storage capacity, several compositions have
been studied and the best results were obtained
from a mischmetal-based three-substituted compound
MmNi, ;sMn, ,Al; 5C0q 75 [7,8]. (Use of mischmetal was
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only for economic purpose, since this rare earth mixture
is cheaper than pure lanthanum.) Therefore the knowl-
edge of the crystal structure of these hydrides is of
great importance to fully understand the substitution
effects on the storage properties.

The intermetallic compound LaNi; is known to crys-
tallize in the hexagonal structure of CaCuS type (space
group P6/mmm) [9,10]. The structure can be briefly
described as a stacking of two different planes: the
first one, in z=0, containing La (1a) and Ni, (2c) atoms,
the second one, in z=1/2, built with only Ni;; atoms
(3g). According to the nature of the substituent M and
to the rate of the substitution x, the M atom can be
located either on the Niy site or on both Ni; and Niy,
sites. This occupancy distribution is closely related to
the size (i.e. atomic radius) of the substituting element:
the larger atoms occupy mainly the 3g (Niy,) site, where
there is more space to fit them. In the same way, the
range of substitution x for a given element is dependent
on its nature: rather low for elements such as Al or
Si (x<1) but possibly in the whole range 0<x<5 for
elements close to nickel, such as copper or cobalt [11].
In the case of cobalt, Pirogov et al. [12] and Gurewitz
et al. [13] report a preference for the substitution of
Ni by Co in the 3g site for low x values instead of the
expected random distribution.
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Concerning the thermodynamical properties of
LaNi;_,Co, metal hydride, several authors [14,15] report
various desorption isotherms for this system. The largest
hydrogen absorption capacity (6.6 H mol~") is observed
for LaNis; (x=0) and replacement of Ni by Co reduces
the absorption capacity (3.5 H mol~! for x=5) for
hydrogen pressures lower than 10 atm. In this range,
for all x values, two plateau pressures can be observed,
except for LaNis which exhibits a single plateau of
equilibrium (P.,=3 atm), between the intermetallic
compounds (o phase) and LaNisHgs (8 phase). For x
values greater than zero, the first plateau exhibits a
capacity of about 4 H mol~* and the step between the
two plateau regions (difference between the desorption
pressures of the two plateaus) decreases as a function
of x.

The structure of LaNi;Hg ¢ hydride has been subject
to lot of controversy in the past years. Lartigue and
co-workers [16] carefully investigated the structure at
different concentrations of D and found evidence for
a superstructure leading to a doubling of the c-axis
and to a new description of the structure in space
group P6;mc with seven interstitial sites for deuterium.
At the same time, Thompson et al. [17] studied an
isotopic ®Ni deuteride to enhance the D scattering
contribution and confirmed the superstructure leading
to a double hexagonal cell. In many cases, the anisotropic
broadening of the diffraction lines was overcome by
modified Rietveld refinement methods [18,19]. Con-
cerning the LaNi;_,M,D, system, structural studies by
means of neutron diffraction [20] have shown than in
the case of M=Al or Mn, for x> 0.2, the anisotropic
broadening effect observed for LaNi; disappears and
the corresponding deuterides were correctly described
in the P6/mmm hexagonal space group using the five
site model.

In this paper, we will describe structural investigations
on LaNi,CoDq ;; and LaNi, ssMn, ,Aly 5C0q 55D 57 deu-
terides. This neutron diffraction study has been per-
formed using the Rietveld method [21]. A special
subroutine has been developed in order to take into
account the anisotropic broadening effects that were
observed for LaNi,CoDq ;. Distribution of the substi-
tuting elements (Mn, Al and Co) on the nickel sublattice
and the nature and rate of sites occupied by the
deuterium atoms will be compared.

2. Experimental details
2.1. Synthesis

The intermetallic samples were prepared by induction
melting of the pure components (lanthanum, 99.9%;
nickel, 99.99%; manganese, 99.99%; aluminium, 99.99%
cobalt 99.99%) under vacuum in a water-cooled copper

crucible. The samples were remelted five times to ensure
good homogeneity. LaNi,Co was annealed for 3 h at
1050 °C, whereas LaNi, ;sMng ,Al, 5Co, 75 Was annealed
for 12 days at 900 °C. Both samples were characterized
by metallographic examination and microprobe analysis.

The deuterides were obtained by exposing samples
to deuterium gas at room temperature and capacity
were measured from pressure variations by a so-called
volumetric method. Batches of about 7 g were ground
mechanically in an inert gaseous atmosphere and were
sieved in powders with a grain size less than 36 um.
After several absorption-desorption cycles to obtain
powder with homogeneous particle size, samples were
charged for the last cycle in a closed quartz cylindrical
container.

2.2. X-ray diffraction

The powder X-ray diffraction analysis of the inter-
metallic compounds was carried out on a Philips step-
by-step 6-26 goniometer using CuK, radiation (A=
1.5418 A). The diffraction patterns were analysed by
a whole pattern fitting procedure using the program
FULLPROF [22].

2.3. Neutron diffraction

Neutron diffraction measurements on LaNi; ss-
Mn, ,Al, 5Coq 5sDs 57 deuteride were performed at room
temperature on the diffractometer D1A at the Labor-
atoire Léon Brillouin in Saclay. The wavelength was
1.984 A and pattern was recorded over the angular
range 10°<26<159° by steps of 0.05°. The important
background contribution due to the scattering of the
silica tube container was taken into account by linear
interpolation between a set of points out of the region
of the diffraction lines.

Neutron diffraction measurements on the inter-
metallic compound LaNi,Co were performed at room
temperature on the diffractometer DNS of the SILOE
reactor at the C.EIN.G. in Grenoble. The wavelength
was 2.49 A and the pattern was recorded in the range
27°<26<107° in steps of 0.1°. The structure of this
inactivated LaNi,Co intermetallic compound, for which
the sample contribution to the linewidth was negligible,
was also analysed using the standard refinement pro-
cedure.

Neutron diffraction pattern on LaNi,CoDg;, deu-
teride was recorded at room temperature on the dif-
fractometer 3T2 at the Laboratoire Léon Brillouin in
Saclay. The wavelength was 1.226 A and the angular
range was 6°<26<125° in steps of 0.05°. Examination
of the diffraction patterns shows a strong anisotropic
broadening of the diffraction lines. Therefore, the fitting
procedure was done after writing a special subroutine
for the FULLPROF program, taking into account the
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particular hkl linewidth dependence in the hexagonal
case. A detailed description based on the formalism
already reported in Ref. [23] is given in the Appendix.

3. Results
3.1. Intermetallic compounds

Metallographic examinations of the intermetallic sam-
ples show good homogeneity and no inclusions. Results
of microprobe analysis lead to stoichiometries (Table
1) in good agreement with the starting compositions.
For both samples, the X-ray powder patterns did not
show any extra lines and were successfully indexed in
the hexagonal P6/mmm space group. For LaNi,Co, the
pattern was refined by the Rietveld method assuming
the CaCu;, structure with a random distribution of Co
atoms on the 2c and 3g Ni sites. The results of the
refinement are summarized in Table 2. No anomalous
behaviour can be seen in the halfwidth of the lines,
which follows the classical Caglioti function [24]. Since
nickel and cobalt are neighbours in the periodic table,
it is not possible to distinguish them by means of X-
ray diffraction, but their Fermi lengths are quite different
(bni=103 F whereas b, =2.49 F) so it was possible
by neutron diffraction to refine the Co distribution on
the Ni sites. This study has been performed on the
neutron diffraction pattern of the LaNi,Co intermetallic
and the results show that the distribution of Co is not
random but that 75% is located on the 3g site. Com-
parison between X-ray and neutron results leads to a
large difference in the temperature factors. However,
the B values obtained from neutron diffraction must
be of rather poor validity if one considers the small
Q range (1.442 to 3.815 A~") of this experiment.

3.2. Deuterides

The intermetallic samples were charged to nominal
composition 6.11 D mol~! under 5.02 bar for LaNi,Co
and 557 D mol™' wunder 292 bar for
LaNij ssMng 4Aly 3Coq 75.

The neutron diffraction pattern of LaNi,CoDg
shows a single-phase compound with large anisotropic

Table 1

line broadening (Fig. 1) which was, therefore, taken
into account in the refinement procedure. According
to previous works, two different structural models have
been tested. The P6/mmm single cell described by
Percheron et al. [20] was first tried assuming that five
deuterium sites were involved in the structure. However,
the refinement leads to rather unsatisfactory reliability
factors (R;=7.5%) and moreover the total D content
estimated from this calculation was 5.34 D mol™’ far
below the expected value of 6.11 D mol™" from the
volumetric method. In fact, the best refinement was
obtained in the hexagonal space group P6,mc with a
doubled c-axis. This superstructure, already described
for LaNisDy,, has been interpreted as a consequence
of a structural ordering of deuterium atoms and was
mainly deduced from one low-intensity extra line at
d=1.805 A (Miller indices 203). In our case, careful
examination of the diffraction pattern does not show
evidence for this line but calculations show that the
expected intensity for this extra line correspond to 2%
only of the main line. Due to the large background
produced by the silica tube container, the low intensity
and the large broadening of extra lines with odd /, the
observation of this line is quite difficult. However, the
refinement is really improved in the P6,mc space group
when compared with the P6/mmm model. Moreover,
the total D content obtained from the occupancy factor
refinement is in better agreement (6.12 D mol~?) in
the case of the double cell. For metals, occupancy
factor were kept fixed to the values deduced from the
analysis of the intermetallic compound. Concerning the
position parameters of metal atoms, very small deviations
are observed in comparison to the ideal one expected
from the P6/mmm model (Table 3). The position of
the deuterium atoms D1 to D6 were kept constrained
(*Du=XDy- 1} YDu=2XDy; Zpy=Zpy_.+1/2) since inde-
pendent refinement does not lead to improvement and
was rather unstable. The D site environments are
gathered in Table 4. For D1 and D2, it is worth noting
that the site radius is lower than the 0.4 A limit predicted
by Westlake [25] for an occupied site.

The LaNi,; sMn, ,Aly 3C0o, 45Ds5.5; neutron diffraction
pattern shows a single-phase compound where all the
lines can be indexed in a hexagonal cell with space
group P6/mmm (Fig. 2). The cell parameters were found

Characterization of intermetallic compounds by microprobe analysis and X-ray diffraction

Intermetallic compounds Microprobe analysis

Cell parameters
P6/mmm space group

&N
LaNiCo Lag 995(6)Nis.02742)COp.99742) a=5.031(5)

c=3.984(4)
LaNi; 5sMng 4Alp 3C0.75 Lao.991(1z)Ni3.577(21)Mﬂa«w(z)Alo.zsz(s)coo.749(12) a=5.067(5)

c=4.043(4)
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Table 2
X-ray and neutron powder diffraction refinement results on LaNi,Co
compound (B: istotropic thermal factor in A% N site occupancy)

67

tallographic structure was successfully refined in the
hexagonal cell already described for manganese or
aluminium [20,26] substituted compounds and there

Space group P6/mmm X-ray Neutron was no evidence for a doubling of the cell as reported
LaNi,Co for LaNisDg, or LaNi,CoDy, deuterides. Due to the
B N B N large number of atomic parameters involved in the
La la (0.0,0) L6131 02 1 triple subst1tgt10n, th_e possibility c_)f replacing some La
. atoms by pairs of nickel as previously described was
Nil 2% (A0 1473) 1.60 0503) 1.748(8) not taken into account in our refinements. Regarding
Co1 T ’ 0.40 | 0.252(8) nickel sublattice substitution, reﬁ{lement of occupancy
. factors was performed two by two in order to determine
Ni2 2.40 2.252(8) th it f cach substituti b h
3 (12,0,12)  1473) 0(3) e repartition of each substituting atoms between the
Co2 0.60 0.748(8) two possible nickel sites. In all cases, the sum of the
occupancy factors for each atom was kept fixed to the
a (&) 5.031(5) 5.031(3) value expected from the starting stoichiometry. The
A% 3.984(4) 3.9853) distribution of atoms was found to be as follows: al-
R, (%) 6.83 334 uminium is only present in the z=1/2 plane, whereas
R, (%) 8.89 4.24 y p he piane,
5 4 6.59 manganese and cobalt are distributed on both planes
Ry (%) 6.43 g 1%
Rexy (%) 555 2.59 with ratios 18-82% for Mn and 25-75% for Co re-

to be 5.383(1) A for a and 4.277(1) A for c, leading
to a voiume increase of 19.4% upon deuteration. Ex-
amination of the diffraction lines shows that there is
no anisotropic broadening as observed for LaNi,Co
deuteride. Therefore, the fitting procedure was done
using the standard procedure with no #kl dependence
of the linewidth on the Bragg reflections. The results
of the refinement are gathered in Table 5. The crys-

1200

spectively to the z=0 and z=1/2 positions. Concerning
deuterium site occupancies, two crystallographic sites
are significantly occupied: the 6m (A2B2) and 12n
(AB3) ones with 33% and 22% occupancy factors
respectively, which represent 4.62 D or 83% of the
total D content. The two other occupied sites are the
120 (AB3) and 4h (B4) ones, but with low filling (5.9%
and 5.7% respectively). Refined atomic positions of
deuterium atoms are found to be very closed to those
observed in related previous studies. From our refine-

1000 ! ] ‘ }‘
‘ ! 4ooi ’/ \ i A 4‘
800 ! ! A A
- : 200 T
5 '[ L“ﬁ”s‘é’sﬂe 60
~ 00 : ! 26 (°)
- b ﬁ
a b
; i : i ] i [3
400 \‘ i ; ) fll i H
B I N 7
| P [ | | L/"J o4 “ | /v \J‘A;M*' e .
200 ka’/‘» b L, 4\ J‘k J y J ‘w/ V\\Jj \,'r\_/ L W-« —_— ”xw

|

200 -l

20 60

20 ()

Fig. 1. Observed (...) and calculated (—) neutron diffraction patterns of LaNi,CoDs, (difference curve below at the same scale). The inset
shows the drastic broadening effect, which cannot be correctly refined when using classical isotropic halfwidth parameters (28 range: 53° to
62°). Crosses stand for the Akl diffraction lines.
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Table 3

Atomic and profile parameters for LaNi,CoDg;; (B: istotropic thermal factor in A2 N: site occupancy). Profile and strain parameters are

described in the Appendix

Atoms x y z B N
La 2a 0 0 0.0094(9) 1.23(8) 1
Nil 2b 1/3 2/3 —0.0055(14) 0.875
Col 0.125
Ni2 2b 1/3 2/3 0.4965(14) 1.49(3) 0.875
Co2 0.125
Ni3 6¢ 0.4990(8) 0.5010(8) 1/4 2.25
Co3 0.75
D1 2b 1/3 2/3 0.8076(13) 0.32(3)
D2 2b 13 2/3 0.3076(13) 0.31(2)
D3 6¢ 0.1465(15) 2x 0.25 2.28(9) 1.38(5)
D4 6¢ 0.1465(15) 2x 0.75 0.49(4)
D5 6¢ 0.1779(19) 2x 0.3165(18) 0.48(6)
D6 6¢ 0.1779(19) 2 0.8165(18) 0.51(6)
D7 12d 0.4683(14) 0 0.0540(3) 2.63(4)
Profile U= 0.2780 Cell parameters a=5.390(1) A
parameters V= —0.3450 ¢=8.503(1) A

W= 0.1480 AVIV 22.4%

n=0.39(1) D mol ™! 6.12(30)
Strain Saa= 0.562(3) Reliability R,=2.02 R=4.72
parameters Scc=0.028(2) factors (%) R,,=242 R,,,=1.80

Cac= 1000
Table 4

D site environments for LaNi,CoDg,,;. The metal atom radii used
for calculations were 1.87 A for La and the weighted value 1.242
A for the Ni, Co entity

D atoms Environment Site radius Occupancies
(&) @A) (%)

D1 2b 1 Nil 1589 0.387 16.0%
3 Ni3 1640

D2 2b 1 Ni2 1606 0.377 15.5%
3 Ni3 1623

D3 6c 1 La 2595 0.548 23.0%
1 La 2461
2 Ni3 1654

D4  6c 1 La 2595 0.547 8.2%
1 La 2461
2 Ni3 1662

D5 6¢c 1 La 2334 0.437 8.0%
1 Ni2 2109
2 Ni3 1.604

D6 6¢ 1 La 2334 0.440 8.5%
1 Nit 2096
2 Ni3 1614

D7 12d 1 La 2552 0.450 21.9%
1 Nil 1645
1 Ni2 1640
1 Ni3 1675

ment, there was no evidence for occupancy of the 3f
site with A2B4 environment and this site was therefore
considered as empty. The total D content deduced
from neutron diffraction analysis was estimated to

5.56+0.11 D mol ™', in good agreement with the value
measured in the solid~gas experiment.

4. Discussion

The hexagonal structure of LaNis is conserved in
the intermetallic compound LaNi,Co and there is no
evidence for anisotropy in the width of the diffraction
lines. The cobalt atoms are not randomly distributed
on the Ni sublattice, but significantly prefer the 3g site.
This result is in agreement with that of Gurewitz et
al. [14] and with the fact that the 3g site in z=1/2 is
larger than the 2csite. Since LaCos exists and crystallizes
also in the CaCus; structural type, one can expect that
for larger x value this ordering phenomenon should
progressively disappear.

From the structural study of LaNi;ssMng Al ;-
Co,.75Ds.s7, it has also been possible to study the re-
partition of substituting atoms on the nickel sublattice.
The ratios between the two available sites are in good
agreement with those observed for single substituted
compounds: the aluminium atom, the largest atom in
terms of atomic radius, occupies only the z=1/2 plane,
as was already observed for LaNi, Al ,,. Manganese
is also preferentially found in this plane, but a small
amount (18%) lies in the z=0 plane. This value is in
fair agreement with the 19% of Mn atoms in z=0
observed for LaNi,,Mng 3, [20]. Finally, cobalt atoms,
which are the closest to nickel from the point of view
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Fig. 2. Cbserved (...) and calculated (—) neutron diffraction patterns of LaNi; ssMng4Alg3Coo7sDss; (difference curve below at the same

scale). Crosses stand for the hkl diffraction lines.

Table 5

Atomic parameters for LaNi; ssMng 4Alp 3C00.7sDs 57 (B: isotropic ther-
mal factor in A% N: site occupancy). The metal occupancy factors
for Ni, Al, Mn and Co were refined separately assuming a constant
sum on the two available sites

Atoms x y z B N
La 1la 0 0 0 2.02(7) 1
Nil 2c 1.736(5)
Mnl 2.09(6) 0.073(15)
All 1/3 23 0 0.000(39)
Col 0.188(23)
Ni2 3g 1.813(5)
Mn2 0.326(15)
Al2 1/2 0 172 2.08(5) 0.300(39)
Co2 0.561(23)
D1 4h 1/3 23 0.3759(64) 0.227(15)
D2 6m  0.1362(09) 2 172 2.76(7) 1.958(31)
D3 120 0.2234(35) 2c  0.3169(53) 0.712(33)
D4 12n  0.4642(14) O 0.1004(08) 2.660(30)
Reliability R,=3.70 R;=5.56 Cell a=5.383(1) D mol™!
factors (%2) R.,=4.31 parameters ¢=4.277(1) 5.56(11)

(A)

AVIV 19.4%

of size but also in terms of electronic properties are
found distributed one quarter in the z=0 plane and
three quarters in the z=1/2 plane, in agreement with
previous work [14]. From these results, it can be con-
cluded that the atomic repartition for multiple sub-
stitutions follows the same geometrical criterion as for
single substituted compounds: the largest atoms pref-

erentially occupy the intermediate plane, where there
is more space to fit them.

Concerning the deuteride analysis, for LaNi,CoDy 4,
compared with other LaNi, M, hydrides, important
differences are noted in its behaviour. Whereas in
aluminium or manganese compounds, anisotropic broad-
ening of the diffraction lines disappears above x~
0.20, it remains very important in substituted cobalt
compound. The importance of this broadening can be
clearly seen in the inset of Fig. 1. This effect attributed
to strains upon hydrogenation is described in our re-
finement through three strain parameters which describe
the cell parameter variations S, ., Scc and correlations
Cac (cf. Appendix). This latter coefficient was refined
and reaches its maximum positive value (C,.=1), which
means that locally ¢ and ¢ parameters expand (or
contract) simultaneously. That is consistent with the
nature of the process: interstitial hydrogen atoms that
have a tendency to distort locally the occupied sites.
From the values of the S; parameters, one can calculate
the microstrain parameters €, and ¢, which are esti-
mated to 6.12(4) X 1072 and 1.01(7) X 102 respectively.
It should be pointed out that the e/e. ratio is quite
large (6.06), leading to an important anisotropy. It was
already observed for LaNisD,, that (001) lines are
almost unaffected by broadening, and this effect was
attributed to classical faults, such as dislocations locally
created by deuteration.

Finally, as was observed in LaNisDg,, LaNi,CoD ,,
exhibits a doubling of the cell along the c-axis, which
is interpreted as an ordering of deuterium atoms. When
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looking at the D occupancy factors, one can see that
only D3 and D4 sites exhibit significant differences
involving the cell doubling. This relatively smail effect
explains the weakness of the superstructure lines. How-
ever, it was not possible to refine the diffraction pattern
correctly without doubling the c-axis. All the deuterium
sites are significantly occupied, even those with relatively
small size like D1 and D2. However, only 0.63 D mol ™'
are located in these B4 type sites. The remaining D
atoms are located for 2.86 D mol™' in the 6¢
(A2B2+ AB3) sites and for 2.63 D mol~! in the 12d
(AB3) sites. This repartition is very similar to that
observed for LaNisD, except that the ordering of deu-
terium atoms is less important.

The structural study of LaNi; ssMng 4Alg 3C0g 75Ds 55
shows that this deuteride maintains the P6/mmm hex-
agonal cell of the parent compound LaNi;, Whereas
under hydrogenation LaNi; and LaNi,Co deuterides
exhibit anisotropic broadening of the diffraction lines
attributed to microstrains, this effect is not observed
for the three-substituted compound. As has already
been pointed out, addition of Mn or Al in single
substituted LaNis_,M, compounds involves a decrease
of microstrains disappearing for x> 0.2. The same effect
takes place in this case.

Concerning deuterium occupancies, we observed
the following site repartition: D2(6m)>D4(12n)>
D3(120) >D1(4h). This repartition is closely related to
the site sizes (Table 6) which decrease in the same
way. However, if we compare D3(120) to D4(12n), one
can see that the size criterion is not the only effect
since their sizes are very similar, whereas occupancy
ratios are quite different. In fact, this difference is
related to the site environment: both sites are AB3
ones, but whereas for D4 there is only one 3g atom
at 1.720 A involved in the site environment, for D3
there are two of them at 1.577 A. Since the 3g site
located in the z=1/2 plane is richer in aluminium atoms

Table 6

D site environments for L.aNij ssMng 4Aly 3C0q 75Ds 57. The metal atom
radii used for calculations were 1.87 A for La and the weighted
values for the Ni, Al, Mn, Co entity were 1.273 A for the 2c site
and 1.245 A for the 3g one

D atoms Environment Site radius Occupancies
A A (%)

D1 4h 1 2c 1608 0.368 5.6%
3 3g 1642

D2 6m 2 la 2487 0.541 32.6%
2 3g 1714

D3 120 1 1a 2485
1 2 1699 0.416 5.9%
2 3g 1577

D4 12n 1 1la 2535
2 2c 1624 0.439 222%
1 3g 1720

Table 7

Comparison of deuterium atomic parameters for single and triple substituted compounds

LaNisDyg

LaNi,CoDg 13

Double cell

aalc

LaNij 5sMng 4Alg 5-
Cop75Ds 56

LaNiy s0Alp42Ds5 .4

LaNiy 76Mng 34D 61

Single cell

aac

(P63mc)

(P6/mmm)

0.08(1)

n=

2=0.326(6)

0.31(2)
0.32(3)

n=

B4 z=0.308(1)
z'=z+1/2

2b

n=034(2) 2=0398(8) n=023(2) z=0376(6) n=0.23(2)

z=0.408(4)

4h B4

z+1/2 n'=0.75(7)

z'=

n'=

{1/3; 2/3; 2} {1/3; 2/3; z+ 1/2}

{1/3; 213; 2}

6m A2B2

0.80(15)
7' =0.08(2)

0.110(8) n=

x=

n=138(5)

x=0.146(1)

6¢C A2B2
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than the 2c site, the lower occupancy factor of D3 can
be understood as an electronic effect due to the presence
of Al in the z=1/2 plane. In the same way, the D1(4h)
site of the B4 environment built from three 3g metallic
sites is even less occupied. These results agree with
previous studies on Al or Mn single-substituted com-
pounds, where the same effects were observed.

Comparison of deuterium atomic parameters for sin-
gle- and triple-substituted compounds (Table 7) shows
that those of LaNi; 5sMng 4Aly 5Coq.75Ds 57 are very close
to those of LaNi,¢Al, 4,Ds,. Both compounds exhibit
the same occupied sites with roughly the same occupancy
factors. The improvement achieved in electrochemical
storage capacity by the three-element substitution can-
not therefore merely be found in the crystallographic
structure of the compound, but should rather be seen
in terms of electronic effect. However, it should be
pointed out that the three-substituted compound ex-
hibits the smallest volume expansion, which was pre-
sented by Willems and Buschow [27] as one of the
main criteria for cycle lifetime.

5. Conclusion

In conclusion, it is observed that the behaviour of
LaNi,Co and LaNi; are very similar. Both compounds
crystallize in the CaCus type structure and their 8
phase deuterides exhibit the same anisotropic line broad-
ening and superstructure effects. The ordering effect
is less important for the cobalt compound than for
LaNi;. The main difference between these two com-
pounds can be seen in the two plateaux isotherm
observed for LaNi,Co, but, however, some authors
[28,29] also report such behaviour for LaNis above 80
°C. It is also worth noting that whereas both LaNis
and LaNi,Co deuterides, for higher D content, present
deuterium ordering leading to a reduction of symmetry,
other substituted compounds with Al or Mn, which do
not exhibit anisotropic broadening, can be described
in the P6/mmm space group with a single hexagonal
cell. From these considerations, we think that an in-
vestigation of the structural properties of the deuteride
LaNi,CoD, should be done in order to determine
whether or not microstrains are already induced in this
partialiy charged deuteride. Such a study must help to
clarify the role played by deuterium atoms in the
deformation process.

The structural study of LaNi;ssMng,Aly3Coyg 75Ds 57
shows that this three-substituted compound behaves
very closely to single-substituted ones in terms of sub-
stitution rates. Deuterium atoms occupy the same crys-
tallographic sites as in LaNi, ¢Al, 4,54 The good re-
sistance to corrosion obtained with this compound can
be related to the small volume expansion observed
during the absorption/desorption process.
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Appendix

The phenomenological model for describing the
strains used in this paper follows the method explained
in Ref. [23]. The method is based on the assumption
that anisotropic microstrains are due to some kind of
fluctuations and correlations of the parameters {x;}
(i=1, 2, ., 6), where the set {x;} are direct or reciprocal
cell parameters, or in general any set of six parameters
defining the metrics of the unit cell. The parameters
{x.;} are considered normally distributed with mean values
{a} and a variance-covariance matrix of components
Si;=cov(x;, x;)[cov(x; x;) = 0°(e;)] which defines the
fluctuations and correlations. The correlation matrix
is defined from §; by C;=corr(x, x;)=cov(x, x;)/
[o(a;)o(a;)] and have non-diagonal coefficients between
—1 and 1. The broadening of Bragg reflections is
calculated by applying the propagation error formula
to the variable 1/d*>=M(x; hkl). The mean value of M
and its variance are given by:

My =M(c; hKI) (Ala)
0% (M) =33.S,,8M/3a; X 0M/Ba; (Alb)
where we have put 0M/da; = (0M/dx;),, - If another set

of parameters p, =p(x;) is used, the relation between
their respective covariance matrices is the following:

S’ 4n=(2:2;0p, /00, X §;;X 3, /3a)) — §'=HSH™ (A2)

The Bragg law allows us to relate the variance of
M to the FWHM of the reflection due to strains in
the angular space. This strain contribution must be
added to the instrumental parameter U in the Caglioti
expression in order to obtain the experimental FWMH:

H?={U+ (8 In 2)0*(M,,1;)/M?,,;} tan*(6) +V tan(6) + W
(A3)

Let us apply the above formulae to the case of an
average hexagonal lattice. We shall use, instead of
direct cell parameters, the coefficients of the quadratic
form:

Myu=AR*+k*>+hk)+CI? (Ad)
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Using the following notations for the S-matrix
components, 0*(A)=S8% A, 0%(C) =S 2, cov(A,C) =Cac
(SaaScc), the variance of M is obtained by the appli-
cation of Egs. (Al) and is given by:

(M) = Sia(H> + K2+ hk)? + S2cl*

+2C acS anScclh?+k2 +hk)I?) (AS)

When using the fluctuations of the coefficients of
the quadratic form M,, one has to interpret what
happens in the real space, in terms of fluctuations or
direct cell parameters. It is easy to obtain, by applying
Eq. (A2), the variance—covariance matrix corresponding
to the direct cell parameters as a function of the three
parameters S, Scc and C,c, which are the actual
fitted parameters. The fluctuations and correlation of
the direct cell parameters are:

o(a)=3a*/8X San (A6a)
o(c) =c*2X Scc (A6b)
Cac=Cac (A6c)

An internal multiplicative factor means the fluctua-
tions of A and C are:

San=0.562(3)x 1072A2 (A7a)

Sce=0.028(2) x 1072A2 (A7b)

Cac=1 (A7c)
Then the fluctuations are:

0(a) =3a%/8 X Soa =0.0330(2) A

(€,=o(a)/a=6.12(4) X 10~?) (A8a)

o(c) =2 X Sc=0.0086(6) A

(e.=o(c)/c=1.01(7) X 10~3) (A8b)

where ¢, and ¢, are the microstrain parameters along
a and c.

The reader can verify that our formulation, except
for an overall isotropic term, is equivalent to that of
Ref. [18]. The advantage of our formalism stems from
a simpler interpretation of the refined strain parameters.
The overall isotropic strain is absorbed in the value
of U in Eq. (A3): its expression (when U is given in
degrees?) is:

[o(M)/M Y= 7/180[(U ec — Uins)]¥*/(8 In 2)
=174.53{(U,e— Uins)'?

(A9a)
(A9b)
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