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I. INTRODUCTION

g~

Under conditions of overcharge, nickel electrodes evolve oxygen from the
surface of the charged nickel hydroxides that serve as the active material in

the electrodes. The kinetics of the oxygen evolution reaction generally have a
significant controlling influence on the recharge and self-discharge charac-

P s -

teristics of the nickel electrode during battery cell operation. Numerous
kinetic studies of oxygen evolution at both planar and porous nickel elec-

trodes have been carried out and have been reviewed by Milner and Thomas (Ref.
1). Particularly for porous electrodes, a wide range of Tafel slopes have been >
observed (Ref. 2), and a number of mechanistic variatior s have been proposed
to account for the observed range of behavior.

- eSS

The kinetics of oxygen evolution at porous nickel electrodes are often -
complicated both by concentration polarization within the porous matrix and by
variations in active surface area with rate due to surface shielding by bubble
coverage. Milner and Thomas (Ref. 1) present data indicating that
concentration polarization and shielding effects can begin to be important at

rates as low as C/20 (0.5 ma/cm2) for sintered nickel electrodes. The purpose

ol

of the work presented here is to use kinetic data obtained from impedance

measurements during the charging process to study the mechanisms for oxidation y!

N

processes in the nickel electrode, and specifically to evaluate how kinetic
data can be used to incdicate active nickel electirode surface area as well as g
to what extent the porous structure of sintered electrodes influence the Tafel
slopes typically observed at current densities used in battery cells. The
changes in porous structure that result from precipitation of nickel hydroxide
active material in the sintered plate, as well as changes that occur during
cycling of plates are of particular interest. The electrochemical kineties of
oxygen evolution from sintered plate electrodes has been explored in this work
as a convenient means of determining the structural uniformity and the overall

quality of sintered plates for use as battery electrodes.
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I1. EXPERIMENTAL RESULTS

Nickel test electrodes were made by electrochemically depositing nickel
hydroxide in sintered nickel plate by cathodic polarization. The electrodes
were 1 em square in all cases, giving a superficial electrode area of 2 cm2.
The nickel sinter had a porosity of about 80%. Electrochemical deposition was
done by cathodic polarization of the sinter in a refluxing (about 85 deg C)
solution containing 60% by volume aqueous 2M nickel nitrate and 40% by volume .
ethanol. Additives such as cobalt hydroxide, manganese hydroxide, or zinc
hydroxide were incorporated into the active material of some electrodes by
substituting the appropriate 2M aqueous metal nitrate solution for 5% of the
nickel nitrate solution. The amount of active material deposited in each )
electrode (loading level) depended on the time and rate of deposition, with .
lower rates and longer times giving the higher loading levels. Systematic
variations in loading level were typically produced by varying deposition time
using a constant deposition rate. The range of loading levels achieved was ]
from about 0.2 to 2.4 g/cc of void volume. The higher loading levels could
only be readily achieved by using deposition rates of 20 ma/cmC or lower.

b -

J
U
All electrodes were electrochemically cycled in a closed plastic cell, Q
which was filled with KOH electrolyte (31% by weight). The cell was equipped ;
with gold-plated feed throughs to which the working, counter, and reference
electrodes were connected by nickel clips and nickel wires. The counterelec- ?,
trode was a 1 inch square nickel metal sheet. A Hg/Hg0 reference electrode was -
employed for all voltage measurements, and all voltages reported are corrected E
for the IR drop between the working electrode and the reference electrode.
This IR drop was obtained from the short time (1 msec) voltage response to a 5
‘"
small amplitude current change, and typically corresponded to a resistance of o
0.3 to 0.5 ohms. The test cell was continuously purged with slowly flowing g,
U
nitrogen to prevent contamination by atmospheric carbon dioxide. All elec-
\
trodes were operated at ambient temperature, which was 22+2 deg C. :\
R
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The experimental apparatus used to control the electrode cycling and to

measure kinetic characteristics is indicated in Fig. 1. The electrode was
operated in a constant current mode, where the current was provided by a high
speed (20 microsecond response time) bipolar power supply (Kepco BOP-36-5M).
The power supply current was controlled at a summing junction by two control
voltages generated by a microprocessor; one voltage providing a 50 ma range of
current and the other voltage providing an additional 2.5 ma of current for a
full scale signal. The low current control signal allowed very small amplitude
changes in the operating current to be accurately controlled by the micro-
processor. The current passing through the working electrode was monitored by
measuring the voltage drop accross a resistor using a high impedance differ-
ential buffer amplifier having a gain of unity. The voltage between the work-
ing electrode and the reference electrode was likewise monitored by the micro-
processor through a high impedance differential buffer amplifier. The micro-
processor also generated an offset voltage that was subtracted from the work-
ing electrode voltage, and the difference multiplied by either 500 or 1000 was
monitored by the microprocessor as a function of time. The time resolution for
monitoring the voltage was 1 msec. The offset amplifiér allowed the micro-
processor to accurately monitor millivolt level changes in electrode voltage
as a function of time. These voltage transient functions were stored by the
microprocessor on disk along with data on electrode voltage and current during
charge and discharge operation. The microprocessor was also interfaced to an
x-y plotter, allowing all stored data files to be processed and plotted as
desired.

Impedance measurements were done for nickel electrodes by applying a
current step to the electrode while it is charging at a constant rate. The
amplitude of the applied current step was chosen by the microprocessor to give
a voltage change for the electrode of about 3-5 mv, a change sufficient to be
accurately monitored by the microprocessor. The microprocessor monitored the
voltage response as a function of time until a steady state condition was
reached. The impedance was determined as a function of time from the ratio of
the voltage response to the current step, or as a function of frequency from

the ratio of the Laplace transforms of the voltage response and the current
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Experimental Apparatus
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Fig. 1. Experimental Apparatus Used for Electrode Cycling, Monitoring, and
Impedance Measurements.
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step (Ref. 3). Electrode resistance R is defined as the low frequency limit of
the impedance and is given by the change in steady state voltage in response
to the current step divided by the current step.
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I11. RESULTS AND DISCUSSION

Typical voltage transient responses obtained from nickel electrodes
during steady-state overcharge are indicated in Fig. 2 for a range of over-
charge rates. The electrodes were charged at a C/5 rate for 9 hr before the
transient measurements were made, insuring that the electrode was in a steady-
state oxygen evolution condition. The changes in the shapes of the transients,
indicated in Fig. 2 as the overcharge current is changed are noteworthy. At an

overcharge current of 1 ma/cm?

, the response follows an exponential time
response quite closely, although this shows up as an "S" shaped curve on the
square root of time axis used in Fig. 2. The exponential time response indi-
cates that the overcharge reaction kinetics are controlled by an activation
controlled electrochemical process at this low current density, rather than by
concentration polarization or bubble shielding effects. As the current density
is increased in Fig. 2 the voltage response tends to rise more sharply at
short times, until eventually at high current densities, on the order of 9
ma/cmz, the voltage response initially rises linearly with the square root of
time, after which it levels out into a steady state condition. A voltage that
changes linearly with the square root of time in this manner indicates that
mass transport processes in the electrode are controlling the polarization
characteristics. The leveling of f of the voltage transient is due to the time
required to establish a steady-state concentration gradient across the thick-
ness of the diffusion layer, which in this case is likely to simply involve

the thickness of the porous electrode structure.

The current/voltage relationships that were measured for a number of
nickel electrodes are indicated in Fig. 3, where the electrodes have been
chosen to cover a range of loading levels. The primary effect of decreasing
loading level in Fig. 3 is to offset the current/voltage lines to the right,.
This effect arises from the decrease in surface area of active material avail-
able in the electrode for oxygen evolution as the loading level is decreased.
However secondary effects are observed in the data of Fig. 3 as evidenced by

the two electrodes shown having similar loading levels, but significantly
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different slopes (the slope of the logarithm of the current when plotted as a
function of the voltage is termed the Tafel slope). If these changes in slope
are due to polarization effects in the porous sinter structure, as has been
suggested by Milner and Thomas (Ref. 1), then the voltage obtained at the
lowest currents where concentration polarization is not expected to be impor-
tant should give an indication of the relative active material surface area.

The correlation of the current at a relatively low voltage (0.45 V) is
indicated in Fig. 4, a correlation which ideally would be expected to be
linear if surface area is proportional to the amount of active material in the
electrode. The results in Fig. U4 appear to follow two different straight line

regions, one for loading levels below about 0.1 g/cm2

, and another segment
having a greater slope for higher loading levels. Review of the current/
voltage data indicates that the change in slope observed in Fig. 4 at about

0.1 g/cm2

results from a 20 mv cathodic offset for all current/voltage lines
for electrodes having loading levels higher than this value. When the data are
corrected for the 20 mv offset, as indicated in Fig. 4, a reasonably good
linear correlation is obtained between low rate 1/V behavior and loading
level. This correlation does provide a means to determine the relative area of
the active material surface in nickel electrodes. A likely reason for the
voltage offset at the higher loading levels is that these electrodes had a
much lower charging current density in terms of electrochemically active
surface area, and thus may have an active material surface with a different
composition and thus different voltage characteristics. For example, at higher
current densities (based on active area) the active material surface is much
more likely to be converted to a vy -NiQOOH structure, rather than the 8-
NiOOH structure attained at lower current densities (Ref. 4). These differ-
ences arise because the current densities used in the measurements are kept
constant based on superficial current density, rather than on electrochemical-
ly active surface area.

The differential resistance of an electrode that exhibits a Tafel, or
exponential relationship, of current density on voltage may be simply derived
as a function of current or voltage by differentiation.
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I =1, exp(V/b) (1) .

R = dv/dl = b/1 = b/(1 exp(V/b)) (2)

A plot of the logarithm of the resistance as a function of electrode voltage
should therefore be linear, with a slope that is the negative of the Tafel
slope.

In R = -V/b + In(b/1,) (3)

Based on Eq. (2), all nickel electrodes operated at a given superficial
current density should have the same resistance, independent of the actual
active surface area internal to the porous structure. This conclusion results
only from the inverse manner in which surface area enters into the resistance
relative to the current density, and of course assumes that no change in
mechanism is involved that would change the Tafel parameter b. Thus the con-
stancy of the resistance over a group of electrodes operating at a constant
superficial current density provides a very sensitive probe as to whether
changes in mechanism are occuring from electrode to electrode.

A plot of log R as a function of voltage is indicated in Fig. 5 for three
electrodes covering a range of loading levels. Figure 5§ clearly illustrates
the tendency for the more heavily loaded electrodes to have a greater Tafel
slope (units are mv/decade of resistance in Fig. 5, or equivalently mv/decade
of current in Fig. 3). The points indicated on each line in Fig.5 are at a

current density of 12 ma/cme

, and the dashed line indicates the resistance
obtained at 12 ma/cm? for nickel electrodes with zero loading. The zero load-
ing voltage characteristic was determined by extrapolating the voltage charac-
teristics of the lightly loaded electrodes in Fig. 4 to zero loading. The
parameter A logR is defined as the difference at a given current density
between the resistance measured for a loaded electrode and the resistance
measured at the same superficial current density for an electrode with zero
loading. This parameter may be thought of as a measure of the increase in the

resistance of an electrode due to the fact that the porous structure is

1k

sttt G 28 .




fa—

LogR (f cmz)

Effects of Loading Level on Log R vs Voltage Plot

NO LOADING
12 mA /cm?

1 J

0. 58

VOLTAGE vs Hg/HgO

Plots of the Logarithm of the Resistance as a Function of Voltage
for Three Electrodes with Differing Loading Levels. The numbers
indicate the_loading level for each electrode in g of active materi-
al in a1 cm2 electrode sample. The points on each line refer to
the resistance at a current of 12 ma/em2. The dashed horizontal
level is the resistance level for a nickel electrode with zero
loading at a current of 12 ma/em2, The & logR parameter is indi-
cated as the difference between the dashed level and the point on
each line, 15
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partially filled with active material. In this light, the A logR parameter .

should be useful to indicate whether a porous electrode has problems with mass
transport through the pore structure or if any blockage of the pores by the
active material has taken place. The parameter A logR for each of the lines in
Fig. 5 at 12 ma/cm? appears to correlate well with the differences in Tafel
slopes between these lines.

In Fig. 6 the resistance of four nickel electrodes having a loading level
of 0.13 g/cm2 has been plotted as a function of voltage. Again the points on
these lines indicate the resistance at a current density of 12 ma/cmz, and the
dashed line indicates the resistance at 12 ma/cm? for a nickel electrode
having zero loading. These data clearly show that although the Tafel slopes
may have a dependence on loading level such as was indicated in Fig. 5, the
Tafel slopes can vary widely for electrodes having the same loading level. For
example, the electrodes in Fig. 6 have Tafel slopes ranging from 40 to 75
mv/decade, while the loading level is the same for all electrodes. However,
for the data in Fig. 6 the correlation of A logR with Tafel slope is quite
good, as was the case for the data presented in Fig. 5. Thus the increase in
Tafel slope for some electrodes always appears to accompany increases in the
resistance arising from the fact that the porous structure is filled with
active material. Such an increased pore resistance may arise from problems
Wwith the uniformity of active material in the pore structure. For example, if
most of the active material has been deposited near the surface of the pores,
much of the internal area and volume of the electrode will be effectively
blocked at high rates of operation. This situation would lead to large in-
creases in resistance due to the filling of the porous structure (i.e., alogR)
that would not be observed if the active material were uniformly distributed
through the porous structure. Thus the resistance characteristics at relative-
ly high overcharge rates can provide an indication of the uniformity of the
active material deposit in the porous structure of sintered electrodes.
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High rate charge/discharge cycling of nickel electrodes, particularly
with large amounts of high rate overcharge, are generally recognized as creat-
ing significant stresses in the active material deposits internal to the
porous electrode. These stresses can cause movement and agglomeration of
active material, with the result potentially being a reduction in active
material surface area combined with a decrease in how uniformly the active
material is distributed in the pore structure. The changes that such cycling
cause in the resistance plotted as a function of voltage during overcharge are
indicated in Fig. 7. These data were obtained by measuring the resistance
characteristics during overcharge for an electrode after about 10 formation
cycles, then repeating the resistance measurements after 1000 high rate
charge/discharge cycles. The rate used for both charge and discharge during
the cycling was the C rate, the depth of discharge was 100%, and the charge
return for each cycle was equal to the capacity discharged in the first cycle.
During this cyeling the electrode capacity increased about 7%. Analysis
indicated that little active material was shed from the electrode during the
cycling. The resistance characteristics indicated in Fig. 7 show an increase
in Tafel slope from 62 to 77 mv/decade resulting from the cycling, along with
an anodic voltage offset of about 20 mv. The combination of the voltage offset
and the increase in Tafel slope result in a significant increase in re-
sistance, A R in Fig. 7, particularly at the higher rates of operation. At 12
ma/cm® an increase in electrode voltage of about 36 mv was observed as a
result of the cycling. In Fig. 7 the voltage offset indicated as A V at low
voltages is likely to be the result of a decrease in the electrochemically
active surface area, most likely due to agglomeration of the active material
into lumps within the pore structure as a result of the stresses of cycling.
The resistance increase indicated as A R in Fig. 7 (and which corresponds to
an increase in A logR as defined previously) is likely to be the result of
increased blocking of the internal pore structure as the active material moves
from being a relatively uniform layer on the walls of the pores to a form that
looks more like lumps filling the pores. These physical changes for cycled
electrodes relative to uncycled electrodes have been previously characterized

by scanning electron microscopy (Ref. 5). The results of Fig. 7 indicate that
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overcharge resistance characteristics can provide a clear indication of the
kind of changes that take place in sintered electrodes during their cycle
life, even in situations where the net capacity has not yet been degraded by
the physical and structural changes.

As indicated in the previous discussions, a correlation was found between
the measured Tafel slope and the parameter AlogR, which gives an indication of
the increase in the resistance of a given electrode due to the fact that its
pore structure has been loaded with active material. The parameter A logR
allows a convenient comparison of the 1/V slope characteristics for an elec-
trode to a reference 1/V slope at a given current density. The reference 1/V
slope has been chosen to be the nickel electrode with zero loading. As indi-
cated in Eq. (4), the correlation between 4 logR and Tafel slope b is ex-
pected to be proportional to the logarithm of the Tafel slope at constant
current.

8logR = log R - log R e = log(b/broe) - log(1/1..¢) (4)
The correlation is indicated in Fig. 8, where a linear fit to the data has

also been indicated. The correlation in Fig. B appears to be more linear than
logarithmic, suggesting that while superficial current density is held con-

stant, the geometric current density on the active material area is changing
with Tafel slope.

The correlation in Fig. 8 has been found to be followed by nickel elec-
trodes of all types and quality that could be obtained or fabricated. The
quality of this correlation is somewhat surprising since the electrodes
studied include those from a number of commercial battery manufacturers, of
both new and failed or degraded vintage, as well as those fabricated in our
laboratory both by chemical and electrochemical impregnation. These electrodes
contained a variety of special additives in varying concentrations as well as
varying widely in loading levels. Electrodes are included in Fig. 8 that cover
a wide range of performance characteristics, ranging from very good in terms
of utilizing the active material, to electrodes that show less than half of
the utilization generally found for new electrodes. It was also noted in this .
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correlation that new electrodes that showed good utilization of active materi-
al generally appeared relatively low on the A logR scale, and that these
electrodes moved up the correlation line in Fig.8 as they were cycled and
their performance degraded. This trend is clearly indicated by the example ' V
shown in Fig. 7. Nickel electrodes that gave good performance over a large
number of high rate charge/discharge cycles generally were between 30 and 40
mv/decade on the correlation of Fig. 8 at beginning of life, and moved up the “

> r

correlation line much more slowly than did electrodes that started their life
higher on the correlation line. All electrodes obtained from the various
battery manufacturers that were not degraded from their beginning of life
characteristics were in the lower region of the correlation of Fig. 8, between
30 and 40 mv/decade.

The correlation indicated in Fig. 8 provides a convenient means of clas-

-

sifying nickel electrodes as to the overall quality of the active material
deposit in the sinter. Electrodes that are loaded too heavily or electrodes
that are loaded nonuniformly could be very easily screened by either a Tafel
slope measurement or by measuring the resistance at a current density of about

12 ma/cm?. The resistance measurement is particularly convenient because it

is a single point measurement that can be done very rapidly during a test

-

sequence, whereas a Tafel slope measurement is time consuming and is likely to
constitute an entire test sequence in itself. This kind of screening would be

particularly valuable in evaluating or changing electrode fabrication tech-
niques since it provides rapid feedback, indicating product quality without

.,

the necessity for extensive life-test matrices. :
<

1

1

U

4

Y

%

)

] -

»

'

L

22 .
4

N S " Y
iy S\ W)

‘J'.‘o Tt

" TR Y AT Y AN AT R Y B TR AN S 2 N e e e, T
SN P I N O Y ) '.o.u‘.,b‘- 0,50 '.M\M (O O o Lo o Vo o Y s S




TR (R mnm fo BNy Ale 20 b A% 0o gl ab el at 'al Tah Sof Tak V.8 ub [WENT)

PP o™

IV. SUMMARY

The kinetics of oxygen evolution from sintered nickel electrodes has been

I N

studied on a wide range of electrodes of varying loading levels and varying
performance characteristics. The kinetic behavior at low current densities can
provide information on the total active material surface area. At high current {
densities the effects of pore structure loading can be seen as an increased
resistance for oxygen evolution. Resistance increases from the pore loading
that are unusually high appear to correlate well with performance changes and

capacity losses during extensive charge/discharge cycling.
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