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Abstract

Sintered nickel electrodes containing cobalt and cadmium hydroxides as additives were prepared by anodic polarization in 42 wt.%
KOH solution of sintered nickel supports impregnated with mixed metal nitrate solutions. The structural and electrochemical
characteristics of these electrodes were investigated by scanning electron microscopy, X-ray diffraction, cyclic voltammetry and
charge—discharge curves. The addition of Co(OH), and Cd(OH),, in active material have been shown to increase the discharge capacity
and coulombic efficiency of nickel electrode by improvement of the electrode processes reversibility and by minimizing of the parasitic
oxygen evolution reaction. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction The transitions of these couples take place according to

Bode (Eg. (1)) [4]:

The nickel hydroxide electrode has been the object of
many studies because of its utilization as cathode in alka-
line batteries: nickel—cadmium, nickel—iron, nickel—zinc,

nickel—hydrogen, and most recently, in nickel—-metal hy- B -Ni(OH), __agemg o -Ni(OH)

dride systems [1]. - -
The active material of the nickel electrode consists of +e © te ©
Ni(Il) hydroxide, in discharged state and Ni(lll) oxihy- +HL g +Hl gt @
droxide in charged state. Two distinct couples, pg- overcharge
Ni(OH),/B-NiOOH and a-Ni(OH),/y-NiOOH, can par- B -NiOOH Y -NiOOH

ticipate in the charge—discharge reactions of the nickel

electrode [2,3].

The electrochemical characteristics and the perfor-
mances of nickel electrode depend of structural forms of
active material.
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The discharge of the electrodes containing B-NiOOH
proceeds at more positive potentials than that of the elec-
trodes having y-NiOOH. The discharge capacity is higher
for electrodes containing y-NiOOH due to a nickel oxida
tion state of 3.7—3.8, while for B-NiOOH, it only dlightly
exceeds 3 [5-8].

The charge process of nickel electrode occurs usualy in
competition with oxygen evolution expressed by Eq. (2):

40H™ - 0,1 + 2H,0 + 4e . (2)
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Table 1
The compositions of the mixed metal nitrate solutions
Electrode Immersion solution
H,0() Ni(NOs), - 6H,0 (g) Co(NOy), - 6H,0 () Cd(NO,), - 4H,0 (g)
Ni + Co 0.3 540 59.82 -
Ni + Cd 0.3 540 - 40.18
Ni + Co+Cd 0.3 540 29.91 20.09

For an efficient charge of nickel cathode, the oxygen
evolution must be minimized.

The addition of some metal hydroxides to the active
material and lithium hydroxide to the electrolyte has a
great influence on the electrochemical behaviour of the
nickel electrode [6-13].

2. Experimental

Nickel electrodes were prepared by an electrochemical
activation of the sintered nickel supports, realized from
nickel powder obtained by thermolysis of Ni(NO,), - 6H,0
[14]. The sintered supports were immersed in a saturated
solution of Ni(NO,), - 6H,0 for 24 h, at room tempera
ture, and then were dried at 80°C for 2 h. After impregna-
tion with the nickel nitrate, the supports were anodically
polarized between two nickel plates (99.89 wt.% Ni) cath-
odes, in 42 wt.% KOH electrolyte, at a current density of
30 mA /cm? for an hour.

Electrodes containing inactive material cobalt and cad-
mium hydroxides as additives were prepared by the same
method. Thus, the sintered nickel supports were immersed
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Fig. 1. Cyclic voltammograms of sintered nickel electrode in 6N KOH +
359/l LiOH, a v =20 (1, 2), 6.66 (3), 3.33 (4), and 1.11 mV /s (5).

in mixed metal nitrate solutions before anodic polarization.
The compositions of nitrate solutions are presented in the
Table 1.

Binary electrodes, Ni + Co and Ni + Cd, consisting of
nickel hydroxide with calculated contents of 10 wt.%
Co(OH),, and 10 wt.% Cd(OH),, respectively, and a
ternary electrode, Ni + Co + Cd, consisting of nickel hy-
droxide with 5 wt.% Co(OH),, and 5 wt.% Cd(OH), were
prepared. The amounts of additives (Co(OH), and
Cd(OH),) were only stoichiometric calculated on the basis
of the precipitation reactions of that hydroxides from
nitrates, considering 100% efficiencies and not experimen-
tally determined.

The electrochemica behaviour of these electrodes has
been investigated by cyclic voltammetry and charge—dis-
charge curves.

The cyclic voltammetry measurements were made in a
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Fig. 2. Cyclic voltammograms of Ni, Ni+ Co, Ni+ Cd, and Ni +Co+ Cd
electrodes, in 6N KOH+35 g/I LiOH, a v =1.11 mV /s.
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Table 2
Cyclic voltammetry measurements of sintered nickel electrodesat v = 1.11
mV /s, in 6N KOH+35 g/| LiOH electrolyte

Electrode gap V) e, V) A, (V) & (V) gy /lap
Ni 0.340 0.085 0.255 0212 0.89
Ni+ Co 0.300 0.070 0.230 0.185 0.90
Ni + Cd 0.290 0.140 0.150 0215 0.90

Ni+Co+Cd 0.300 0.075 0.225 0.188 091

conventional three-electrode cell using SCE as reference,
connected through a Luggin capillary, and a platinum wire
as counter electrode. All the potentials given in this paper
are referred to SCE. The apparent surface area of the
working electrode is 1 cm?.

The electrolyte was 6N KOH solution containing 35
g/l LiOH as additive, because the favourable effect of
LiOH on nickel electrode performances [15]. The experi-
ments were performed by means of a Wenking HP72
potentiostat, a PV2 programmer and an Endim 620.02
X=Y recorder.

The charge—discharge curves were performed in a half-
cell consisting of the sintered nickel electrode (70 X 35 X 1
mm) as working electrode, a SCE as reference and a nickel
plate as counter electrode. All experiments were conducted
at room temperature.

The different forms of active material (uncycled, charged
and discharged) were characterized by X-ray diffraction
(XRD) and scanning electron microscopy (SEM).

X-ray diffractograms were obtained with a DRON 3
powder diffractometer, using CuK , radiation. SEM pho-
tographs were taken using a BS 340,/1990 Tesla-Brno
microscope.

Table 3
Oxygen evolution overpotentials and hydrogen evolution overpotentials,
in 6N KOH+35 g/I LiOH electralyte

Electrode g0, V) en, V) Mo, V) My, (V)
Ni 0.420 —1.280 0.263 0.202
Ni+ Co 0.430 —1.280 0.273 0.202
Ni +Cd 0.440 —1.290 0.283 0.212
Ni+ Co+ Cd 0.470 —1.290 0.313 0.212

Table 4
Coulombic efficiencies of sintered nickel electrode

Electrode QchargelMAN)  Qgischarge (MAR) 1 (%) & (V)
Ni 550 383 69.64 0.274
Ni+ Co 550 475 86.36 0.242
Ni+Cd 550 433 78.73 0.280
Ni+Co+Cd 550 450 81.81 0.285
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Fig. 3. Charge—discharge curves of Ni (1-2), Ni+ Cd (3-4), and Ni + Co
(5-6) electrodes, at | =100 mA, in 6N KOH+ 35 g/I LiOH.

3. Results and discussion

The processes that occur on sintered nickel electrode
were evidenced by cyclic voltammetry [15]. The voltam-
mograms of nickel electrodes without additives in active
material, at four sweep rates are shown in Fig. 1.

The potential was scanned between cathodic value at
which hydrogen evolution reaction (HER) occurs and an-
odic value at which oxygen evolution reaction (OER)
occurs. The anodic peak was associated with the oxidation
of Ni(OH), to NiOOH (charge process) and the cathodic
peak with the reduction of NiOOH to Ni(OH), (discharge
process).

The stabilized form of the voltammograms at v =20
mV /s was attained in the second cycle (curve 2) after the
addition of 35 g/I LiOH in the 6N KOH electrolyte. It is
evident, from the anodic and cathodic peaks positions, that
a lower sweep rate is beneficia for the reversibility of the
processes.

The voltammograms of sintered nickel electrodes con-
taining cobalt and cadmium additives in active material,
compared with the voltammogram of nickel electrode

0 50 100 150 200 250 300
t (min)

Fig. 4. Charge—discharge curves of Ni (1-2), Ni+Co+Cd (3-4), a
| =100 mA, in 6N KOH+35 g/I LiOH.
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Fig. 5. Evaluation of reversible potentias of Ni (0), Ni -+ Co (x), Ni+Cd
(+), and Ni+Co+Cd () electrodes, in 6N KOH +35 g/I LiOH.

without additives, in 6N KOH + 35 g/I LiOH electrolyte,
a v=111 mV /s are shown in Fig. 2.

In al these voltammograms were identified only the
two peaks corresponding to Ni(OH),/NiOOH couple re-
dox reactions. The presence of the additives in active
material of sintered nickel electrodes has a variety of
effects on the cyclic voltammograms: changes of the peaks
position, of the average potentia, &' = (¢, , — & ,)/2, of
the difference of peaks potentials, Ae, = &, , — &, ,, and of
the ratio of cathodic to anodic peak currents, I,/1,,
(Table 2).

Examination of Table 2 data shows the beneficial effect

of cobalt and cadmium additives, on the reversibility of the
electrode processes, manifested by decrease of A e, and by
adight increase of 1 :1,, ratio.

The average potential was shifted to more cathodic
values for Ni + Co and Ni + Co + Cd, respectively, and to
more anodic values for Ni + Cd electrodes.

The estimation of electrocatalytic effects of cobalt and
cadmium additives in active material on OER and HER
was made by values of oxygen evolution overpotentials,
mo, and hydrogen evolution overpotentias, n,, (Table 3).

The overpotentials were calculated using the experimen-
tally recorded values of OER and HER potentials and the
reversible potential values,e, 5, = 0.157 V/SCE and &, ,,,
= —1.078 V /SCE, respectively [16].

The cobalt and cadmium compounds determined the
increase of m,_in the order: Co+ Cd (0.050 V) > Cd
(0.020 V) > Co (0.010V).

Because the increase of 7, due to cobalt and cadmium
additives, the oxygen evolution is minimized, determining
a better reversibility of the electrode processes, an im-
proved charge of active material and better coulombic
efficiencies, r than for electrodes without additives (Ta-
ble 4).

The values of parameters presented in Table 4 were
obtained from the charge—discharge curves recorded in
half-cell, in galvanostatic regime (1 = 100 mA), at room
temperature (Figs. 3 and 4).

The decrease of plateaus corresponding to OER (the
charge curves of Figs. 3 and 4), at addition of cobalt and
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Fig. 6. X-ray diffractograms of Ni + Co electrode: (a) uncycled, (b) charged, (c) discharged.
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Fig. 7. SEM photographs of Ni + Co electrode: (a) uncycled, (b) charged, (c) discharged.



D.M. Constantin et al. / Journal of Power Sources 74 (1998) 188-197 193

cadmium, also demonstrates the increase of the charge
efficiency and hence, the improvement of the discharge
characteristics of Ni + Co, Ni+ Cd, and Ni + Co + Cd
electrodes.

The reversible potential &, of nickel hydroxide elec-
trode, evaluated from the ¢ vs. Ig t data by intersecting
the anodic and cathodic recovery lines (Fig. 5) was shifted
to more cathodic value by Co(OH), and to more anodic
value by Cd(OH), (Table 4). The ascending recovery lines
were obtained after a discharge of the electrodes with
| =100 mA, to 0.05 V. The descending recovery lines
were obtained after a charge of the electrodes with | = 100
mA for 5.5 h.

Because the shift of ¢ to more cathodic value by
addition of Co(OH),, the charge takes place at less posi-
tive potentials (Fig. 3, curve 5, at values of the potential
above 0.3 V) and it is more complete, minimizing the
OER. On the other hand, it is considered that Co(OH),
improves the reversibility of the electrode processes due to
the electrocatalytic effect of CoOOH /Co(OH), redox cou-
ple [17-19]. This effect is probably related to a particular
structure resulted by the insertion of cobalt ions in the
nickel hydroxide lattice.

Our previous structural investigations of the nickel elec-
trode without additives, by XRD and SEM, demonstrated
the presence of « and B-Ni(OH), in the discharged
electrode and of y and B-NiOOH in the charged electrode
[15].

The structural investigations of Ni + Co electrode

demonstrated the existence of CoOOH in the charged
electrode and a-Co(OH), in the discharged electrode (Fig.
6).

SEM investigation of the uncycled Ni + Co €electrode
(Fig. 7a) shows besides amorphous Ni(OH), active mate-
rial, microcrystalline aggregates of Co(OH),. In the
charged electrode (Fig. 7b), lamellar crystals of B-NiOOH
and small crystals of CoOOH having trigonal symmetry
were evidenced. In the discharged electrode (Fig. 7c),
lamellar aggregates of Ni(OH), and small crystals of
a-Co(OH), were found.

Although, compared with nickel electrode, ¢, for Ni +
Cd electrode is dlightly shifted to more anodic value, the
charge process is more efficient due to the increase of
OER overpotential.

At the same time, the cadmium compounds have a
favourable effect on the reversibility of the electrode pro-
cesses. The XRD structural investigations confirmed the
presence of CdO in the charged €lectrode and Cd(OH), in
the discharged electrode (Fig. 8).

Cadmium did not change the oxidation state, because in
the conditions in which the electrode was cycled, the
potential values corresponding to Cd(OH), — Cd transfor-
mation were not attained.

SEM investigations of uncycled Ni + Cd electrode (Fig.
9a) shows the presence of small crystals of Cd(OH), in the
gaps between the Ni(OH), tabular crystals. In the micro-
crystalline structure of charged electrode (Fig. 9b), pris-
matic crystals of CdO were identified. In the discharged
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Fig. 8. X-ray diffractograms of Ni + Cd electrode: (a) uncycled, (b) charged, (c) discharged.
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Fig. 9. SEM photographs of Ni + Cd electrode: (a) uncycled, (b) charged, (c) discharged.
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Fig. 10. X-ray diffractograms of Ni + Co + Cd electrode: (a) uncycled, (b) charged, (¢) discharged.

electrode (Fig. 9¢) on the acicular—lamellar crystals of
Ni(OH),, there are y-Cd(OH), crystals in the efflores-
cences form.

The Ni + Co+ Cd electrode presents better discharge
capacity and coulombic efficiency than nickel electrode
without additive (Table 4). The XRD investigations
demonstrated that the active material of Ni + Co + Cd
electrode in charged state is y-NiOOH (Fig. 10), which,
according to literature data, confers to electrode a more
reduced self-discharge than B-NiOOH [20].

SEM photographs of uncycled Ni + Co + Cd (Fig. 11a)
indicates the presence of some microcrystals of cobalt and
cadmium hydroxides on the amorphous active materia
surface. In the charged electrode (Fig. 11b), besides charged
active material, y-NiOOH, there are cobalt and cadmium
compounds as carbonates. In the discharged electrode (Fig.
11c), cadmium compound remains as rhombohedral
CdCO,, while cobalt compound appears as trigonal crystal
of a-Co(OH),.

The presence of CdCO; in the active material is aresult
of the action of CO, from air on KOH electrolyte solution
and of the pronounced tendency of substitution of NO3
remained from the preparation step by CO3~ ions.

The Ni + Co + Cd electrodes can be recommended for
Ni—Cd batteries used in electrochemical storage of energy.
In addition, the presence of Cd(OH), as antipolar mass

ensures the protection of sealed Ni—Cd beatteries against
accidental overdischarges.

4. Conclusions

From the studies performed on sintered nickel elec-
trodes having cobalt and cadmium compounds as additives
in active material, the following conclusions can be drown.

(a) The electrochemical characteristics and the perfor-
mances of electrodes, established by cyclic voltammetry
and charge—discharge curves, are in accordance with the
structures and the compositions of electrodes, established
by X-ray diffraction and scanning electron microscopy.

(b) The cobalt hydroxide addition enhanced the elec-
trode performances by the increase of OER overpotential,
the decrease of charge potential and the electrocatalytic
effect of CoOOH /Co(OH), couple on the electrode pro-
Cesses.

(c) The cadmium hydroxide addition enhanced the elec-
trode performances by the increase of OER overpotential
and improvement of electrode processes reversibility.

(d) By XRD and SEM has been demonstrated that the
presence of cobalt and cadmium hydroxides determines the
appearance of different forms of charged active material:
B-NiOOH in Ni + Co electrode, Ni;O,(OH), in Ni + Cd
electrode and y-NiOOH in Ni + Co + Cd electrode.
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Fig. 11. SEM photographs of Ni + Co + Cd electrode: (a) uncycled, (b) charged, (c) discharged.
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(e) From the investigated electrodes, the Ni + Co + Cd
electrodes have been selected for Ni—Cd batteries due to
their high performances and the protection ensured by
Cd(OH), presence against accidental overdischarges of the
sealed batteries.
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