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Summary

The a.c. impedance spectra have been determined, across the nickel/
cobalt hydroxide range, for thin film electrodes. The electrodes were prepared
by cathodic deposition and spectra were obtained under various conditions
of charge and discharge, by application of sequential d.c. potential steps.

Estimates of the electrode surface area showed that the thin film micro-
porosity is increased by the addition of cobalt, reaching a maximum at
cobalt levels greater than 15%. The surface area results have been related to
the electrode performance and the extension of the redox potential region,
with increasing cobalt content, has been confirmed by the spectra observed.

Introduction

The addition of cobalt to the positive electrode of the nickel—cadmium
cell was first commercially exploited by Edison at the beginning of this
century [1] and interest in the additive has continued ever since [2].

Many physical techniques have been employed in the study of the
nickel/cobalt hydroxide system; but the results have not always been clear
due to the complexity of the cells being examined. Researchers have studied
complete batteries, single cells and individual electrodes. With the develop-
ment of a consistent cathodic deposition process, pioneered by Briggs and
Wynne-Jones [3], many workers turned to the examination of thin film
electrodes. These electrodes have a relatively simple geometry and thus
should exhibit some of the more fundamental characteristics of the system.

In this study we have attempted to clarify some of the properties of
such thin films and the effects of cobalt upon them. An a.c. impedance tech-
nique [4] has been used, which allows in situ, quasi steady-state, measure-
ments to be made and when coupled with other techniques the power of this
research tool has proved valuable in illuminating the nature of the nickel/
cobalt hydroxide film.
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Over the last ten years several papers have been published on the
impedance behaviour of thin film electrodes [5-7] and also on small
sintered plates [8]. The resulting information is incomplete and compara-
tively few experimental results have been published, some authors relying
upon theoretical, analogous, circuits te describe their ideas as to what results
might be obtained from the real system. Whilst acknowledging the experi-
mental difficulties and problems in data interpretation when using this
technique, experimental backing to any theory of this complex electrode
system is necessary. It is hoped that the present work may contribute to
solving some of the characteristics of the electrode behaviour.

For an electrode of the Ni/Ni(OH),/KOHqtype, as illustrated in
Fig. 1, the electrode impedance would have contributions from the bulk
Ni(OH), phase, the bulk KOH, phase and from the two interfaces [Ni/
Ni(OH), and Ni(OH),/KOH,q]. The bulk phases would lead to a high fre-
quency resistive offset on the real axis of the resulting impedance diagram,
corresponding to the total resistance between the tip of the reference elec-
trode luggin and the nickel substrate, as indicated in Fig. 2. If the nickel
hydroxide film was porous, and was penetrated by the electrolyte, then little
of its resistance would be apparent; in effect, the aqueous KOH would short
most of it out. Even if the cathodically-deposited film was highly porous,
however, it is unlikely that the electrolyte would contact the substrate
directly because of the presence of a layer of nickel hydroxide, a few atomic-
layers thick, which is readily formed at the interface.

At low frequencies the impedance spectra would be dominated by
interfacial impedances. For the case of slow electron transfer across the
Ni/Ni(OH), interface, as illustrated in Fig. la (or possibly when no electron
transfer occurs at this interface) coupled with rapid OH™ equilibration across
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Fig. 1. Schematic diagram of the reactions at a thin film Ni/Ni(OH), electrode in KOH
electrolyte.
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Fig. 2. Idealised impedance spectra showing the effect of changes in R;.

the Ni(OH),/KOH(, interface, the low frequency impedance would be due
to the Ni/Ni(OH), junction. This would in general have the form shown in
Fig. 2a, where, after the offset due to the bulk phase resistance, we would
expect to find a charge transfer resistance, R, for electron transfer at the
Ni/Ni(OH), interface, in parallel with a capacitive region, C4, for the
Ni/Ni(OH), interface. At very low frequencies a Warburg-type impedance
(due to diffusion of the redox components in the nickel hydroxide phase)
would be likely to be present. This Warburg impedance would terminate in a
capacitive line due to finite diffusion effects in the Ni(OH), phase. When
R,; = oo, the impedance spectrum shown in Fig. 2a would collapse to that
illustrated in Fig. 2b, giving, at low frequencies, a capacitive line from which
the electrode double layer capacitance, Cq, could be estimated.

When rapid electron transfer occurs at the Ni/Ni(OH), interface and
slow OH™ transfer takes place at the Ni(OH),/KOH,, interface, as shown
in Fig. 1b, impedance diagrams similar to those illustrated in Fig. 2 would
again be expected, except that (i) all interfacial quantities would relate to
the Ni(OH),;/KOH,, interface and (ii) the rough nature of the interface
would introduce further complications. However, when R., = oo, then Cg4
would, at sufficiently low frequencies, give a measure of the interface area.
This is generally done by assuming that a flat surface has a Cyq value of
approximately 50 uF cm™2 [9]. Thus, for example, if a thin film electrode
had a capacitance of 100 uF per cm? of substrate we may deduce that the
film porosity has approximately doubled the solid/solution interface area,
providing that the electrode reacts by a mechanism where the hydroxide ion
exchange is the rate determining step as illustrated in Fig. 1b.

When making surface area estimates, however, the frequency at which
the interfacial capacitance is determined must also be taken into considera-
tion. Basically, at high frequencies, only large geometrical features con-
tribute to the capacitance: that is to say, the interior of any small pores or
defects are not seen electrically at these frequencies because ion migration in
or out of these features takes a finite time. At lower frequencies, smaller
features will begin to contribute to the interfacial capacitance, resulting in
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Fig. 3. Typical change in interfacial capacitance, in mF cm™2 of substrate, with a.c.
impedance measurement frequency. (In this case for 60% Co, beta-phase, thin film at
380 mV.)

more accurate surface area estimates. A more detailed account of the effects
of electrode porosity has been reported by De Levie [10].

The typical effect of measurement frequency upon the interfacial
capacitance of a porous electrode, with blocked charge-transfer, is illustrated
in Fig. 3. At high frequencies the detection system does not see the true
porosity of the electrode and records a capacitance value close to that of the
substrate alone, whereas at low frequencies an increasingly accurate measure
of the electrode porosity is obtained. At infinitely low frequencies the
capacitance would become constant and the highest, most accurate, surface
area estimates would be made.

The model described above was applied to the data collected, so that
geometric surface area estimates for the film could be determined.

Experimental

Electrodes were prepared from 0.5 cm diameter nickel rod, which was
heat sealed into polypropylene holders so as to expose an area of approxi-
mately 1.8 cm? A nickel hydroxide or homogeneous nickel and cobalt
hydroxide film was electrodeposited onto this substrate by cathodic polarisa-
tion at 1 mA cm 2 for 10 min from a 0.05 M nickel nitrate solution or a
0.05 M nickel and cobalt nitrate solution respectively. This produces a thin
film deposit (calculated to be 2 X 107* ¢cm thick) of hydrated, alpha-phase,
material. The weight of alpha-phase nickel hydroxide deposited was calcu-
lated to be 0.71 mg and was kept constant so that relative surface area ratios
could be established. The electrodes were then given a single constant



19

current charge and discharge at 0.2 mA cm™2, in 5 M KOH to oxidise any
cobalt present to the Co(II1) state.

To prepare beta phase material, normally found in commercial
batteries, the electrodes were then placed in a PTFE vessel containing
5 M KOH, or 5§ M KOH saturated with cobalt, and stored for 120 h at a
temperature of 40 °C. After ageing, the electrodes were given a further
constant current cycle, ensuring complete discharge of the electrode.

A brief examination of anodically-formed thin films (=50 A thick
[11]) was made. These were prepared on the same electrode substrates by
polarising the nickel to 550 mV (Hg/HgO) for 3 h in 5 M KOH.

The cell used for the a.c. impedance measurements consisted of a single
glass chamber of 150 cm3? volume, into which were sealed a cylindrical,
platinum, counter electrode and a glass luggin capillary. The working elec-
trode was placed centrally in the chamber and an external Hg/HgO reference
electrode was attached by a capillary to the cell. Analar KOH (5 M) was used
both in the cell and in the reference electrode for all of the measurements.

Starting from a discharged condition, impedance measurements were
made, with a frequency response analyser, at a series of potentials up to the
point at which oxygen evolution began. A further set of data was then
recorded at similar points during discharge. At each potential selected, the
electrode was allowed to approach equilibrium for at least 15 min, prior to
any data being collected (the length of time depending upon the approach
of the current flow to zero). The system was controlled by a microcomputer
which was also used to analyse the results. Spectra were obtained over the
range 100 kHz to 5 mHz at regular intervals of applied d.c. potential.

Results

Figure 4 shows a series of typical impedance spectra for 0% and 12%
Co, beta-phase, thin film electrodes. This data was taken during a series of
discharge potential steps, but was essentially the same as the charging step
spectra, when the potential hysteresis of the electrode is taken into account.
At an applied d.c. potential of 500 mV both electrodes were fully charged
and oxygen evolution was commencing on the thin films. This charge-
transfer reaction [12] would be expected to give rise to a semicircle in the
impedance plane; however, in Fig. 4, only the first part of the semicircle is
observed due to its large diameter. Below the oxygen evolution potential a
capacitive impedance spectrum was seen for both electrodes, the potential
being too high to allow any reduction of the active material to occur at the
electrode. As the potential was lowered the reduction process could begin,
and at around 320 mV spectra showing a charge-transfer semicircle and a
Warburg-type line were recorded. The presence of a Warburg line indicated
that the reaction process was partially diffusion controlled. At lower
potentials the electrodes became capacitive again, corresponding to the
discharged condition; however, because cobalt addition both lowers the
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Fig. 4. Typical impedance spectra for 0% and 12% cobalt thin film electrodes at 500 mV,
oxygen evolution; 480 mV, charged; 300 mV Redox reaction; and 280 mV, discharged.

redox potential and extends the range over which the redox reaction can
occur [13], Fig. 4 shows that some reaction is still indicated for the 12%
cobalt film at 280 mV. The 12% cobalt electrode behaves completely
capacitively when the applied potential is approximately 150 mV.

It may be noted that in all cases the bulk resistance (due to the solution
and film) was less than 0.5 ohms, which indicates that the electrolyte always
penetrated the film to a considerable extent.

The Figure shows that at low levels of cobalt there is no great change in
the impedance behaviour of the electrodes.

Table 1 lists high frequency interfacial capacitance data for thin film,
cathodically deposited, electrodes. It can be seen that all the electrodes
exhibit a higher capacitance when near the fully charged condition than
when discharged. It is known that the nickel component of the film has a
considerably lower conductivity when in the reduced, Ni(II), state than
when oxidised [13] and thus the discharged electrode may well exhibit a
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TABLE 1

High frequency capacitance values for thin film electrodes determined from impedance
measurements at 5000 Hz

Potential Interfacial capacitance (mF cm™2)
mV) vs. (Hg/HgO
(mV)vs. (He/HEO) ) 1o Ni(OH),  Beta Ni(OH);  12% Cobalt,  60% Cobalt,
film film beta film beta film
Charging
330 0.24 0.29 0.24 0.12
380 0.32 0.88 0.49 0.16
430 1.0 0.26 0.83 0.25
480 5.0 1.9 1.8 0.31
500 2.9 1.8 0.38
Discharging
480 3.4 5.1 0.36
430 5.7 0.35 4.8 0.38
380 4.0 0.32 2.9 0.31
330 3.0 0.22 0.87 0.26
300 0.65 0.73 0.23 0.29
280 0.22 0.15 0.20 0.21

capacitance mainly due to the substrate surface. Similarly, the oxidised film
might yield a capacitance for the entire film/electrolyte interface, the
increased conductivity of the active mass possibly allowing the electron
exchange at the substrate to become faster. The addition of cobalt to the
system enhances the electrode film conductivity and would thus decrease
the variation of capacitance with state of charge, as can be seen in Table 1,
particularly for the 60% cobalt electrode. This behaviour is illustrated in
Fig. 5, where the electrode capacitance is plotted against measurement fre-
quency for electrode potentials above and below the Ni(II)/Ni(III) redox
potential, The marked decrease in capacitance upon reduction of the nickel
hydroxide electrode contrasts strongly with the cobalt-containing electrode,
where a small hysteresis, is observed.

Table 2 shows the corresponding low frequency capacitance data at
various stages of charge and discharge. The electrode capacitance values are
approximately one thousand times larger than at the high frequency, which
indicates considerable microporosity, as outlined earlier. A maximum in
interfacial capacitance was, again, observed when the electrodes were in an
oxidised condition and addition of cobalt clearly decreases the capacitance
variation with state of charge.

For nickel hydroxide and low cobalt containing nickel hydroxide
electrodes, the impedance measurements around the redox potential could
not be used to give capacitance data for Table 2 because the capacitive
component of the spectra is beyond the Warburg-type line, at a very low
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Fig. 5. Typical variation of interfacial capacitance, in mF ecm™2 of substrate, with a.c.
impedance measurement frequency for 0% and 60% cobalt electrodes at potentials above
and below the Ni(II)/Ni(IIl) redox potential.

TABLE 2

Low frequency capacitance values for thin film electrodes determined from impedance
measurements at 0.01 Hz

Potential
(mV)vs. (Hg/HgO)

Interfacial capacitance (F em™?)

Alpha Ni(OH), Beta Ni(OH),

12% Cobalt,

60% Cobalt,

film film beta film beta film

Charging

ggg Redox semi-circle and Warburg g};
430 0.059 0.0075 0.28 0.20
480 0.098 0.12 0.24 0.16
500 Oxygen evolution 0.14
Discharging

480 0.098 0.096 0.22 0.15
430 0.11 0.099 0.24 0.16
380 0.12 0.016 0.28 0.17
330 0.096 0.10
300 Redox semi-circle and Warburg 0.11
280 0.0013 0.0013 0.0011 0.14

frequency, and would reflect the charge/discharge process as well as the

surface area.

As mentioned earlier, cobalt increases the potential range over which
the redox process can occur and this has been reflected in the impedance
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Fig. 6. Impedance spectra for a 60% Co, beta-phase, thin film electrode, showing the
effect of d.c. potential upon the redox process.

spectra observed. Figure 6 shows typical spectra for a 60% cobalt, beta
phase, film under various d.c. potentials.

It is apparent that at these high cobalt levels there is no visible Warburg-
type line associated with the redox process and this suggests that the reac-
tion is no longer dominated by diffusion effects, the decrease in diffusion
control perhaps being a result of the changes in film morphology or con-
ductivity resulting from cobalt addition. It should be noted that a Warburg
line can, on occasion, be obscured by a large charge-transfer semicircle,
although this is considered unlikely here.

It can be seen that a trend in the magnitude of the charge-transfer
resistance, R, with potential exists, such that at potentials on the edge of
the redox potential region, R, is large, but when the electrode is near the
nickel redox potential, R, becomes very small. This effect was also observed
at low cobalt levels, R, changing by up to a factor of one hundred over the
potential range where redox occurred. This change in R, is in agreement
with Barton et ql. [8] who computed results for a sintered electrode.

Essentially, when R, becomes very large, a capacitive impedance
spectrum is observed, being the stem of the semicircle, which is so large as to
be beyond the detection range of the equipment. Now, for a 60% Co elec-
trode, because the redox potential range is extended, a series of charge-
transfer semicircle spectra can be obtained, the R, values becoming smaller
as the potential of the nickel redox maximum is approached and larger
further away from the redox potential. Thus, if the electrode was taken to
more cathodic potentials than applied in Fig. 4, then a capacitive spectrum
would eventually be recorded, just as in the case of the low cobalt elec-
trodes. It may also be noted that at high cobalt levels the R, values are
generally smaller than at low cobalt levels, allowing for redox potential shift,
which indicates that cobalt improves the reaction kinetics of the electrode.
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This observation is in agreement with the findings of several workers, includ-
ing Elder and Jost [14].

Discussion

The electrode capacitance results obtained may be interpreted in the
following way. Considering a pure nickel hydroxide electrode in the reduced
state, the measurements indicate that it has a low interfacial capacitance over
a considerable frequency range, which is not much larger than a typical
double layer capacitance. This behaviour is consistent with a mechanism
where the low conductivity of the film may result in electron exchange at
the film/substrate interface becoming the rate determining step (see Fig. 1a).
The capacitance values obtained under these conditions would be thus
related to the geometric area of the substrate alone. The impedance measure-
ments obtained do, however, show some suggestion of film porosity, in that
there is no significant bulk resistance observed.

When the electrode is oxidised to some extent, or when cobalt is added
to the lattice, an increase in film conductivity occurs which may result in the
hydroxide ion exchange becoming rate determining, as described earlier. The
impedance behaviour observed would then be dependent upon the
electrolyte/film interface and would result in much larger capacitance values
which may be related to the surface area of the interface.

Table 3 shows the derived surface area ratios along with some electrode
capacity data for comparison. The anodic film data cannot be compared
directly with the cathodically-deposited electrode results, because the
quantity of material present is somewhat less: however, it is apparent that
the anodic films are micro-porous to an extent which may not be fully

TABLE 3

Relative surface area ratios from impedance data and electrode capacity results

Electrode type Ni Anodic  Cathodically deposited films, -phase

rod film
0% Co 0% Co 12% Co 45% Co 60% Co 100% Co

Film surface area?,
cm? per em? of

substrate
At 0.01 Hz 1 400 632 1474 1263 1053 947
At 5000 Hz 1 28 17 25 60 2 2

Electrode capacity,

mC per cm? of

substrate
Constant I charging 0 238 337 407 280 0
Linear £ Sweep 0 194 245 390 210 0

2Values corrected by Ni rod capacitance value.
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appreciated from scanning electron microscope (SEM) examination [15].
The cathodically-formed films show some correlation between electrode
capacity and relative surface area. The exact relationship is unclear because
cobalt is essentially an electrocatalyst in this system: when substituted for
the nickel component, beyond the level at which maximum utilisation of
the active material occurs, it will effectively decrease the electrode capacity
regardless of the surface area exposed [13].

The electrode capacity is thus dependent upon the amount of active
material present and the extent to which it is utilised, whether the change
in utilisation is due to improved conductivity or to an enlarged film/
electrolyte interface.

The surface area ratios are complementary to our previous SEM studies
of these electrodes which showed considerable morphological changes with
cobalt addition [16]. It may be noted that the surface area ratios for the
cathodically deposited films results in surface area per gramme values around
150 m? g~! which may be compared with approximately 210 m? g™! for
sintered plate electrodes [17].

The impedance data presented has allowed the qualitative, SEM, studies
of cathodically-deposited thin film electrodes, made earlier, to be quantified
in terms of changes in surface area. The highly porous nature of the elec-
trodes has been demonstrated and the surface area ratios agree well with
BET measurements reported elsewhere [15].

The trends in electrode capacitance with oxidation state are in agree-
ment with the literature [5, 6] and are consistent with our earlier observa-
tion of enhanced film conductivity due to the presence of cobalt.

The addition of cobalt to the system considerably extends the potential
range over which redox behaviour may occur and this is essentially comple-
mentary to our earlier linear potential sweep experiments [16] as shown in
Fig. 7. The linear sweep results did, however, exhibit one feature which has
not been mirrored in the present work and this is concerned with a two-
step oxidation process observed around the 50% cobalt level. Figure 7 shows
typical linear sweep curves for a 45% and a 75% cobalt electrode: as can be
seen there is clear evidence here for a two stage redox process at the 456%
level and it may have been expected that impedance studies would also show
such details. A series of spectra were envisaged comprising two regions where
charge-transfer semicircles would be seen, separated by a region with a
capacitive spectrum. However, no such results were obtained, there being a
continuous series of redox, semicircle, spectra across the relevant potential
region. This indicates that the two oxidation and reduction steps are not
truly independent of each other, that is to say, the Ni(II)/Ni(III) redox
potential region overlaps with the Ni(III)/Ni(IV) redox region.

Finally, the current work has shown that the impedance technique can
be applied to determine surface area estimates and to provide information
upon the reaction kinetics. It is apparent from the study that even thin film
electrodes, used for battery research because of their relative simplicity, are
actually quite complex in their own right and deserve closer study. Indeed
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Fig. 7. Linear potential sweep curves for beta-phase thin film electrodes containing 45%
and 75% cobalt, after several cycles at 0.1 mV s

these highly porous electrodes have physical characteristics similar to those
of the complex sintered nickel electrodes used in the battery industry
today [18].

Conclusions

1. Thin film electrodes prepared anodically and cathodically have been
shown to be micro-porous. In the case of cathodically formed films, this
porosity is related to cobalt content and may be advantageous in commercial
electrodes.

2. A relationship between electrode surface area and electrode capacity
exists, which is complicated by the presence of cobalt due to increased film
conductivity and by changes in the amount of active material deposited.

3. The addition of cobalt to the system improves the electrode kinetics
by lowering the charge-transfer resistance of the reaction process.
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