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Summary

Nickel oxide electrodes are widely used as cathodes in alkaline
batteries. The introduction of electroactive material can take place by
chemical and electrochemical methods. The effects of various additives to
nickel nitrate solutions, used to impregnate sintered nickel electrodes elec-
trochemically, have been studied at different current densities. The varia-
tion in active material composition was determined using atomic absorption
and infrared spectroscopy. Ideal conditions for the preparation of nickel
oxide electrodes have been identified.

Introduction

The impregnation of electroactive material may be carried out either by
chemical [1, 2], thermal [3, 4], or by electrochemical methods [5 - 12].
Nickel hydroxide, or mixed hydroxides of nickel with zinc, cobalt,
cadmium, and manganese, may be used as the electrode-active material.
The present investigation deals with the electrolyte composition and cell
operating conditions. The performance of the optimised electrode was
investigated using atomic absorption and infrared spectroscopic methods.

Experimental

Preparation of nickel electrodes

Loose sintered nickel electrodes were prepared by depositing reduced
Inco nickel 250 powder onto perforated, mild steel sheet current collectors.
They were then sintered at 1173 K under a hydrogen atmosphere for 1 h.
The porosity of the 7 X 5.5 X 0.2 cm electrodes was found to be 70 - 80%.

* Author to whom correspondence should be addressed.
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TABLE 1

Impregnating solutions

Electrode Electrolyte pH
composition
A 3 M Ni(NO3),
+0.25 M Co(NO3),
+0.1 M Cd(NO3), 2-3
+0.1 M MnSO,4
+0.1 M ZnSO,
B A + 0.25 M NaNO, 4-5
C B + HCOOH 3-4
D A + Sodium acetate 4-5
E A + HCOOH 1-2
F B + HNO, 1-2

Cells were constructed using the sintered nickel plaques as cathodes
with high-purity nickel (99.5%) sheet anodes.

Impregnation was carried out at different cathodic current densities for
90 min in various electrolytes (Table 1) with the cathodes between two
anodes.

Preparation of activated iron electrodes

Loose sintered iron electrodes were prepared using steel sheets, onto
which nickel had been deposited, as current collectors. A reduced elec-
trolytic iron powder and iron oxide (Fe + 15% w/w «-Fe;0, + 3% w/w Cu +
10% w/w CdO + 0.03% w/w FeS) mixture was spread uniformly onto the
current collector and sintered at 1173 K for 1 h under a hydrogen atmo-
sphere. The dimensions of the electrodes were 7 X 5.5 X 0.2 cm. They were
cathodically treated in 6 M KOH solutions, containing 32 g I"! of elemental
sulphur, at 303 K for 36 h at 8 mA cm™ 2 using stainless steel anodes [13].

Charge and discharge studies

Nickel-iron cells were assembled in a perspex container using two iron
electrodes of higher capacity as counter electrodes in 6 M KOH + 0.63 M
LiOH and a nylon cloth separator. Charging was at the C/13 rate for 20 h.
The nickel electrodes were discharged to 150 mV with regard to Hg/HgO
at the C/4, C/5, and C/10 rates.

Analysis of the impregnated active material

An infrared spectrometer was used to obtain the vibrational spectrum,
whilst an atomic absorption spectrometer was used to determine the
composition of the active material in the acid media.
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Results

Electrochemical impregnation

This method involves the cathodic precipitation of metallic hydroxides
from nickel salt solutions. The compositions of the electrode active materials
are given in Table 2. To maintain a pH of 1 - 2, either nitric acid or formic
acid was introduced periodically during electrolysis. The highest zinc content
was obtained in the electrode prepared from sodium acetate solution. The
influence current density had on the performance of electrodes prepared
from formic acid solution was demonstrated. Increasing the current density
from 5.2 to 6.5 mA cm™? decreased the cadmium content from 9.9 to 5.6%
and the manganese content from 3.5 to 2%, whilst the cobalt and zinc
contents increased from 10.6 to 12.1% and 5.4 to 8.2%, respectively.

TABLE 2

Atomic absorption spectroscopic determination of the active material composition

Electrode Current Composition of active material (%)
?5,’}45‘3',,—2) Ni Mn cd Co Zn

A 5.2 72.6 3.1 7.8 9.6 6.6
B 5.2 69.7 3.6 8.4 11.2 6.9
C 5.2 70.6 3.5 7.9 11.3 6.4
D 5.2 68.8 1.6 5.1 8.9 15.3
E 5.2 70.4 3.5 9.9 10.6 54
E,; 4 71.7 2.3 6.3 11.4 8.1
E, 6.5 71.8 2.0 5.6 12.1 8.2
F 5.2 67.1 2.8 6.0 9.7 13.8

Electrochemical studies
Figures 1 -6 present the variation of nickel electrode potential with
capacity at different discharge rates. An initial fali from between 400 and
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Fig. 1. Variation of nickel electrode (A) potential with capacity.
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Fig. 2. Variation of nickel electrode (B) potential with capacity.
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Fig. 3. Variation of nickel electrode (C) potential with capacity.

500 mV to less than 300 mV, followed by a more stable region was
observed in all cases. Below 250 mV limiting current regions were observed.

Discussion

An ideal reversible battery involving only mutually insoluble solid elec-
trode phases requires that the slope of open circuit discharge (V versus Q)
be zero in the absence of activation overpotential, diffusion overpotential,
internal resistance, and other complications arising from design [14]. Since
the discharge curves were almost linear in the centre of the plateau, dE/dQ
at the 50% state of discharge was used to compare the reversible behaviour
of the electrodes.

On a charged electrode, there will be capacity losses on standing, and
the initial fall from +500 to +300 mV is due to the activation overpotential
losses. In this potential range, oxygen evolution may accompany the reduc-
tion of higher valent oxides of nickel. A near-linear region from 300 to 250
mV is mostly due to the internal resistance and the polarisation resistance
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Fig. 4. Variation of nickel electrode (D) potential with capacity.
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Fig. 5. Variation of nickel electrode (E) potential with capacity.
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Fig. 6. Variation of nickel electrode (F) potential with capacity.
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components of the electrode reaction. Below 250 mV, the appearance of
a limiting current is due to the diffusion of hydroxyl ions inside the elec-
trode pores. Between 300 and 250 mV, the reduction of higher-valent oxides
of nickel to Ni;O,(OH), is favoured [15].
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TABLE 3

Parameters derived from discharge curves at different currents for impregnated nickel
electrodes

Electrode (dE*/1d@) Q=Q¢/2 (V/C)x 1073
200 mA 300 mA 400 mA

A 25.0 41.6 50.0
B 33.0 33.0 62.5
C —_ 50.0 50.0
D 41.6 75.0 116.0
E 41.6 50.0 50.0
F 54.3 83.3 83.3

In this potential region, the discharge curves were analysed for (dE/dQ)
at 50% state of discharge. Table 3 shows that the minimum slope was
obtained for electrode A at 200 mA discharge and the maximum for
electrode D at 400 mA discharge. In the case of electrodes C and E the slope
was almost independent of the discharge current. The highest slopes with
electrode F were observed at 300 and 400 mA.

The performance characteristics of different nickel electrodes
discharged at 400 mA are given in Table 4. The percentage of the total
capacity utilised between 350 and 300 mV is compared in an attempt to
determine the composition which gives best performance at near constant
potential. Electrode E (17 - 93% utilisation) was the best, followed by D,
A, C and F. The percentage utilisation was calculated from:

Measured capacity

Utilisation = - -
Theoretical capacity

At 350 to 300 mV, it was observed that on a previously charged
Ni(OH), electrode:y-phase (0.833 NiO,, 0.167 Ni(OH),) (0.35 H,0) (0.33

TABLE 4

Performance characteristics of impregnated nickel electrodes*

Electrode Theoretical Proportion of the total Total Utilisation
capacity capacity falling within capacity (%)
(mAhem™2) the 350 - 300 mV {mA h em™?)

range (%)

A 24.24 68 20.38 84

B 27.74 50 20.78 75

C 29.20 57 24.23 83

D 23.95 70 17.27 72

E 24.24 76 22.50 93

F 25.69 55 20.78 81

*Discharged at 400 mA.
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KOH) was formed and reduced to an oxidation state of 2.7 [16 - 20]. The
protonation of the y-phase leads to

(NiOOH: OH™-M*-xH,0) + H* + e —> Ni;0,(OH), + M* + yH,0

Voltammetric studies [21, 22] on zinc, cobalt, cadmium, and manganese
co-precipitated with nickel hydroxide electrodes revealed that increasing
the zinc content favoured nickel hydroxide oxidation and hindered the con-
version of high valent oxides of nickel to lower valent oxides. Trivalent
cobalt undergoes reductive dissolution to dicobaltite jon. Cadmium and
manganese hydroxides favour the reversibility of the process. The poor
utilisation of D is due to the high zinc and low cobalt contents, whereas the
high utilisation of E is due to the increased cadmium content and low zinc
content.

Figure 7 is the infrared spectrum of the electroactive material from
electrode E which indicates the presence of hydrogen bonding. The dip
in transmission at a wave number of 3440 cm™! is due to the stretching of
the water molecules. The bending of these water molecules may occur, as
evidenced by the trough at 1640 cm™!. The sharp dip at 1380 cm™! suggests
the presence of lattice-trapped or intercalated water molecules [23]. The
remaining troughs on the spectra at 525, 450, and 340 cm™! are due to the
bending, stretching of hydroxyl groups as a whole, relative to the nickel
atom.
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Fig. 7. IR spectra of the electroactive material from electrode E.

Studies on the platinum surface under potentiodynamic conditions
revealed [24] that the inner layer of nickel hydroxide films was found
to contain less water than the bulk of the film. The concentration gradient
of the water molecules is responsible for the electrochemical activity of
nickel oxide electrodes [15].

Conclusions

Studies on the effects of various additives to nickel oxide electrodes
revealed that a composition prepared using a formic acid electrolyte at 5.2
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mA cm™? so as to yield more cadmium and manganese, but less zinc, gave
maximum percentage utilisation during discharge. The IR spectrum of this
electrode material revealed the presence of intercalated water molecules.
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