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Abstract

The self-discharge of y-NiOOH in Ni/Zn primary batteries was studied on real cells and also on chemically simulated ones. The results
indicate that it is rooted in a dissolution/re-crystallization process, probably involving an a-type nickel hydroxide intermediate. To minimize this
phenomenon, the preparation of a series of diverse metal substituted y-type nickel hydroxides was attempted by oxidation of a-type precursors
containing various amounts of Al, Cd, Co, Cr, Fe or Zn, prepared by direct precipitation at room temperature in an ammonia containing reaction
medium. These reactions led to metal substituted y-type nickel oxihydroxides in all cases except for cadmium and chromium containing samples.
For the former phase segregation took place whereas for the latter a complete dissolution of chromium species in the reaction medium was observed.
Partial dissolution was found to take place also for aluminium substituted phases. High temperature storage tests conducted on Ni/Zn primary cells
using the substituted y-phases as the positive electrode indicate that iron and cobalt substitution is effective in preventing self-discharge phenomena

observed in pure y-NiOOH, as aged cells presented discharged capacities very similar to fresh cells.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Despite the emergence of Li-ion battery technology, the Ni-
based system remains nowadays widely used especially with the
appearance of Hybrid/Electric Vehicles or new portable devices
demanding high power such as digital cameras. With respect
to the use of nickel electrodes in rechargeable cells, most of
the studies have been focused on improving their conductivity,
capacity or cyclability (i.e. lifetime), but only a few have been
dedicated to the self-discharge phenomenon of nickel oxihy-
droxides. Megahed and co-workers were the first to evidence that
the self-discharge consisted of a reduction of NiOOH to yield
Ni(OH); and oxygen gas [1], and later on Sac-Epée et al. made
a study on self-discharge specific to Ni/H; batteries [2—4]. Bode
et al. [5] established the possible occurrence of four phases in
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the nickel electrode system, two in the reduced state: a-Ni(OH)»
and -Ni(OH); (from now on denoted «ll and BII) and two in
the oxidized state y-NiOOH and 3-NiOOH (i.e. yIIT and BIII).
The structures of all of these phases consist of diverse stacking
of layers of edge sharing NiOg octahedra. In the case of BII and
BIII, only protons are present in the interlayer space whereas in
~III and oIl water molecules and other species are also present
leading to a dilated ¢ parameter [6,7]. The yIIl/all couple is, in
principle, more attractive than the BIII/BII one due to the fact
that the yIII phase presents a higher oxidation state for nickel
resulting in a higher theoretical number of electrons exchanged
(i.e. 1.5 EE for yIIl/all against only 1 EE for the BIII/BII couple).
Numerous studies have been aimed towards taking advantage of
the large capacity associated to the yIII/all couple, but numerous
difficulties were encountered in solving the problematic bottle-
neck associated to the fact that the yIII/all couple is relatively
unstable in alkaline medium and rapidly evolves into the BIII/BII
couple [8]. Among the methods used to avoid the yIII/all evo-
lution into BIII/BII upon cycling, the most common one has
been to partially substitute the nickel atoms within the nickel
hydroxide layers for other metals. Two main synthetic routes
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to substitute nickel hydroxide have been reported: the direct
co-precipitation taking place in solution, and a “chimie douce”
process involving the hydrolysis of samples prepared at high
temperature. Using the first approach, samples have been pre-
pared containing cobalt [9], aluminium [10], zinc [11-13], iron
[14] or manganese [15,16] whereas the second allowed to obtain
iron [17] or cobalt [14,18,19] substituted phases. On the other
hand, chromium-substituted a-type nickel hydroxides have also
been prepared by electrodeposition from a nickel nitrate solution
containing chromate ions [20,21]. The effects of these cationic
substitution are diverse: cobalt, aluminium or iron substitution
completely stabilises the a-type phase inhibiting transformation
to BII [9,10,14,18] but the latter two induce chargeability prob-
lems and a decrease in the effective capacity, respectively. The
Zn substitution was shown to lead to a similar stabilizing effect,
but upon aging in concentrated KOH electrolyte, a migration of
zinc to the inter-layer space takes place, and the phase trans-
formation to BII is observed [11-13,17]. Similarly, chromate
formation and therefore dissolution are observed for chromium-
substituted phases. [21] Finally, manganese substitution yields
to the formation of interstratified phases [15,16].

The objective of the present work is roughly different from
the above-mentioned research since it is first aimed at under-
standing the self-discharge mechanism of y-NiOOH in Ni/Zn
primary cells and second at testing the effect of cationic substi-
tution in this phenomenon. Thus, the substitution is here aimed
at decreasing the self-discharge phenomenon rather than stabi-
lizing the yIIl/all couple against the BIII/BII one. Thus, despite
the disheartening results reported in some cases, we revisited
the preparation of aluminium-, cobalt-, iron-, cadmium-, zinc-
and chromium-substituted a-type phases, and attempted to pre-
pare the corresponding oxidized substituted yIII oxi-hydroxides
in order to test the effect of cationic substitution on the self-
discharge of these phases in real Ni/Zn primary batteries. To
ease the comparison, all substituted -1 phases were prepared
by the same direct precipitation method. Ammonia was chosen
as alkaline precipitating agent as previously reported only for
aluminium substituted samples [10], owing to its ability to com-
plex metals and thus to avoid phase segregation. The oxidation
of these samples to y-III was carried out in alkaline aqueous
medium using NaClO as oxidizing agent. To our knowledge, it
is the first time that the substitution of y-type phases synthesized
in aqueous media is reported.

2. Experimental

Samples were characterized by means of XRD, SEM and
EDXS. The phase composition was determined by X-ray powder
diffraction using a Philips diffractometer PW1710 with Cu K«
radiation (A =1.54957 A). Given the poor crystallinity of the
studied phases, the X-ray patterns were registered within a 5-75°
angular window, high acquisition time (10 s) and a step of 0.02°.
Energy Dispersive X-ray Spectroscopy (EDXS), using a Philips
XL-30FEG Scanning Electron Microscope (SEM), determined
the amount of substituting element and also allowed confirming
the homogeneity of the samples. The average oxidation state of
the metal elements within the prepared phases was determined

by iodometric titration, whereas the total amount of nickel was
determined by titration with an ethylene diamine tetraacetic acid
(EDTA) solution. Typically, 100 mg of the sample were added
to 1.5 g of potassium iodide, and the mixture was dissolved in an
acetic buffer solution. Sodium thiosulfate was used to titrate the
iodine produced during nickel reduction. Then, a 28% ammo-
nia solution was added to the medium and the complexometric
titration was carried out with 0.1 M EDTA solution in the pres-
ence of murexide as indicator. The analyses were carried out
twice on each sample. It should be noticed that only species
such as Ni(IIT), Ni(IV) and Co(IIT) Co(IV) are titrated by this
process, whereas AI(III), Fe(IIl) or Zn(II) do not participate in
the titration reaction.

Electrochemical tests were performed in Ni/Zn cell primary
button cells. The anode consisted of zinc slurry and the cathode
was a mixture of NDGI15-type industrial graphite and active
material (i.e. the substituted y-type nickel oxihydroxide to be
tested) in a 20/80 ratio compacted up to 1tcm™2 whereas the
electrolyte used is 9N potassium hydroxide. Galvanostatic tests
were carried out at room temperature on an Arbin cycler at C/20
discharge rate. The interest in using button cells is that the cells
are sealed, preventing changes in the electrolyte (water loss and
consequent potassium hydroxide crystallization) upon heating.
In all cases, eight identical button cells containing the same M-
substituted phase were built and four of them were immediately
discharged while the remaining four were aged at 60 °C for 24 h
in order to enhance self-discharge.

3. Results and discussion
3.1. Study of the self-discharge phenomenon

In order to ascertain the reaction pathway for the self-
discharge of y-NiOOH, we pursued a double and complemen-
tary approach: on one hand, we studied the mechanism in real
operating conditions (i.e. in real Ni/Zn cells at high temperature)
and on the other we performed a chemical simulation of these
conditions in order to study “clean” samples (e.g., carbon- or
Zn-free samples).

In the first case, button cells were assembled with the pos-
itive electrode containing a mixture of NDG15 carbon (60%)
and y-NiOOH (40%) issued of chemical oxidation of commer-
cial B-Ni(OH); using the already described oxidation reaction
[22]. The negative electrode consisted of a mixture of Zn and
ZnO whereas the electrolyte used was KOH 9 M. The cells were
aged in an oven at 55°C during 4 months, after which they
were highly deformed, certainly due to the high internal pres-
sures caused by the release of oxygen. The positive electrode
active material was recovered and its XRD pattern (Fig. 1) indi-
cated that it consisted of pure 3-Ni(OH);, with carbon and also
some ZnO accidentally mixed with the powders during the pro-
cess of recovery. Thus, under these conditions the cells are fully
self-discharged, as no signs of the pristine y-NiOOH appear
in the XRD pattern. The study of this electrode active mate-
rial by SEM reveals that the sample contains a high number
of hexagonal platelets (around 1000 A in diameter) (Fig. 2),
certainly corresponding to Ni(OH);. The changes in morphol-
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Fig. 1. X-ray diffraction patterns of the positive active material in fresh Ni/Zn
cells (pristine y-NiOOH) and cells aged for 4 months at 55 °C (carbon and ZnO
from the negative electrode also appear).

ogy during the self-discharge process are clear evidence that the
vy(IIT) — B(II) phase transformation does not take place in the
solid state as observed in less drastic conditions [23] but through
a dissolution/re-crystallization process.

This was confirmed by “chemical simulation” of the self-
discharge process. Two sets of experiments were carried out.
The first one consists in the ageing of a y-NiOOH in KOH 9M
solution at 55 °C under stirring for 16 days, and the second one
the ageing of the same solution in an autoclave, using more
drastic conditions 7=115°C and P =40bars oxygen pressure.
In the first case, the XRD pattern of the final sample (Fig. 3) again
indicates that the sample consists of pure 3-Ni(OH);. During the
second experiment, sample aliquots were taken as a function of
time and X-ray diffraction patterns were taken once centrifuged.
A gradual transformation from y-NiOOH to B-Ni(OH), was
also observed. Transmission and scanning electron microscopy
examinations indicate that both aged samples consist of mono-
lithic hexagonal platelets (Fig. 4). The monolithic nature of the
particles is a clear proof that the transformation goes through
a dissolution/re-crystallization process that might involve the
presence of an intermediate all phase. Indeed, the instability of
this phase in alkaline medium would be fully consistent with the
dissolution/re-crystallization mechanism.
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Fig. 3. X-ray diffraction patterns of the evolution of y-NiOOH during aging in
an autoclave at 115 °C under 4 bar oxygen pressure.

3.2. Synthesis and characterization of substituted o-type
nickel hydroxides

The pure a-Ni(OH), phase was synthesized according to Le
Bihan’s method [6], for which 500 mL of a 1 M nickel nitrate
solution prepared from Ni(NO3),-6H,O were added to 65 mL
of ammonia solution (NH4OH-H,0, 28%) under strong stirring
at room temperature. After 2h of reaction time, the obtained
green precipitate was copiously washed with water and acetone
prior to being dried at room temperature in ambient atmosphere
and characterized for its structural and textural properties. Sub-
stituted a-type nickel hydroxide was prepared following the
same process but starting from a 1 M nitrate solution contain-
ing both nickel and the substituting metal (Al, Cd, Co, Cr, Fe,
Zn). Samples are denoted M-x%(sol) where M is the substi-
tuting metal and x is its molar percent (i.e. 100 x (nm/nni))
in the starting solution. When this solution was added to the
concentrated ammonia, a precipitate instantaneously appeared.
This precipitate was immediately recovered from the solution
by centrifugation in order to avoid any eventual evolution of the
all-type phase to BII-type.

The X-ray diffraction patterns of the entire prepared sam-
ples are shown in Fig. 5. As expected, in all cases the major

Monolithic
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Fig. 2. Typical SEM image of the positive active material in Ni/Zn cells aged for 4 months at 55 °C exhibiting the presence of a large amount of well crystallised

hexagonal platelets.
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Fig. 4. TEM image and corresponding electron diffraction pattern of the hexagonal platelets present in the aged “y-NiOOH”. Both are typical of 3-Ni(OH), monolithic

particles.

phase was the all-type phase as deduced from XRD indexing
according to the 22-0444 JCPDS file. In some cases, minor
BII-type impurities (marked with an asterisk) were observed.
With M = aluminium, a pure a-type phase was obtained for high
substitution degrees [Al-20%(sol)] whereas for smaller ones, a
shoulder attributed to the 3-type phase appeared within the 00 2
peak of the ol phase. Furthermore, with increasing the degree
of substitution we note a shift of the 001 diffraction peak to
lower scattering angles indicating that the ¢ lattice parameter
evolves from 7.35 A for Al-5%(sol) to 8.63 A for Al-20%(sol).
All zinc substituted samples contain essentially the all-type
phase but exhibit the 001 diffraction peak of the 3-Ni(OH),
phase and an evolution of the ¢ lattice parameter from 7.63 A
to 9.15 A is observed for Zn-1%(sol) and Zn-5%(sol), respec-
tively. 3-Ni(OH); impurities are also observed in all chromium
substituted samples but more remarkably, a decrease in crys-
tallinity is found to take place with increasing the chromium
content. In this case, the ¢ parameter varies between 7.49 A
for Cr-2.5%(sol) and 8.27 A for Cr-20%(sol). A more enhanced
amorphization phenomenon is induced by iron substitution but
no B3-Ni(OH), impurities are observed. In this case, the c lattice
parameter is found to evolve from 7.13 A to 7.83 A for Fe-
2.5%(sol) and Fe-20%(sol), respectively. In contrast, the X-ray
diffraction patterns of cadmium-substituted phases are charac-
teristic of well-crystallized a-type phases and in this case the
presence of 3-Ni(OH); is only detected for Cd-5%(sol). Finally,
for cobalt-substituted hydroxides the X-ray diffraction patterns
are again characteristic of the a-type phase and only the Co-
15%(sol) contains B-Ni(OH),. Their ¢ lattice parameters are
8.39A,7.56 A and 8.96 A for Co-1%(sol), Co-5%(sol) and Co-
15%(sol), respectively.

Overall, a common denominator to all the substituted phases
is the increase in the ¢ lattice parameter with the degree of sub-
stitution. The reasons for this are diverse. With M =Cd, this
could be attributed to its larger ionic radius as compared to Ni

[24]. On the other hand, for samples containing trivalent met-
als, with smaller ionic radius, a possible explanation to account
for the large cell parameters obtained could consist in consid-
ering that when a trivalent element replaces bivalent nickel, the
supplementary positive charge has to be compensated with the
presence of a higher amount of anionic species between the lay-
ers. The case of zinc is particular; former studies by Tessier et al.
[11-13] demonstrated that this element at the +II oxidized state
is placed in the tetrahedral position available in the interlamellar
space, inducing the additional intercalation of carbonates.

The percent of substituting metal within each sample was
determined by Electron Dispersive X-ray Spectroscopy and its
distribution homogeneity checked by SEM. As expected, the
metal percent in the solid (denoted M-x%(a)) is not the same
as compared to the initial solution (M-x%(sol)), indicative of
the difficulties encountered in preparing desired stoichiome-
try samples by this low temperature precipitation route. The
condensation of single cations in solution depends on multiple
parameters (thermodynamic and kinetic) [25], and this scenario
is even more complicated when different types of cations are pre-
cipitated simultaneously. From a thermodynamic point of view,
the phases containing mixed cations are expected to be more
stable, but from a kinetic point of view, if the precipitation rates
of the mixed phase and the pure phases issued from the precip-
itation of each cation alone are of the same order, the reaction
leads to phase segregation. In our study, no segregation of ele-
ments was observed but no prediction of the final substituting
metal content could be made prior to carrying out the series of
synthesis. The final substituting metal percent in the solid deter-
mined by EDXS (M-x%(a)) is plotted as a function of the ratio
in the initial solution (M-x%(sol)) in Fig. 6. In all cases except
for cadmium, the points fall above the diagonal of the plot, indi-
cating that a higher ratio of substituting metal in the solid than
in the mother solution is obtained, the highest difference being
observed for cobalt. Even though as stated above, predictions
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Fig. 5. X-ray diffraction patterns of M-substituted a-type nickel hydroxide denoted M-x%(a) (with M=Al, Cd, Co, Cr, Fe or Zn) reported as a function of the
experimentally determined percentage of metal (x). BII phase impurities are marked with an asterisk.

of the final percent of substituting metal are not possible, it is
worth pointing out that cadmium is the only substituting element
forming a hydroxide with higher solubility than nickel hydrox-
ide [26] whereas cobalt is the one forming the most insoluble
hydroxide.

The most representative Scanning Electron Microscopy
images corresponding to M-substituted a-type hydroxides have
been selected for samples presenting similar substitution degrees
and are depicted in Fig. 7 together with an image of pure a-
Ni(OH); hydroxide at the same scale. Pure nickel hydroxide
is composed of aggregates with a 2 um average diameter, that
are themselves constituted of very thin tangled films (Fig. 7). In
the cases of substitution with cobalt, cadmium or zinc elements,

this airy texture is preserved whereas for samples containing
aluminium, chromium or iron, the thin tangled films cannot be
distinguished, and the sample seems to be more dense.

3.3. Chemical oxidation of substituted o-type phases

The substituted oIl phases were chemically oxidized accord-
ing to the previously reported protocol [22]. The reaction was
performed in a water bath at 60 °C. 1.5 g of the substituted a-type
precursor hydroxide were added to 200 mL of a concentrated
potassium hydroxide solution (KOH 5N) and then 200 ml of 13%
NaClO was added drop by drop and stirring was maintained for
4 h. The resulting products were centrifuged and washed several



738 F. Bardé et al. / Journal of Power Sources 160 (2006) 733-743

50 T T T
Co !
40 fmmmmme
Zn ; ! :
Fe
- -
3 Cr
X
°T a Al
= .

e e s S

0 10 20 30 40 50
M-%x(sol)

Fig. 6. Plot of the experimental percent of M recovered in M-substituted a-type
precipitate determined by EDXS (denoted M-x%()) as a function of the percent
of M present in the initial mother solution (denoted M-x%(sol)) with M = Al,
Cd, Co, Cr, Fe or Zn. In all cases except for M = Cd, the amount of metal in the
resulting o phase is higher than that present in the mother solution.

times until neutral pH was achieved, before being dried at 55 °C.
For reasons of clarity, they are denoted in the following as M-
x%(y) where x is percent of substituting metal determined by
EDXS. The X-ray diffraction patterns of the oxidized phases
M-x%(y), reported in Fig. 8 indicate that the samples are usu-
ally well crystallized with the yIII-type phase, as deduced from
the XRD indexing according to the (06-0075 JCPDS) file, as
the major phase. Occasionally, some of them contain traces of
BIII-type oxihydroxide or a small amount of remaining all-type
precursor, indicating that the oxidation is not complete.

Under the reaction conditions listed above, we noted that
when M = Al the oxidation is only completed for Al-8%(«) pre-
cursor. We further found that the final oxidized vyIII-type phase
resulting from such precursor only contains Al-3.5%(y) of alu-
minium, indicative of the partial dissolution of aluminium during
the oxidation process. In the case of iron-substituted phases, BIII
impurities are observed and the percentages of iron within the
samples issued from the oxidation of Fe-5%(o) and Fe-7%(ot)
were determined as Fe-5%(vy) and Fe-6%(y), indicating that the
amount of iron dissolution, if any, is very low. When M =Zn,

Table 1

the oxidation is almost complete in most cases (except for Zn-
37%(y) containing traces of all) and no zinc dissolution is
observed either. Finally, regarding the cobalt substituted phases,
either a mixture of BIII- and yIIl-type phases or a pure yIII-
type [Co-8%(y)] phase is obtained, depending on the amount
of cobalt. During the oxidation of the chromium containing
samples, the solution took a green colour, indicating a migra-
tion of chromium containing species towards the solution. This
observation is not surprising since this element is well-known to
dissolve easily in basic medium [21]. EDXS analyses are con-
sistent with this result since no trace of chromium was found in
the product of oxidizing Cr-substituted a-type phases. Finally,
in the case of cadmium-substituted phase, the oxidized sample
ended up as being a mixture of y-type nickel oxihydroxide and
B-type cadmium hydroxide (73-0969 JCPDS file) indicating that
segregation of cadmium had taken place during oxidation.

In these last two examples (i.e. chromium or cadmium syn-
theses), the cell parameter of the yIII-phase obtained is exactly
the same as the one of pure yIII-NiOOH phase (dyg3 =7.03 A),
supporting the dissolution and segregation mechanisms, respec-
tively. For the other samples, some small changes in the inter-
layer distance parameter are sometimes observed. The main
difference appears for the Zn-37%(y) sample which presents an
interlayer distance of 7.49 A. This larger cell parameter could
be due to the presence of traces of all within the sample.

Representative SEM images of substituted yIII-type oxidized
phases are depicted in Fig. 9. For cobalt and zinc containing
phases, some spheres presenting quite irregular forms and com-
posed of agglomerates of thin tangled particles are observed
and thus the texture of the corresponding a-type precursor is
kept. In the cases of aluminium and iron substituted phases, the
morphologies are not so well defined as in the corresponding pre-
cursors. Finally, in the case of cadmium-substituted samples, two
types of particles with different morphology are observed within
the same sample in agreement with the segregation of nickel and
cadmium containing phases during the oxidation process.

3.4. Electrochemical tests of substituted y-type nickel
oxy-hydroxides in Ni/Zn cells

All the prepared samples were electrochemically tested,
therefore for reasons of length and conciseness, we will only
report the data obtained for samples (Table 1) as being almost
pure y-type phases (as deduced by XRD), and having a degree

Average oxidation degree of nickel and experimental percentages of the substituting metal determined within both some selected y-type phases and the corresponding

substituted a-type precursors

M M-substituted a-Ni(OH), M-substituted y-NiOOH
M-x%(sol) M-x%(cx) M-x%(y) Average oxidation degree of Ni (£0.05)

Al 2.5 8 35 3.25
Cd 15 6 6 3.25
Co 2.5 8 8 3.35
Cr 2.5 8 0 3.20
Fe 2.5 7 7 3.30
Zn 1 4 4 3.35
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Fig. 7. SEM images of pure all-Ni(OH), and of M-substituted a-type nickel phases (with M =Al, Cd, Co, Cr, Fe or Zn). The percent of metal, x, present in the
samples as determined by EDXS (M-x%(a)) are indicated. Pure nickel hydroxide texture, composed of aggregates of very thin tangled films is also observed in

cobalt, cadmium or zinc substituted samples.

of substitution lower than 10%, which is the highest substituted
values achieved in industrial 3-type nickel hydroxides. The aver-
age oxidation degree of Ni within the Al-3.5%(vy), Cd-6%(y),
Co-8%(vy), Cr-0%(vy), Fe-7%(a) and Zn-4%(y) phases (as deter-
mined by chemical titration) was found to range (Table 1)

between 3.20 and 3.35 (£0.05), values relatively low for y-type
phase.

The samples were electrochemically tested as primary elec-
trode materials in Ni/Zn primary button cells. For each sam-
ple composition eight cells were prepared. Four of them were
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Fig. 8. X-ray diffraction patterns of M-substituted y-type oxihydroxides prepared by oxidation of the substituted a-type nickel hydroxide precursors. Experimental
percents, x, of M (M = Al, Cd, Co, Cr, Fe or Zn) determined by EDXS in final oxidized phases, denoted M-x%(y), are indicated. Impurities (either o phase precursor,

KCl from the reaction medium, Cd(OH); or BIII) are indicated.

immediately discharged as soon they were assembled, and the
remaining four were discharged after ageing of the button cell
at 60 °C for 24 h. The resulting plots of voltage U(V) versus
Zn/ZnO as a function of number of electron exchanged per unit
formulae (NEE) are shown on Fig. 10. Owing to the constancy
of the measured capacities to +5% we have only reported for
each sample composition one discharge for a fresh cell (solid
line) and two for aged cells (dashed line). Pure yIII-NiOOH
exchanges 0.42 electrons and loses 75% of its capacity after
24 h storage at 60 °C indicating that self-discharge is indeed a
severe handicap for the application of these materials in primary

batteries. Phases containing zinc or cadmium do not present
any capacity. For the Zn-doped sample, the absence of capac-
ity could be related to the fact that zinc species are probably
situated in the interlayer space [13]. Regarding Cd-containing
sample, the presence of BII-Cd(OH);, which pollutes the cath-
ode material, is probably at the origin of its electrochemical
inactivity. The phases substituted with aluminium, cobalt and
iron present the best fresh capacities with approximately 0.52,
0.60 and 0.53 electrons exchanged, respectively. The fact that
the number of electrons exchanged per formula unit is so low
compared with the starting oxidation degree of nickel is certainly
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Fig. 9. Typical SEM images of M-substituted y-type oxihydroxides. Experimental percents, x, of M (M= Al, Cd, Co, Cr, Fe or Zn) determined by EDXS in final
oxidized phases, denoted M-x%M(y), are indicated. For M =Co and Zn the texture of the corresponding a-type precursor are conserved whereas for M = Al or Fe,
the morphologies are not so well defined, as in the corresponding precursors. For M = Cd, two morphologies are observed, corresponding to Cd(OH); and y-NiOOH

segregated phases.

due to technological problems, as probably the morphology of
the particles is not suitable to ensure a total contact with the
carbon used as conducting additive in the electrode active mate-
rial. Such a hypothesis was confirmed by an industrial survey
of numerous electrodes composites containing different types of
carbons together with yIII-phases powders of various morpholo-
gies, since composites having greater NEE could be achieved.
Regarding self-discharge performances, it is important to
note that the discharge capacity of a Co- or Fe-based yIII/Zn
phase is unaltered whether the cell was freshly discharged once
made or discharged after being stored at 60 °C for 24 h. This is
in contrast with the data for the Al-based Ni/Zn cells that show a
drastic decrease in capacity between the fresh and aged cells. In
the case of cobalt, it can be argued that this beneficial effect is due
to the fact that cobalt substitution diminishes the Ni(IIT)/Ni(IT)

half discharge potential [27,28]. However, this does not apply in
the case of substitution of nickel for iron, which is known to have
the opposite effect and increase the Ni(IITI)/Ni(II) half-discharge
potential [29,30]. The most probable explanation to the ben-
eficial effect of cobalt or iron observed against self-discharge
could lie in the fact that both cobalt and iron are well known to
stabilize the all-phase, which we believe to be an intermediate
phase in the reduction, and this stabilization would considerably
slow the self-discharge reaction. We can thus assume that self-
discharge is initiated at the grains surface with the formation of
a reduced oll layer, the solubility of which would control the
kinetics of self-discharge. If it does not dissolve appreciably
(as it would be the case for cobalt or iron substituted sam-
ples), it would play the role of a passivation layer preventing
self-discharge.
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Fig. 10. Representative electrochemical first discharges of M-substituted y-type oxihydroxide when used as positive electrode in Ni/Zn alkaline primary button cells.
The potential vs. Zn/ZnO is represented as a function of the number of electrons exchanged (NEE) per formula unit. Solid line curves correspond to immediate
discharges while dashed ones correspond to cells aged at 60 °C for 24 h. Except for cobalt and iron substituted samples, high temperature induces an important degree

of self-discharge and almost no capacity is recovered.

4. Conclusion

The self-discharge of y-NiOOH was studied both in real
Ni/Zn primary cells and chemically simulated ones, and was
found to consist of a dissolution/recrystallization process,

certainly involving the presence of a a-type phase intermediate.
With the aim of stabilizing this intermediate and therefore
preventing self-discharge, metal substituted +y-type nickel
hydroxide were prepared by oxidation in aqueous medium
of a-type precursors synthesized at room temperature in an
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ammonia containing medium. The amount of substituting
metal in the a-type phases was higher than that present in the
mother solution except in the case of cadmium. On the other
hand, during the oxidation process this amount was maintained
for cobalt, iron and zinc. Partial and total dissolution were
observed for aluminium and chromium, whereas segregation
of phases took place in the case of cadmium, respectively.
Electrochemical tests performed on primary alkaline Ni/Zn
button cells both as prepared and after 24 h storage at 60 °C
indicate that iron and cobalt substitution are effective in
preventing self-discharge in y-type phases via the formation of
a a-type phase which acts as a passivation layer. Such findings
were king in paving the way towards the realization of practical
Ni/Zn primary cells as will be reported at a later stage.
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