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Abstract

LaNis intermetallic-hydride forming compound and several metal-substituted derivatives have been compared in terms of cycling behavior
observed by means of the cavity microelectrode (CME) at high scan rates (50 mV s~ '). LaNi; ssMng 4Aly3Co0.7s was found to have a stable
behavior over 1000 cycles, whereas, the capacity of LaNis decreases after only 200 cycles. The performances for the mono-substituted compounds
are intermediate. The rechargeability decreases according to the following order: LaNis 6Mng 4 > LaNig7Alg3 > LaNi45C0g 75 > LaNis. This
study demonstrates the capability of the CME to check numerous battery materials in a very short period of time, which allows to bring out the
effect due to the corrosion of the material. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

LaNis intermetallic compound and its metal-substituted
derivatives are studied by numerous authors, because they
are used in nickel-metal-hydride (Ni-MH) batteries as
anodic material, replacing the toxic Cd element in alkaline
batteries. Binary LaNis suffers from severe corrosion during
cycling due to the intermetallic decomposition in the alka-
line electrolyte, resulting in a fast decrease of the capacity as
a function of cycle number [1]. To overcome this problem,
various substituted derivatives have been studied leading to
the set-up of a composition [MmNis ssMng4Alg3C0g .75
(Mm: mischmetal)] offering adequate compromise between
initial capacity and cycle life [2,3]. These compounds are
usually studied with the composite electrode device. How-
ever, the size of such an electrode (1 cm in diameter and a
fraction of a mm in thickness) induces both high ohmic drop
and double layer capacitance, which distort voltammo-
grams. For minimizing these side phenomena, low potential
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scan rates (lower than 1 mV s_l) must be used. The cavity
microelectrode (CME) [4-9], also called the powder elec-
trode, which is recently developed, presents dimensions of
50 pm diameter and 20 pm depth. It allows the study of pure
materials using scan rates higher than some tens of mV s~ .
Accordingly, it is possible to achieve several hundred cycles
within a short time. In the present work, we compare the
cyclability of the three-substituted LaNis ssMng 4Alg 3C0¢ 75
compound with one of the binary LaNis and single-sub-
stituted LaNi5;_ M, (M = Mn, Al, Co) compounds in order
to check the possibility of evaluating the cycling behavior of
metal-hydride electrodes with the short term cycling pro-
cedure given by the CME method.

2. Experimental

The materials are synthesized by induction melting of the
elements followed by an appropriate annealing treatment.
Homogeneity and single phase character is checked by
X-ray diffraction and electron probe microanalysis [10].
The materials were manually ground in a mortar and SEM
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photographs reveal a non-homogeneous grain-size distribu-
tion and irregular shapes. The size of the biggest grains was
in the range 30-50 um and that of the smallest ones was
inferior to a few pm.

Electrochemical experiments were performed in a classi-
cal three-electrode cell using an AUTOLAB PT30 potentio-
stat (Ecochemie). The working electrode is a CME which
has been previously described [7-9]. The cavity is filled up
with material grains using the electrode as a pestle. After
electrochemical measurements, we ensure that the material
is still present within the cavity. Then the cavity is unloaded
by washing it in a 1 mol 1~! HCl solution. Concurrent use of
an ultrasonic treatment favors the dissolution of the material.
We insure that the cavity is particle-free after washing by
observing it with a microscope (Olympus BX30) equipped
with a numerical camera unit (Olympus DP10). The refer-
ence electrode is an Hg/HgO electrode filled with a 7 M
KOH solution and the counter electrode is a stainless steel
wire in a separated compartment. KOH solution is deox-
ygenated by bubbling with Ar gas. As the material is a good
electronic conductor, the adjunction of graphite or carbon
black is never done.

3. Results and discussion

Fig. 1a shows the first, the second and the twentieth cycle
recorded at 10 mV s~ for LaNij3 5sMng 4Alp 3Coq 75. From
the first cycle, and all the successive cycles, one observes a
shoulder on the water reduction wall and a wide anodic peak
located at about —0.8 V/Hg/HgO. This curve shape is
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Fig. 1. (a) Voltammograms recorded at 10 mV s™'

typical of the various studied samples. About 20 condition-
ing cycles are necessary for obtaining a stable curve except
for LaNi,4 ;Aly 3 which needs 100 cycles. After stabilization
of the curves, the samples are submitted to increasing scan
rates from 5 to 500 or 1000 mV sfl, after which a last scan at
50 mV s~ is carried out. A slight charge increase of a few
percent is observed between this last scan and the one
previously obtained at 50 mV s~', which represents some
tens of cycles. This slight increase is likely due to a complex
process, such as local cleavage of the largest grains, which
increases and improves the contact between the grains. The
voltammograms recorded at 50 mV s~ are also similar to
those recorded from the second cycle at 10 mV s~! whichis
exemplified by the voltammogram drawn in Fig. 1b.

The curve drawn in dashed line corresponds to an empty
cavity, which explains the electrochemical behavior of the
platinum collector in 7 M KOH. Thus, the curve obtained
when the material is present in the cavity can not be due to
the oxidation of H, or H adsorbed on the platinum collector.
The performance of the compound as a battery material can
be described through the variation of the anodic peak area,
which corresponds to a direct evaluation of the available
charge QA during the discharge stage. The peak character-
istics, i.e. peak area A 5 and peak intensity /4, are determined
from the baseline drawn in dotted line on Fig. 1b by
interpolating the capacitive anodic current. Q4 is calculated
through the relationship:

oy

Oa ey

where v is the scan rate.
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on LaNijz ssMng4Alp3C0g 75 at cycles 1, 2 and 20; (b) voltammograms recorded at 50 mV s~ of

LaNi3 ssMng 4Alp 3C0g 75 after scan rate study (full line) and of the platinum collector (dashed line). The baseline used for the peak integration is drawn as

dotted line.
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Fig. 2. Evolution of the normalized exchanged charge Qnorm = Qa /O™
vs. the scan rate, v.

Fig. 2 shows the variation of the normalized charge Q,orm
versus the scan rate v. Q,om 1S defined as

Oa

leax ’

where Q'** is the maximum value of Q4 reached during the
scan rate variation and is specific for each sample. We can
consider that the exchanged charge remains constant for
scan rates lower than 50 or 100 mV s™'. This leads to the
conclusion that all the electroactive sites in the material are
implicated in the electrochemical reaction within this scan
rate range. For scan rates higher than 100 mV s L Ornorm
strongly decreases for all compounds. As a result, the
cycling performance tests for these intermetallic compounds
have to be done with a scan rate lower than 100 mV s~ .

The graphs in Fig. 3 are related to voltammograms
recorded at 50 mV s’ during 1000 cycles, for LaNis,
LaNi4A7A10_3, LaNi4A25C00475, LaNi4.6Mn0A4, and LaNi3A55M—
ng 4Aly 3Cog 75, respectively. For several compounds, curve
stabilization needs more than 20 cycles, i.e. more than
needed at lower scan rates. It appears that Mn endows a
stability of the potential and of the peak shape while Al
brings stability of the intensity. We note that LaNis, the
unsubstituted sample, shows the more erratic evolution
of the curve shape, while the tri-substituted sample,
LaNi; s5sMng 4Aly3C0g75 shows the smallest change of
the curve shape; it has the potential stability of the
Mn-substituted compound and the intensity stability of
the Al-substituted one.

Qnorm = (2)
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Fig. 3. Voltammograms recorded at 50 mV s~! on LaNis, LaNiy;Aly3,

LaNi4 »5Cog 75, LaNigy ¢Mng 4, and LaNiz ssMng 4Alg3Cog 75 for different
cycle numbers.




284 A. Merzouki et al./Journal of Power Sources 109 (2002) 281-286
-0,50
0,55
E]*I:IE
- -0,60 -
(@)
> J
I
S -0.65- O
S aﬂ“ﬂﬁ%
= ] []*DE;]\ 0
> L I
< - .
m 0,70
-0,75 LaNi . . .
anly LaNi,,Al,,  LaNi,,Co,,, LaNi, Mn, LaNi, .,
| { MnD.4A|0.3COD.75
-0,80 —rrmm—rrrm—rrm e~ ||lllq:| e et mman mlenail may il ml
10° 10' 10* 10° 10" 10° 10° 10" 10* 10° 10" 10° 10° 10" 10* 10°

Cycle number

Fig. 4. Variation of the peak potential (E,) vs. the number of cycles for LaNis, LaNiy 7Alg 3, LaNiy 25C0g 75, LaNiy ¢Mng 4, and LaNiz ssMng 4Alp3C0q 75.

From these measurements, we can plot the peak potential
E, (Fig. 4), and the normalized peak intensity /o, defined
by the ratio between the peak intensity /5 and the maximum
peak intensity /,** reached during cycling (Fig. 5) versus the
cycle number. The following can be noted:

(1) For LaNi4.6Mn044 and LaNi3A55Mn0A4A10,3C00_75, the
overall peak potential is lowered during cycling,
which can be attributed to the presence of Mn (Fig. 4).
Moreover, the variation amplitude of E, is about 40 mV
when Mn is present. This variation is smaller than for
the other elements, for which it can reach about 75 mV.

(i1) For all the samples, the peak intensity increases during
the first hundred cycles and stays more or less stable,
then decreases except for the three-substituted sample.

Fig. 6 shows the variation of the normalized charge Q,orm
versus cycle number, Q,,om being defined in Eq. (2), where
QW% is, in the present case, the maximum value of Qa
during cycling. The following can be noted:

(i) For all the samples, the capacity increases more or less
during the first 100 cycles. This can result from a
cleavage of the largest grains due to the specific
volume difference between the hydrogenated material
and the non-hydrogenated one from 10% for LaNij ss-
MHO.4A10'3C00'75 to 22.4% for LaNi5 [10] This
activation procedure corresponds to an increase of
the electrochemical interface between the grains and to
a modification of surface properties [11]. However,
these cleavages corresponding to grain-size reduction
do not seem to hinder electrical contacts between
grains in the electrode.
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Fig. 5. Variation of the normalized intensity I, Vvs. the number of
cycles for LaNis, LaNisz;Alp3, LaNig25C0075, LaNiz¢Mngy, and
LaNi3 5sMng 4Alp 3C0g.75.



A. Merzouki et al./Journal of Power Sources 109 (2002) 281-286 285

110
Scan rate : 50 mV.s™

_ 100 -+ NGNO-RN-g=A—A—A—A—A—A
R \<>%L\v . D‘EKD;
~ \ v/ . D*[]\D

g 901 > v VV 00

8 o0 V ~0-0

O-0-0
p TFog0.
@ 80 VG000
o ] V\V\v\v
% 70 1
O-
3 %050
(o)) 60 . O‘O O o)
c O-O 0-0
.f:“ -O O‘O
o 50 O-0
x
q) p
D 404
N i
®© .
£ 304 —O— LaNi,
§ i Vv LaN?4.7A|0.3
20 —<— LaNi,,.Co, .
i —0—LaNi,Mn,,
10+ —4— LaNi, , Mn Al .Co, ..
O+ "7 777

0 200 400 600 800 1000
Cycle number

Fig. 6. Comparison of the variation of the normalized charge Q,,om Vs. the
number of cycles.

(ii) The capacity rapidly decreases for LaNis and slowly
for the mono-substituted derivatives. After 1000
cycles, it reaches 50 and 80-90% of the maximum
capacity, respectively. Only the capacity of the three-
substituted sample, LaNiz 55sMng 4Alg 3C0q 75, Temains
constant over 1000 cycles. These results globally
enhance those obtained through an intensiostatic
method with a composite electrode for which the
cycle number reaches a few hundred cycles [11]. It
should be noted that, the cycling tests over 1000 cycles
are performed in less than one day with the CME at
50 mV s~', whereas, it needs nearly one year at only
0.l mVs.

However, it appears that the substitution of Ni in LaNis by
various metals improves the cycle life in the order
Mn > Al > Co. This order is surprising regarding Sakai
et al. [12], as well as, Baddour-Hadjean et al. [13]. They
found that Mn was the least effective metal for improving
corrosion resistance. Cycling tests realized by Baddour-
Hadjean et al. [13] showed that the Co-substituted alloy
had the best stability, whereas, the Al-substituted one exhi-
bits a rather high sensitivity to corrosion. Furthermore, it
was shown by other authors that increasing amounts of Al
and Co improve stability [14,15]. Corrosion inhibition due

to these metals has been attributed to a surface effect, like the
formation of protective surface oxides [15,16]. However, it
was shown later that Al corrosion products dissolve in KOH
[17]. Moreover, Adzic et al. [18] have shown that Co-free
electrodes rapidly corrode. Thus, it is possible that this
passivation layer of Co oxides cannot be formed fast enough
when cyclings are performed at high scan rates with the
CME. On the contrary, Mn would be rapidly oxidized and
then prevent Ni corrosion. This hypothesis can be argued by
the examination of the potential pH diagrams [19,20]. They
show that Mn and Al metals are thermodynamically very
unstable and should rapidly react to produce H, and the
corresponding oxide and/or dissolved species. The micro-
cavity represents a confined volume and it is probably
saturated with dissolved species which precipitate in the
oxide form at the beginning of the cycling tests, acting as a
protective layer. However, the capacity of LaNiy ¢Mng 4 and
LaNi, ;Aly 5 progressively decrease due to a progressive
dissolution of the Mn and Al oxides; this one is more rapid
for Al according to the respective solubilities 10~* and
Imol 17"

Two additional effects could explain the discrepancies
obtained with regard to the cycling behavior between the
CME method and the composite electrode methods. First,
we have to compare data obtained by voltammetric mea-
surements to intentiostatic measurements. Secondly, the
difference of time scale between the two experiments is
of the order 1:100. We believe that the measurements with
the CME are not affected by the so-called calendar corrosion
due to the time of immersion in the electrolyte, which is
added to the corrosion due to the effect of cycling in the
usual tests on composite electrodes. This corrosion type has
been shown by Maurel et al. [21], to be the main factor since
corrosion products are the same for cycled or non-cycled
electrodes immersed for the same time in KOH. While
explaining the differences between the relative order found
in our work compared with literature data, this phenomenon
also explains why larger cycle lives are obtained for all the
compounds compared to the macroelectrode studies. This
result gives additional support to the conclusion that, calen-
dar corrosion is the main factor affecting cycle life of the
electrodes.

4. Conclusion

Cycle life tests have been performed with the CME
method on several hydride forming materials. The best
results have been obtained for the three-substituted
LaNij; 55sMng 4Alg 3C0q.75 compound, the worst for the bin-
ary LaNis. This behavior is the same as observed for usual
composite electrodes. This shows the outstanding ability of
the CME method to perform cyclability tests within times as
short as one day, while the usual tests last several months.
Moreover, the possible deconvolution of the calendar corro-
sion from the purely cycling-due-to-corrosion opens future
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developments for the understanding of the metal-hydride
electrode behavior and for the design of new materials with
improved cycle life.
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