Jowrnal of Power Sources, 36 (1991) 497-506 497

Electrochemical behavior of a-cobalted nickel hydroxide
electrodes

C. Faure and C. Delmas*

Laboratorre de Chimie du Solide du CNRS and Ecole Nationale Supérieure de Chimie
et Physique de Bordeaux, Uniwversité Bordeaux I, 351 cours de la Libération,
33405 Talence Cédex (France)

P. Willmann
CNES, 18 avenue Edouard Belmn, 31055 Toulouse Cédex (France)

(Recewved February 12, 1991)

Abstract

Cobalt substituted a-nichel hydroxides obtained by precipitation techniques have been
used as posittve electrodes of Ni—Cd battenes As these matenals are indefinitely stable
in KOH soluuion, the electrochemical cycling between a and y phases allows up to 13

e~ per (N1+Co) atom to be reversibly exchanged at the C/5 rate Nevertheless, during
long-range cycling, a slow evolution from the y/a couple to the B(III)/B(II) couple occurs
It has been assigned to a partial reduction of Co®* 10ns to Co?™ 1ons at the end of the
discharge process The evolution of the number of exchanged electrons (NEE) versus
the cobalt amount 1s discussed

Introduction

The addition of cobalt to Ni(OH),, which 1s the positive electrode matenal
of nickel-cadmmum cells was first reported by Edison at the beginning of
this century [1] and interest in the additive has continued ever since However,
whereas most previous studies have been confined to compositions up to
0 15 1in molar cobalt ratio [2, 3], this work examines those ranging from
0 10 to 0 55 Recently, we have shown that the substitution of at least 20%
of cobalt for nickel allows the formation of an a*-hydrated phase stable 1n
KOH medium at room temperature [4, 5] These matenals were prepared
by ‘chimue douce’ techmques from the NaN1,_,Co0,0, phases used as precursor
More recently, Armstrong and Charles confirmed that a large cobalt addition
to the nickel electrode (x=0 45) allows the stabihzation of the y/a cycling
{6] The a-cobalted matenal was, 1n that case, prepared by cathodic deposition
from nitrate solutions We have also shown that stabilized a-phases can be
obtamned from precipitation techniques [7-9] Depending on the preparation,
the hydrated cobalt substituted nmickel hydroxide can exhibit a well-ordered
o' or a turbostratic a structure In such matenals, the charge excess due

*Author to whom correspondence should be addressed

0378-7753/91/$3 50 © 1991 — Elsevier Sequoia, Lausanne



458

to trivalent cation 15 compensated by the msertion of carbonate or sulphate
amons between the hydroxide slabs

This paper deals with the electrochemical study of ac,- (COs;) phases
obtamed by direct precipitation

Experimental

Electrodes preparation

The cobalt substituted mickel hydroxides have been tested as positive
electrode material m alkaline batteries (pocket type) using large capacity
cadmium electrodes (an order to be positive electrode imited) and 5 N KOH
as free electrolyte The mixture of the mickel hydroxide and graphite (30%
by weight) 1s pasted onto a nickel foam supphed by SORAPEC The electrode
15 then pressed at 10° bars in order to assure a good electromc contact
between the foam and the active powder Its thickness becomes then clase
to 0 8 mm The electrode 1s finally protected by a separator film in order
to reduce the loss of active matertal during electrochemacal cycling

Electrochermuacal tests

The charge and discharge reactions are realized at the C/5 rate, which
means that the current density 1s chosen in order that the normmnal capacity
{corresponding to one electron per (N1+Co) atom) will be reached in 5 h
The electrochemical experiments were monitored by an HP 1000 A600
computer using a software previously descnbed for the cycling of hithium
batteries [10] They were performed mn the followng conditions the first
three charges are 20, 15 and 7 5 h, respectively, each of them bemng followed
by a discharge down to 0 9 V The process of the thuird cycle 1s then repeated
for the following ones As durmg the first two cycles the positive electrode
1s strongly overcharged, the capacity recovered during these discharges has
not been taken mto account during the discusston of the results

Result and discussion

Evoluton of the number of exchanged electrons per (Ni+Co) atom
versus cycle number

a2+ (CO;) phases were electrochenucally tested for cobalt compositions
ranging from 0.10 to 0 55. The vanation of the number of exchanged electrons
(NEE) versus the cycle number for the vanous cobalt contents 1s reported
on Fig. 1 The NEE decreases for each cobalt composition when the cycle
number mereases. A decrease of the NEE is also observed when the cobalt
rate mcreases 1n the 0 20<x <055 range This pont will be discussed 1n
the followmng section

Ao, (COYP (=0 10)
As the acys- phase 1s unstable in KOH medum for =0 10, this matenal
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Fig 1 Vanation of the number of exchanged electrons (NEE) \s the cycle number for vanous
cobalt amounts

will be considered separately It will in fact rapidly transform into a B(II)

o A fr [y
type phase and after a few cycles (less than 10), the electrochemical cycling

principally occurs between B(II) and B(III) type phases However, we notice
that the NEE remamns higher than 1 dunng the first 40 cycles and such a
result should be compared to the classical g(I11)-N1(OH),/B(111)-N1OOH cycling
n which only 0 9 e~ per N1 atom 1s experimentally exchanged Thus, a small
cobalt content seems to improve the electrochemical capacity of the nickel
electrode Previous workers have also observed an increase in electrode
capacity when cobalt 1s added to the nickel hydroxide but have not clearly
shown 1ts nature The improvement in performance has been explained as
bemg due to (1) increased charging efficiency [3], (n) better electronic
conductivity 1n the reduced state [3}], (1) formation of an « phase dunng
the charge reaction [11] For Armstrong et al , who studied the impedance
behawvior of nickel hydroxide and nickel /cobalt hydroxide electrodes in alkaline
solution, the addition of cobalt improves the electrode kinetics by lowering
the charge transfer resistance of the reaction process [12, 13]

aeo3+ (CO (x>0 20)

From Fig 1, for all cobalt compositions with x>0 20, a decrease of
the NEE after the first 15 cycles 1s seen This behavior 1s mainly observed
when the cobalt/(nickel + cobalt) ratio i1s equal to 020, 0 30 and 0 40 A
long-term electrochemical test was therefore performed on the ac,:-(CO3)
phase (x=0 20) and the NEE/(Ni+ Co) atom versus the cycle number 1s
given 1in Fig 2 If the NEE 1s equal to 13 dunng the first 15 cycles, 1t
gradually decreases and becomes lower than 1 after 100 cycles Such a
capacity decrease suggests a slow transformation from the y/a couple to
BN /B(I) durng the electrochemical cyching In order to check this hy-
pothesis, a study of the shape of the discharge curve of the electrode made
from the ac.s-(CO3) phase (x=0 20) has been performed, the discharge
curves obtamed after 3, 10, 20, 30, 40 and 130 cycles are reported on
Fig 3(a) It 1s seen that the shape of the discharge curve illustrates the
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Fig 2 Vanation of the number of exchanged electrons (NEE) dunng long-term cychng of
the ag,::(CO4) (1 =0 2) phase
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Fig 3 Modifications of the shape of the discharge curve (a) for increasing cycle number
(2 =0 2), (b) for increasing cobalt amount (30th cycle)

presence of two phenomena Several groups of workers have shown that
the discharge potential obtained from a B(III) phase 1s higher than that
obtained from a y phase [14—16] The first part of the curve 1s therefore



501

attributed to the B(III)/B(II) system while the second one (at lower potential)
1s assigned to the y/a one From these discharge curves, we can assume
that the proportion of the B(II) matenal in the discharged electrode increases
with cycle number at the expense of the ac,:- phase The X-ray diffraction
spectra of the discharged and charged electrode matenal after 50 cycles are
reported 1n Fig 4(a) in companson with that of the starting phase They
confirm that the reduced and oxidized matenals are formed by a mixture
of « and B(II) hydroxides and by y and B(III) oxyhydroxides, respectively,
with a high percentage of the S(II) or B(1II) phases After 130 cycles, the
discharge curve shape (Fig 3(a)) and the X-ray diffraction spectrum show
that the electrode matenal has been totally turned mto the B(II) phase after
the discharge Thus although the ac.s- phases are chemucally stable in
concentrated KOH medium (when the cobalt ratio 1s higher than 0 20) even
after a long-term stabihity test [7, 8], they gradually transform mnto a B(II)
type phase during the electrochemical test so that the y/a cyching 1s slowly
replaced by the B(III)/B(II) one

However, as shown by the 30th discharge curve, reported in Fig 3(b),
for vanous cobalt amounts, it 1s seen that the a— B(II) reaction 1s slowed
down when the cobalt rate increases For the highest cobalt amount (2 =0 55),
the B(II) phase formation 1s minimized and the y/a cychng 1s almost stabilized
The X-ray dffraction spectra of the discharged and charged electrode material
(after 50 cycles) are reported in Fig 4(b) in comparison with the spectrum
of the starting ac,.-(CO3) phase (x =0 55) the reduced or oxidized matenals
are pnncipally composed of a or y phases

Stmulation of the curve shape moduification wnduced by the

y/a— BAI) /B(1) transition

In order to illustrate the relation between the shape of the discharge
curve and the relative amount of B(III)/B(II) and y/a couples, a simulation
program was realized This program determines the potential vanation of
an electrode (during the discharge) when two electrochemical systems are

I=0.2 =055
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Fig 4 Companson of the X-ray diffraction spectra of charged and discharged electrode matenals
(after 50 cycles) to that of the starting phase (a) x=02, (b) x=055
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simultaneously present It requires that the discharge curves of each system
are known From these data, the decreasing potentials are scanned For each
potenual value the program adds the number of electrons already exchanged
In each system according to the ratio of y/a and B(IIN/B(I) couples The
discharge curves corresponding to the yc,—aces- (x=020) and
Beos- (1) — Beos- (1) reactions, respectively, are reported in Fig 5(a) As was
previously discussed, the half discharge potential of the second reaction
exhibits a higher value (1 238 V) than that of the first one (1 175 V) The
theoretical shape of voltage curves obtained for increasing the ratio of the
B(IIT)/B(II) couple to y/a 1s reported 1in Fig 5, b and ¢ The evolution of
the discharge curve 1s quite similar to that reported in Fig 3 from expernnmental
data These results show unambiguously that the y/a cycling 1s slowly replaced
by the B(III)/B(II) one Moreover, as previously mentioned, this comparson
confirms that the evolution from the y/a cychng to the B(IIN)/B(ID) one 1s
slowed down when the cobalt amount increases

Comparison with previous results

The electrochemical stabilization of the y/a cychng for high cobalt rates
has also been studied by Armstrong and Charles on electrodeposited materials
[6] They showed, 1n accordance with our results, that for lower additive
levels, the y/a reaction gradually converts to the more commonly observed
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Fig 5 Shape of discharge curves for vanious ratios of y/a and B(III)/B(II) couples (a)
expenmental curves obtained from Bc.s. and acys+ phases, (b—e) simulated curves
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B(ID/B(D one {6] A companson should also be made with the electrochemical
cyching of of;s- phases obtamned by ‘chimie douce’ reactions from the
NaNi, _,Co,0, precursor phase The y/a* cycling 1s then completely stabihzed
for x=020 [17] Such an electrochemical behavior difference between
acos~ and ofs- phases 1s not exactly understood but seems to be directly
Iinked to the difference 1n texture and more particularly to the particle size

Evolution of the NEE versus the cobalt rate

During the first 15 cycles, we can consider that the electrochemucal
cychng of cells using a.s+(CO;3) phases as starting matenal principally occurs
between a and y phases The NEE 1s then almost constant whatever the
cobalt amount (higher or equal to 0 20) It 1s then possible to study the
evolution of the NEE and the discharge potential, versus the cobalt rate

From Fig 1 it can be seen that the NEFE decreases when the cobalt
rate increases During the first 15 cycles, the NEE 1s equal to 1 3, 1 2 and
1 17 when the cobalt amount x 1s equal to 0 20, 0 30 and 0 40, respectively
For the ac,s+(CO;) phases (x =0 55), the NEE remamns lower than 1

This behavior 1s directly related to the oxidation level of cobalt and
nickel 1ons 1n the oxidized and reduced phases During the electrochemical
cycling, the average oxidation level of the transition 1ons 1s equal to 2+x
m the reduced ac,+ hydroxide, while 1t 1s close to 3 5 1n the y phases at
the end of the charge process [18] Thus between the charge and discharge
reactions, [3 5—(2+x)]e” per (N1+Co) atom are theoretically expected to
be exchanged as schematically lllustrated on Fig 6 This scheme also explains
that for a cobalt ratio lower than 0.20, as the y/a cycling 1s not stabilized,
only 1—x electron 1s expected to be exchanged during (I /B(II) cyclng
Experimentally, these values can be slightly modified, as we have already
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Fig 6 Vanation of the theoretical NEE vs the cobalt amount
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Fig 7 Vanation of the half discharge potential of the yc,— ac, reaction (first cycle) vs the
cobalt amount

mentioned, because the oxidation level in S(II) or y phases 1s not so strictly
defined Moreover, as a result of the low electronic conductivity of the
reduced phases, 1t 1s always difficult or even mmpossible to come back to
the completely reduced material

These results obtamed during the electrochemical cycling of these
ac.s+(CO;) phases are almost 1dentical to the theoretical ones during the
first 15 cycles The optimal capacity 1s reached as early as the wutial cycles
because the very small size of the particles confers on the whole matenal
a very good electrochemical activity.

FEvolutiorn of the half discharge potential versus the cobalt rate

During the first cycles, 1t 1s also possible to relate the evolution of the
potential at the half discharge time (V, ) to the cobalt amount, because the
electrochemical cycling really occurs between ac,s+ and yc, phases The half
discharge potentials (V,,) obtamned for various cobalt amounts
(0 10g<x <0 55), after the first electrochemical cycle, are reported m
Fig 7 which shows that the V,, value decreases when the cobalt rate
increases This result was well known for the S(III) /B(II) system. Nevertheless
the physical reason for this phenomenon 1s not well understood [11, 12,
19-23].

Hypotheses about the instability of the ag.:+-(CO;) phase

In order to try to understand why the ac,s+ phases are unstable during
electrochemical cychng, the following hypotheses were made

The first one 1s to consider that as H™ 10ns are released from the material
during the charge process, a local decrease of the pH value can occur in
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some parts of the electrode (intergranular space) which are not well soaked
with the electrolyte It was previously showed on y phases (either cobalted
or not) prepared by ‘chimie douce’ reactions from NaNi, _,Co0,G, phases [4,
24], that these oxyhydroxides evolve to B(III) phases in acidic medium for
a pH close to 25 If such a phenomenon occurs during electrochemical
cychng, the reduced matenal formed during the discharge reaction would
be a B(II) type phase In order to avoid such an acidic concentration in
some local part of the electrode during the charge reactions, the electrolyte
solution was concentrated and electrochemical tests were then performed
on the acea{CO4) (=0 20) phase ina 10 N KOH solution No unprovement
or stabilization of the capacity was observed after the first 15 cycles and
the reduced material recovered after 50 cycles was again pnncipally formed
of a B(II) type phase as after the cyching in 6 N KOH

Another hypothesis was to consider that since the discharge reaction
occurs down to 0 9 V, the trivalent cobalt 1ons may be partially reduced to
the divalent state leading to the formation of an unstiable ac,:. matenal [8]
An electrochemical cyclhng was therefore performed from the ag,.(CO,)
phase (x=0 20), the discharge reaction being hmited to 1 15 V As only a
partial electrode discharge occurs in these conditions, the charge tune has
been reduced n order to keep the charge time/discharge time ratio close
to 12 After 40 cycles in such conditions, an overall discharge down to
09 V has been realized The shape of this discharge curve 15 charactenstic
of a y/a reaction with a half discharge potential equal to 1 12 V Moreover
the charged and discharged electrode matenals recovered are essentially
made of v and « phases Such an interesting result suggests that ag,.- phases
have to be tested with a discharge reaction himited to an end of discharge
potential higher than about 1 V In this case the y/a cyclhing can be stabilized
for a 0 20 cobait ratio because cobalt 10ns will not be reduced to the divalent
state Expernnments are currently being performed i this way

Conclusions

The substitution of at least 20% of cobalt for mickel in the positive
electrode materral of Ni/Cd batteries allows the partial stabilization of the
y/a cyclhing The number of exchanged electrons per (N1+ Co) is theoretically
equal to 1 5~x (xr cobalt substitution rate) and this value 1s almost reached
dunng the first electrochemucal cycles Nevertheless, during long-term elec-
trochemical tests down to 09 V the y/a system 1s slowly replaced by the
BUIN/B(IT) one, especially for the lowest cobalt amounts This transformation
could be due to the partial reduction of tnvalent cobalt 1ons to the divalent
state at the end of the discharge reaction Systematic experiments are
progress m order to determmune precisely the exact value of the end of discharge
potential which preserves the y/a cyching It should be kept in mind that
for numerous applications a 1 V limut voltage value 1s classically used
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