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Sintered negative electrodes for nickel-cadmium secondary cells were studied. Model electrodes prepared
by means of three different impregnation methods were evaluated. It was demonstrated that the impreg-
nation procedure may affect properties of active mass and the service life of electrodes in a significant

way.

1. Introduction

Considerable attention has been paid to the pro-
blems of service life and reliability of sealed Ni—Cd
accumulators (see, for example [1-6]), especially
in the area of space technology. Many authors
have also studied the mechanism of operation of
cadmium electrodes in an alkaline electrolyte.
Numerous references can be found, for example

in reviews [7-9] ; important papers include [10-
20].

Weininger, Lifshin et al. [21, 22] studied cad-
mium distribution in the plane of a section and
found a redistribution during cycling. Choking of
pore necks with precipitated Cd(OH), was also
observed [23,24]. Armstrong et al. [25] com-
pared the behaviour of a porous cadmium elec-
trode with that of a smooth cadmium electrode.

Barnard and co-workers [26] used chemical
analysis, cyclic voltammetry, and microscopy for
observing the behaviour of porous Cd electrodes
during cycling. They found that the amount of
Cd metal in discharged electrodes and the amount
of Cd(OH), in charged electrodes increased with
cycle number; further processes took place simul-
taneously (the active surface area of Cd metal was
decreased, Cd and Cd(OH), crystallites grew in
size, and there was a migration of the active mass
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towards the outer surface of the electrodes). Thus
the lowering of the electrode capacity observed is
caused by a decrease in the surface area of Cd
metal and blocking of the remaining surface by a
relatively non-porous layer of Cd(OH),. Accord-
ing to these as well as other authors [27] the large
crystals formed are not reduced in further cycles
and cause a significant decrease in capacity.

Among numerous other papers, we must at
least cite the extensive work of Barnard ez al.
[281, who used both light and scanning electron
microscopy to study the growth and redistribu-
tion of Cd and Cd(OH), in sintered plate cad-
mium electrodes. The dependence of these
phenomena upon charge current values and cycle
number was monitored. Two types of Cd(OH),
layers on Cd metal particles were found after
discharge. A negative influence of active mass
migration towards the electrode surface was also
ascertained.

2. The chosen impregnation methods

Since the late twenties, when the patent con-
cerning sintered plate electrodes was published
[29], many methods for impregnation of elec-
trodes with electrochemically active cadmium
compounds were described. In many cases, how-
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ever, these methods represent only minor modi-
fications of fundamental procedures and some
of the patents describe methods for preparation
of electrodes which are impractical. We have
chosen two basic methods for the present
research:

(a) impregnation in a solution of cadmium
nitrate by a modified Fleischer’s method
(301,

(b) impregnation in a solution of cadmium
formate with subsequent thermal decom-
position [31].

It was found during our preliminary studies
that electrodes prepared according to (a) attain
the highest value of electrochemical efficiency of
active mass. Method (b) has other advantages (it
is rapid and inexpensive, eliminates lengthy wash-
ing, cleaning, and drying operations between in-
dividual impregnation cycles, prevents contami-
nation by Ni** ions, and does not require an inert
atmosphere). Fig. 1 gives a dependence of the
capacity of model electrodes impregnated by both
methods on the number of charging and dis-
charging cycles.

It seems promising to seek a combination of
the good properties from both impregnation pro-
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cedures, i.e., the high coefficient of exploitation
of active mass in the case of electrodes impreg-
nated in cadmium nitrate and the shape of the
service life curve for electrodes impregnated by
means of the formate method. A method found
during preliminary experiments involves thermal
decomposition of cadmium formate followed by
an additional impregnation in cadmium nitrate.

In the course of the present study, we have
studied the behaviour of electrodes impregnated
by this new method as compared with electrodes
impregnated by means of both procedures des-
cribed earlier. Part of the measurements described
here has been published in the form of preliminary
communications [32, 33].

3. Experimental

In order to evaluate the properties of model elec-
trodes during their service life, several methods
described in the following paragraphs were used.
3.1. Preparation of model cells

Circular cadmium electrodes with a diameter of

23 mm were used for all measurements. The pore
size distribution of the sintered plate used is given

<
€ 1004
>
2
v
[yd
a
[+
(v}
formate
50+
nitrate
0

300 400

number of cycles

Fig. 1. Service life curves for negative electrode impregnated in cadmium nitrate and formate.
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in Fig. 2; it was measured on a high-pressure mer-
cury porosimeter Carlo Erba 65 H. Before the
final measurements, the surface of the plate was
coated with a 1% solution of stearic acid in chloro-
form [34] in order to prevent amalgamation. A
positive pocket electrode (600 mA h) served as the
counter-glectrode. The electrodes were separated
from each other by three layers of a non-woven
polyamide textile with total thickness 0-45 mm:.
The cell was constructed in a perspex vessel (elec-
trolyte volume 30 ml). The arrangement of the cell
is illustrated in Fig. 3. The temperature during
charging and discharging was kept at 21 + 1°C. In
all measurements, a 31% aqueous solution of KOH
was used as the electrolyte and Hg/HgO/31% KOH
as the reference electrode.

Fig. 2. Integral porosity curve of the sin-
tered plate used.

Model electrodes were prepared by the three
following impregnation procedures:

(A) Impregnation in a solution of cadmium
formate with subsequent thermal decom-
position (5 cycles) (see [31]).

(B) Impregnation in a solution of cadmium
nitrate (5 cycles) according to a modified
version of the Fleischer process [30] .

(C) 4 cycles according to (A) + an additional
impregnation according to (B).

In the following paragraphs, the electrodes
measured are denoted as model Electrodes A, B
and C, accordingly. Only Electrodes A-C con-
taining 0-278 = 0-005 g Cd were used. In the case
of Electrodes C, the additionally impregnated
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electrolyte

perspex vessel

K\\ counter-electrode
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separator
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Fig. 3. Arrangement of the mode! cell.
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active mass represents about 17% of the total Cd
content.

3.2. Measurements of electrode capacity and
service life characteristics

During the first charging cycle, the electrode,was
formed by a 80 mA current for 16 hours with
subsequent discharge by a current of 60 mA to
—650 mV against the reference electrode. The
second cycle comprised charging at 200 mA for
one hour. Afterwards, automatic cycling equip-
ment was switched on with the following oper-
ating mode: discharge by 390 mA for 8 min (52
mA h), 1 min pause, charge by 200 mA for 20
min (667 mAh). In every 35th-40th cycle (or,
if need be, earlier), the automatic apparatus was
switched off after completion of charging and

a capacity measurement was performed according
to the procedure used in the first cycle. Subse-
quent to charging by 200 mA for one hour, auto-
matic cycling was continued.

3.3. Chemical analysis

In order to perform quantitative parallel deter-
minations of Cd and Cd?*, the gasometric method
of Barnard et al. [26] was used. Cd metal was
determined quantitatively by measuring the
volume of hydrogen developed from the electrode
ina 1 M CH;COOH and 1 M CH3;COONa solution.
The total amount of Cd was determined by com-
plexometry.

3.4. Scanning electron microscopy and X-ray
microanalysis

A scanning electron microscope JEOL JSM-U3
was used and an energy dispersive X-ray micro-
analyzer EDAX.

A secondary electron image at an accelerating
voltage of 25 kV was used for microscopic obser-
vations. A method previously described [33] was
exploited for observing identical regions on the
electrode surface during the cycling process.

The large depth of focus of the scanning elec-
tron microscope enabled us to monitor also the
changes taking place on electrode fractures during
cycling. Observing an identical region was naturally
impossible here and thus the samples were stuck

to the specimen holder with a conductive glue and
a C/Au layer was evaporated onto them. By mov-
ing in the direction perpendicular to the electrode
surface, continuous strips of micrographs corres-
ponding to the total width of the fraction were
obtained, always in that part of the fracture
where the nickel sheet was perforated.

Samples for microscopic observations were pre-
pared by discharging the electrodes to 200 mV
against the reference electrode, washing in water
until the reaction with phenolphthalein vanished
and for a further hour, and drying for 2 hours in a
stream of nitrogen at 80° C.

X-ray microanalysis was used for: surface anal-
yses of electrodes; identification of individual par-
ticles on secondary electron images (lines used:

Cd Loy 3133 keV, Ni Ka 7471 keV); and moni-
toring the active mass distribution in electrodes by
measurements of the intensity distribution of the
Cd Lo signal in the plane of a metallographic
specimen perpendicular to the electrode surface.
This polished section was prepared after impreg-
nating the electrode with an epoxide resin.

3.5. Specific surface area measurements

The specific surface area was determined by a
modified BET method on a Perkin—Elmer 212D
Sorptometer. Helium served as the carrier gas and
N, as adsorbate. The samples were activated by
heating them to 60° C in a flow of He for one
hour. The specific surface area was related to the
amount of active mass present. In the case of the
sintered plate, this value was verified also by means
of stereology (see, for example [35-37]). Sample
preparation procedure was the same as for electron
microscopy (see Section 3.4).

3.6. Measurements of free pore volume

The free volume of pores communicating with the
surface was measured by filling them with water.
The sample immersed in water was put into a
vessel and the pressure was lowered to the boiling
point of water. After one minute the pressure was
equalized with the atmospheric pressure, remain-
ing drops of water were wiped off the surface, the
sample was weighed and the volume of water was
related to the geometrical volume of the porous
layer in question.
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3.7. It curves at constant potential

Measurements were carried out at a potential of
—1050 mV against the reference electrode. The

instruments used were a Pie 06 Svuom potentio-
stat, a millivoltmeter—picoammeter BM 483, and
a strip chart recorder. The cell was made of per-
spex and the tip of the Luggin capillary (0-5 mm

in diameter) was placed very near to the electrode.

The counter-electrode was made of pure Ni, and
the working electrode had an area of 1 cm?.

4. Results and discussion

The dependence of electrode capacity on the
length of the formation period is given in Fig. 4.
A similar result was obtained from measurements
of I-¢ curves; it is evident that there is a big dif-
ference in the reducibility of active mass for
Electrodes A-C. The next important part of our
results can be deduced from the capacity decrease
during cycling (Fig. 5), namely that from approxi-
mately the 100th cycle onwards Electrodes C are
characterized by the highest values of capacity.
The curve of the specific surface area versus the
cycle number (Fig. 6) suggests there is (inter alia)

100 1

percentage of theoretical capacity

an activation of the surface of CdO originally
present, because the increase in specific surface
area of Electrodes C as compared with Electrodes
A is higher than might be otherwise supposed. Fig.
7 is an illustration of changes in free pore volume
during the service life. Porosity is increased in all
cases with increasing cycle number and the dif-
ferent starting values becoming nearly equal after
400 cycles. However, the increase in the case of
Electrodes B is the steepest. Results of chemical
analyses are summarized in Fig. 8. Conditions of
‘charge’ and ‘discharge’ here correspond to the
conditions of the service life test previously des-
cribed. An important result of these measurements
is the fact that the decrease in the efficiency of
utilization of the active mass for Electrodes B is
caused predominantly by a poorer oxidizability
of Cd metal particles.

When identifying main components on micro-
graphs, their characteristic shape served as a use-
ful criterion, verified by X-ray microanalysis. The
shape of the nickel sinter is quite characteristic
and can be clearly seen, e.g. on Fig. 11(d) in con-
trast to the Cd(OH), crystals. Four regions were
randomly chosen on each electrode (on both sides
with respect to the counter-electrode) for the final

10 15

formation time (hours)

Fig. 4. Dependence of electrode capacity in the first discharge cycle on the time of formation.
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Fig. 5. Dependence of electrode capacity on the number of charge and discharge cycles.

microscopic examination of changes on the elec-
trode surface, in order to guarantee a sufficient
degree of reproducibility of phenomena observed.
The areas selected were photographed many times
during the whole service life (i.e. sintered plates,
impregnated electrodes, and electrodes after
various numbers of cycles), always at three magni-
fications, which were found to yield the most

information (300, 1000, 3000). No observable dif-'

ferences were found between micrographs of
charged and discharged electrodes at the same

spec. surface area(mzlg)

cycle number. With regard to experimental diffi-
culties encountered when manipulating charged
electrodes, micrographs of discharged electrodes

were taken throughout. Another interesting dis-

covery was the fact that there is no substantial
difference between the character of the surface fac-
ing the counter-electrode and that of the surface
on the opposite side. Because of the large amount
of photographic material obtained during these
measurements, only a very abbreviated series per
electrode type will be presented here. The numbers
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——
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Fig. 6. Changes in specific surface area of electrodes during cycling.
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Fig. 7. Dependence of free pore volume on cycle number.

of cycles corresponding to the presented micro- The surface of Electrode A during cycling is
graphs were chosen so as to stress the characteristic shown in Fig. 9(a)-(d). The original finely-divided
course of changes on the electrode surface. active mass is being replaced with crystals approxi-
100l
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Fig. 8. Relative amounts of Cd metal in charged and discharged electrodes as dependent on cycle number.
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Fig. 9. Electrode A after: (a) 1 cycle, (b) 41 cycles, (c) 62 cycles, (d) 112 cycles.

mately 10 times larger, which in turn are growing
during further cycling.

The changes in Electrode B are presented in
Fig. 10. Larger crystals can be found here only
after the 5th cycle and even during following
cycles, when the surface of the sintered plate be-
comes visible, large 8-CAd(OH), crystals are found
only rarely. Etching effects can be found on the
stripped part of the sintered plate, caused by the
nitrate impregnation bath, but only at higher mag-
nifications than that of Fig. 10.

Fig. 11 represents the results with an electrode
of type C. Morphological changes are similar to
those for Electrode B, only the etching effects are
less pronounced.

For all electrode types investigated, detachment
of crystals was observed, especially for crystals

formed on the surface with the exception of those
in the mouths of larger pores. This fact can be
accounted for by the influence of manipulation
(washing, drying). Published micrographs [33]
may be used here for a demonstration of this
effect. At a certain stage of cycling, the crystals in
the mouths to the pore are also lost and simul-
taneously etching of some crystals protruding
from the sintered plate surface was observed. It
can be concluded that for the given conditions
(cycling in excess electrolyte) even relatively
large crystals are being dissolved. This phenom-
enon is characteristic, however, only of the surface
layer exposed to convection of the electrolyte,
while in deeper layers a monotonic growth of
crystals was observed.

We are well aware that the conditions in these
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Fig. 10. Electrode B after: (a) 5 cycles, (b) 41 cycles, (¢) 250 cycles, (d) 419 cycles.

experiments only approximate poorly to those in
a real sealed accumulator. Fig. 12 is an example of
the surface of an electrode taken from a sealed
accumulator after 250 deep discharge and charge

cycles carried out in the temperature range 0-55°C.

It is evident that the total electrode surface is
covered with Cd(OH), crystals under these con-
ditions.

Micrographs of electrode fractures cannot be

published here because of the length of the paper. .

The use of fractures has several advantages as
compared with the commonly used technique of
metallographic specimens, namely, an easier
identification of particles and an easier specimen
preparation. Our results indicate that even after
large numbers of cycles. the laver of active mass

with large crystals is limited to a small part of the
electrode facing the counter-electrode. The largest
crystal growth was found for Electrodes A;no
significant difference was determined between
Electrodes B and C.

For X-ray investigations of active mass migra-
tion, electrode fractures were useless and the
measurements were realized on polished sections.
Significant accumulation of Cd in surface layers
was observed only for Electrodes B (see Fig. 13
and Section 3.4), in the case of Electrodes A and
C these effects are substantially less pronounced.
However, in all cases investigated this accumula-
tion was found in those areas of the sintered plate
which contained extremely large pores or cracks.
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Tig. 11. Electrode C after: (a) impregnation, (b) 5 cycles, (c) 62 cycles, (d) 419 cycles.

5. Conclusions

The following conclusions were reached:

(a) The capacity and service life of these sin-
tered plates depend on the active mass,
which in turn is determined largely by the
impregnation method.

(b) The reducibility of the active mass of Elec-
trodes A was poor. This may be caused by
the presence of larger particles (lower spec-
ific surface area), and/or by an insufficient
electrical contact among particles. The latter
effect can be substantiated by a certain
amount of CdO falling from the pores dur-

Fig. 12. Surface of an electrode from a sealed accumu- ing mechanical manipulations with these

lator, 250 cycles. electrodes.
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(h) Better efficiency of the active mass of Elec-
trodes C as compared with Electrodes A
during the whole service life is caused by a
higher charging efficiency.

(i) The additional impregnation in a Cd(NO3),
+4H,0 melt results in a significant increase
in specific surface area of the active mass. A
part of the CdO is dissolved in the nitrate
bath and again precipitates as Cd(OH),, the
surface of other CdO particles is probably
etched. The presence of the Cd(OH), pre-
cipitate results also in a better electronic
conductivity.

(j) Electrodes C have the following advantages
as compared with Electrodes B: a lower con-
tent of Cd metal after discharge, a lower rate
of corrosion of the sintered plate and thus a
lower contamination of the active mass by

Fig. 13. Relative frequency of the Cd La, signal in the

plane of the metallographic specimen. Electrode B, 419 nickel, and lower accumulation of active mass
cycles, counter-electrode downwards. mass in surface layers.
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