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Abstract

Electroless cobalt on the surface of spherical nickel hydroxide has been used as a surface modifying method of active materia for
positive electrodes of rechargeable akaline batteries. Cyclic voltammetric studies show that the electrodes exhibit higher oxygen
overpotential and much more reversibility than ones of pure nickel hydroxide or nickel hydroxide with 5 wt.% cobalt added as a
conductor. The discharge behaviour of the electrodes is also similar. © 1998 Elsevier Science S.A.
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1. Introduction

Cobalt additives have been widely used in nickel hy-
droxide battery electrodes since the time of Edison [1].
These increase the number of charge—discharge cycles that
are available from nickel hydroxide electrodes in alkaline
solutions [2]. It is generally believed that the presence of
cobalt bestows many beneficial effects such as increased
utilization of the active material, greater dimensional sta-
bility [3]. Increased oxygen evolution overpotential [3],
reduced electric resistance [4] and improved electrochemi-
ca reversibility [5]. Thus, cobalt affects the ionic and
electronic conductivity of nickel hydroxide. It was found,
for example, that a cobalt additive decreases the diffusion
resistance during ‘1100 discharge’ by about an order of
magnitude [4], which indicates a substantial increase in
ionic conductivity. The electronic conductivity of the nickel
hydroxide is also increased by the higher defect concentra
tion provided by the cobalt.

In spite of many apparent advantages attained by the
addition of cobalt to nickel hydroxide, some studies [6,7]
have reported that the addition will result in a substantial
decrease of the discharge potential. Moreover, there is till
some controversy over whether the electronic conductivity
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is increased through the addition of cobalt to the inner
crystal of nickel hydroxide. For example, Corrigan and
Bendert [8] has reported that there was no evidence that
any of the coprecipitated metal ions provided dopant states
which increased the electronic conductivity. Thus, the
utilization of active material of the nickel hydroxide elec-
trode cannot be satisfactorily improved. On the other hand,
most of papers published to date have focused on the
electrochemical properties of conventional nickel hydrox-
ide or thin films obtained by chemical impregnation and
electrochemical impregnation of cobalt. Only a few studies
have discussed the electrochemical properties of spherical
nickel hydroxide as active material, especialy after elec-
troless depositing of cobalt or nickel on the surface.

It is the purpose of this paper to discuss the electro-
chemical properties after modifying the electronic conduc-
tivity by electroless cobalt deposited on the surface of
spherical nickel hydroxide.

2. Experimental details

2.1. Electroless deposition of cobalt

The spherical nickel hydroxide used in this work was
B-nickel hydroxide obtained by chemical precipitation. It
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Fig. 1. Electron micrographs of spherical nickel hydroxide: (a) before electroless cobalt deposition; (b) after electroless cobalt deposition.

contained about 1.5 wt.% cobalt, added in the form of
cobalt hydroxide. Electroless deposition of cobalt on the
surface of spherical nickel hydroxide was carried out in a
solution containing cobalt sulfate, sodium citrate, ammo-
nium sulfate, sodium hypophosphite and additive. The
morphology of the spherical nickel hydroxide before and
after electroless cobalt deposition was examined using a
scanning electron microscope (SEM) (Hitachi X-650).

2.2. Preparation of electrode

Nickel foam (1 x 1 cm?) was used as the nickel sub-
strate. Three types of electrode were prepared as follows.
Electrode A. A small amount (1 wt.%) of polytetrafluo-
roethylene (PTFE) agueous suspension as a binder was
added to spherical nickel hydroxide and mixed. The mix-

ture was put into a nickel—foam electrode, dried in ar at
60°C for 1 h and then pressed at 20 MPa for 1 min.
Finally, a nickel ribbon was spot welded as a current-col-
lector.

Electrode B was prepared by mixing spherical nickel
hydroxide with cobalt powder (5 wt.%). The processing
was the same as for electrode A.

Electrode C comprises an electroless deposit of cobalt
(~ 5 wt.%) on the surface of spherical nickel hydroxide.
The processing was similar to that used for electrode A.

2.3. Electrochemical measurements
Electrochemical measurements were performed in a

three-compartment electrolysis cell at 25°C using an EG&
G PARC Mode 273 Potentiostat / galvanostat with an IBM

Fig. 2. High-resolution electron micrographs of spherical nickel hydroxide particles (from Fig. 1): (@) before electroless cobalt deposition; (b) after

electroless cobalt deposition.
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Fig. 3. Constant-current discharge curves at C-5 rate for different elec-
trodes.

computer to control the experimental conditions and to
analyze the data. A nickel mesh was used as a counter
electrode. The electrolyte consisted of 6 mol /I KOH and
0.6 mol/l LiOH. All potentials were referred to a
Hg,/HgO,/OH reference electrode in the same alkali solu-
tion as that used for the working electrode.

The test sequence was charged at the 0.1 C rate, held
for 30 min, discharged at the 0.2 C rate. The cut-off
potential for discharging was 0.1 V vs. Hg/HgO. The
theoretical capacity of nickel hydroxide is 289 mAh (g-ac-
tive material) given that the electrode reaction is:

Ni(OH), + OH 2 NiOOH + H,0 + e (1)

Prior to cyclic voltammetric experiments, the three elec-
trodes were activated by charge—discharge cycling until
the capacity stabilized.

3. Reaults

3.1. Surface morphology of spherical nickel hydroxide
particle

Electron micrographs of spherical nickel hydroxide be-
fore and after electroless cobalt deposition are shown in
Fig. 1laand b, respectively. The corresponding particles are
shown at higher magnification in Fig. 2. Clearly, the size
of the nickel hydroxide particles after electroless cobalt
deposition is larger than that before such treatment. More-

Table 1
Capacity and utilization of the active material for different electrodes

over, the particles change colour from green into gray—
black. The surfaces of the particles before electroless
cobalt deposition are smooth but became coarse in the
presence of cobat (Fig. 2a and b). The coarse appearance
increases the real surface area of the particle and, thus,
improves the activity of nickel hydroxide and modifies its
electrode performance.

3.2. Discharging behavior of the electrodes

Typical discharging curves for the three electrodes at
the 0.2°C rate are given in Fig. 3. There is an initia
decline on potential between 450 and 500 mV to less than
350 mV. This is followed by a more stable region. Limit-
ing current regions are observed below 250 mV. The
discharge capacity of electrode A is the lowest among the
three types of electrodes. When 5 wt.% cobalt powder was
added as a conductor, the discharge capacity was improved
to a certain degree (electrode B). After depositing cobalt
on the surface of the nickel hydroxide particles, however,
the discharge capacity increased markedly (electrode C).

The discharge capacity, utilization and mean discharge
potential are listed in Table 1. The data show that the
discharge capacity and utilization of active material are a
little improved after cobalt powder is added as a conduc-
tor. By contrast, after electroless deposition of cobalt on
the surface of nickel hydroxide particles, these parameters
greatly increase.

Previous investigations [5,8] have shown that cobalt
decreases substantially the discharge potentia of the nickel
hydroxide redox reaction. Though these results relate to
nickel hydroxide particles or film obtained by electrochem-
ical impregnation of cobalt or chemical coprecipitation of
cobalt, analogous discussion can also be obtained for
electrodes using cobalt powder as a conductor. Similarly,
after electroless deposition of cobalt on the surface of the
particles, the mean discharge potential aso will dightly
decrease, but the magnitude of the decrease will be very
small.

3.3. Cyclic voltammetric studies of the electrodes

Cyclic voltammetric technology is a useful method for
studying cell characteristics. It enables independent estima-
tion of oxidation as well as reduction reaction potentials
and throws light in their mechanism. Further, within cer-
tain limitations, it enables estimations to be made [6,8] of

Electrode Utilization (%) Specific capacity (mA h/g) Specific volume capacity (mA h/cm?®)
A 57.2 165 421

B 819 237 542.7

C 94.1 272 597.3
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Fig. 4. Voltammograms of different electrodes. (1) Electrode A; (2)
Electrode B; (3) Electrode C. Scan rate: 0.1 mV s™1.

various parameters such as charge capacity, coulombic
efficiency, reversible potential and reversibility.

Voltammograms for the three electrodes are shown in
Fig. 4. Each electrode displays one anodic and one ca
thodic peak, corresponding to the nickel hydroxide redox
reaction. The average peak potentid, E,,, is taken as an
estimate of the reversible potential and the difference in
the anodic and cathodic peak positions. AE,, is taken as
an estimate of the reversibility of the reaction [6,8]. The
difference between the oxygen evolution potential and the
oxidation peak potential (DOP) is used as an indicator for
raising the oxygen evolution overpotential [9]. These esti-
mates are given in Table 2. As seen from Fig. 4, the
oxidation peak of electrode B is dlightly shifted to a
cathodic potential compared with electrode A, while elec-
trode C is significantly shifted to cathodic potential. The
changes in reduction peak potentials of the electrodes are a
complex relationship. Shifts in the reduction peak potential
showed cathodic shift with electrode B and anodic shift
with electrode C. Comparing the results in Table 2, the
reversibility, charge capacity and oxygen evolution overpo-
tential of the electrodes increase in the order:

ElectrodeC > ElectrodeB > Electrode A
This indicates that electrode C has a greater discharge

Table 2

Results of cyclic voltammetry measurements for different electrodes

EI ectrode Eanodic / Ecathodic / A Ea,c / Eres./ DOPa/
mV mV mv mV mV

A 637 1901 446 414 17

B 591 203 389 397 89

C 508 242 — 266 375 168

#0xygen evolution potential taken as the value where the anodic current
density = 0.0125 mA /cm™~2.

capacity and better reversible characteristics. Thus, electro-
less cobalt on the surface of nickel hydroxide particles is
beneficial when using this material as positive electrodes
in rechargeable alkaline batteries.

4. Discussion

Cobalt additives are generally considered to improve
significantly the performance of nickel hydroxide through
affecting both the ionic and the electronic conductivity of
the active material [4]. The distribution of cobalt in the
lattice of nickel hydroxide is heterogenous and thus the
conductivity of nickel hydroxide is not maximized and the
positive active-material cannot be fully used in the
charge—discharge process. Because the conductivity of
nickel hydroxide is very low, nickel(Il) species accumulate
at the hydroxide/electrolyte interface. These species are
insulating and, consequently, prevent discharge of the crys-
tallite core [1]. On the other hand, the presence of Co(lll)
which is oxidized during charge, may maintain the current
path and hence allow a more complete discharge of the
active material. But, whether chemically coprecipitating
cobalt hydroxide into the nickel hydroxide lattice or form-
ing a cobalt hydroxide film by electrochemical impregna
tion, the heterogeneous distribution of cobalt in the lattice
of nickel hydroxide will cause the nickel oxyhydroxide
which is formed during charge to be incompletely reduced
back to nickel hydroxide. This results in a low utilization
of active material, especialy for a pasted electrode with a
highly porous substrate. Thus, in order to improve the
discharge behaviour of the electrode, most battery produc-
ers add cobalt powder as a conductor (see electrode B),
cobalt. Nevertheless, mere mixing of cobalt powder with
nickel hydroxide does not provide a good electrical path
due to distribution of isolated cobalt powder that does not
sufficiently connect nickel hydroxide with the adjacent
substrate. A Japan patent [10] has presented a method for
the electroless deposition of nickel on the surface of nickel
hydroxide particles. Such a nickel coating will be oxidized
to nickel oxyhydroxide during charge and therefore, cannot
efficiently improve the conductivity of nickel hydroxide
particles.

The electroless deposition of cobalt on the surface of
nickel hydroxide particles can effectively improve the
performance of electrodes (see electrode C in Table 1).
This is considered to be due to the formation of cobalt
oxyhydroxide ( 3-CoOOH) on the surface of nickel hy-
droxide particles during charge. The compound is expected
to provide a good €electrical path. Benson [11] found that
B-CoOOH had a high conductivity of about 50 x 10~*
mho /cm when compressed as a powder at 1000 kg cm 2.
By contrast, B-NiOOH powder has a conductivity of only
about 10~* mho/cm. The formation of cobalt oxyhydrox-
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ide is attributed to the conversion of Co to Co (Il) [12],
i.e.,

Co + 20H = Co(OH), + 2e~ (2)
Co+ 20H = CoO + H,0 + 2e~ (3)
and

Co(OH), + 20H"= CoOOH + H,0 (4)
CoO + OH'= CoOOH (5)

Thus, Co(OH), and CoO will be changed to a lightly
conductive B-CoOOH. Because of the irreversibility of
Co(ll) /Co(111) and the good electrical conduction between
the nickel hydroxide particles and the substrate [13], the
higher active-material utilization is clearly correlated with
the uniform distribution of cobalt on the electrode. Conse-
quently, it is clear that uniform distribution of cobalt
through electroless deposition of cobalt is responsible for
the high active-material utilization of electrode C (see
Table 1).

Battery producers are well aware that the addition of
cobalt to the nickel electrode leads to a decrease in the half
discharge potential. Armstrong et al. [1] has reported that
the addition of 12 wt.% cobat to the nickel hydroxide
electrode produces a general depression of the plateau
potential. A similar phenomenon is displayed in Fig. 3.
This result differs, however, from those obtained either for
an anodically grown nickel hydroxide layer on a nickel
electrode under voltammetric conditions [14] or a chemi-
caly coprecipitated nickel hydroxide layer with a cobalt
additive [1,2] namely, the decrease in the half discharge
potential after electroless deposition of cobalt on the sur-
face of nickel hydroxide particles is much smaller than that
observed with other methods and is only 6 mV.

From a comparison of the curves in Fig. 4 and the
resultsin Table 2, it is evident that the cathodic and anodic
peak potentials of nickel hydroxide are shift significantly
for the three electrodes, but for each type of electrode,
only one anodic peak (at about 590 mV) is recorded prior
to oxygen evolution. Similarly, only one oxyhydroxide
reduction peak (at about 300 mV) is observed on the
reverse sweep. Similar voltammograms have been reported
for nickel hydroxide electrodes in alkaline solution [2,5,6].
The results in Table 2 demonstrate that electrode C has a
higher oxygen evolution overpotential greater reversibility
for Ni(OH),/NiOOH electrode and a higher DOP value.
These characteristics suggest that electrode C exhibits an
apparent increase in the depth-of-discharge and excellent
performance.

Armstrong et al. [1] considered that the action of cobalt
is likely to be a surface effect where the additive alters the
enthalpy of chemisorption. The change in thermodynamics
thus aters the kinetics of the process. In this study, the

caobalt distribution is more uniform and thus good electri-
cal connection will be provided. Also, the electrode will
display higher active-material utilization and better perfor-
mance.

5. Conclusions

This study has examined the effects of surface modifi-
cation of nickel hydroxide particles on positive electrode
behaviour in rechargeable akaline batteries. The main
improvements are as follows.

(1) The shift of the nickel hydroxide redox reaction to
less anodic potentials and the decrease in the oxidation
potential of the active material improve both the reversibil-
ity of the Ni(I1) Ni(lI1) redox reaction and the utilization of
active material.

(2) Electroless deposition of cobalt increases the oxygen
overpotential and thus allows full oxidation of the nickel
hydroxide.

(3) A highly conductive cobalt oxyhydroxide layer on
the surface of nickel hydroxide particles can be formed
during charge after electroless deposition of cobalt and this
allows a greater depth-of-discharge.

(4) Electroless deposition of cobalt for nickel hydroxide
particles requires smaller amounts of cobalt than direct
addition of cobalt to the electrode and also exhibits better
electrode performance. Thus, this method is economically
attractive to battery manufacturers.
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