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Abstract

The addition of cobalt to the surface of aerospace-quality sintered nickel plaque was observed to improve plate performance. Initially,
substitution of cobalt metal powder for 5% of the nickel powder in sintered nickel plague improved electrode performance during cycling
in aLEO regime at 80% DoD in a boilerplate cell. A soak /resinter method was devel oped to reduce the amount required and limit cobalt
addition to the plaque surface. A boilerplate cell containing these cobalt-enhanced nickel plates had higher capacity utilization then a50 A
h NiH , cell containing electrodes made from standard sintered nickel plague over the temperature range — 10 to + 20°C. © 1998 Elsevier

Science SA. All rights reserved.
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1. Introduction

The addition of cobat and other ions to the nickel
electrode has been studied extensively. Several review
articles have discussed the effects of ions on nickel elec-
trode performance [1-4]. Information in the literature indi-
cates that addition of cobalt to the active material by
co-precipitation with nickel hydroxide active material has
several positive effects on eectrode performance [3]: (1)
charge efficiency improves, especially at higher tempera-
tures; (2) electrode swelling is reduced; (3) the number of
formation cycles required is reduced; and (4) the oxygen
overpotential is increased. The addition of cobalt aso
reduces the working potential of the electrode slightly [5],
increases reversibility of the Ni(l1) /Ni(l11) redox potential
[6], and decreases the effect of iron poisoning (capacity
loss) to a level similar to that observed in lithiated elec-
trolytes [5].

Cobalt is beneficial for plate performance when addi-
tions are made to the plaque, or plaque surface, and to the
electrode surface. Cobalt addition to the nickel screen
substrate showed improved bonding between the screen
and the sintered nickel powder [7]. Addition of cobalt to
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the nickel plague as a nickel—cobalt alloy was suggested as
a way to reduce corrosion of nickel plague, thereby im-
proving the nickel electrode performance and extending
the life of nickel—cadmium batteries [8]. The beneficial
effects of cobalt appear the same irrespective of whether
cobalt is co-precipitated with nickel hydroxide or added by
some treatment to the electrode surface. In one study [9],
electrodes were prepared by the electrochemical impregna-
tion (El) method in a bath containing only nickel nitrate
and subsequently treated by electrochemical deposition in
a cobalt nitrate solution after the impregnation. Cycling
test results indicated that the utilization behavior of these
electrodes, with only the cobalt surface treatment, was
comparable to results with electrodes previously impreg-
nated by electrochemical co-precipitation of both nickel
and cobalt hydroxides, followed by the cobalt surface
treatment.

Nickel sinter corrosion occurs normally at the nickel
sinter /active material interface of a nickel plague elec-
trode during life cycling in, e.g., aNiH, cell cycling under
Low Earth Orbit (LEO) conditions. The occurrence of
sinter corrosion results in an increase of H, pressure and
gradua buildup of an additional layer of essentially pure
active nickel hydroxide material at the interface. As a
result, plate performance decreases due to an increase in
resistance at the sinter /active material interface. However,
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if cobalt (or a cobalt—nickel aloy) is present at the inter-
face, it will be incorporated into the corrosion layer as it
develops and minimize the expected buildup of resistance
at the interface [10]. As a result, the plate should maintain
a high level of capacity utilization and minimize the
buildup of residual capacity, recoverable only at low dis-
charge rates.

In one study [11], the cobalt content in the active
material was increased above the nomina level of cobalt
close to the interface with the current collector, i.e., at the
nickel sinter surface in contact with the active material.
This distribution creates a positive cobalt gradient, in
which the cobalt concentration at the interface is greater
than it is at a distance from the interface. As aresult, plate
performance improved early in the nickel electrode life, up
to 10% in comparison to an electrode containing a nominal
level of cobalt throughout the active material. However,
the positive cobalt gradient approach may not be adequate
later in life when sinter corrosion is expected to occur,
especialy during high rate cycling applications.

This paper discusses the development of a new method
for cobalt addition to improve nickel electrode perfor-
mance. Cobalt-enhanced electrodes were fabricated by ad-
dition of cobalt powder to sintered nickel plague, by the
positive gradient method [11] and by a soak/resinter
method [12]. The electrodes were compared with standard
aerospace-quality nickel electrodes in boilerplate cells.

2. Experimental

2.1. Fabrication of nickel electrodes

All sintered nickel plaque fabrication and nickel elec-
trode processing steps were carried out in Yardney's
Nickel-Hydrogen Battery Production Facility. Initidly,
cobalt-enhanced nickel electrodes were fabricated from
nickel plague made with a slurry containing 5 wt.% cobalt
metal powder.

Cobalt-enhanced plague masterplates were prepared by
soaking standard nickel plague in 2.0 M Co(NO;), solu-
tion for a period of 30 to 60 s at a temperature of 80°C.
The wet plaque was air-dried for 24 h, then oven dried at
70°C for 2 h and resintered a 700°C in a reducing
environment [12]. Cobalt-enhanced and standard plague
masterplates were electrochemically impregnated with
Ni(OH), active material using an aqueous nickel nitrate
bath containing 4 to 5% of Co(ll) ion, based on the nickel
ion concentration. These were then converted in a 15%
KOH electrolyte to a rechargeable crystalline structure and
given severa formation cycles in 31% KOH electrolyte.

Nickel electrodes with a positive cobalt gradient [11]
were fabricated by modification of the El procedure. Stan-
dard nickel plague was electrochemically impregnated for
5 min in a 1:1 molar mixture of a cobat—nickel nitrate

electrolyte and converted before continuing with the nor-
mal El procedure in the standard bath electrolyte.

2.2. Assembly of boilerplate cells

Boilerplate cells were assembled from either standard or
cobalt-enhanced nickel electrodes and standard aerospace
quality hydrogen electrodes using cut-down cores, end
plates and other hardware for standard aerospace-quality
50 A h cells. The dual separator was a combination of
Zircar and reconstituted asbestos separator components.
The anode and cathode tab bundles were bolted to 1/4"
diameter nickel terminal feed-throughs in the cover. The
3/4" thick cover with terminals, pressure gauge and inlet
valve for electrolyte activation and hydrogen gas addition
was bolted to the boilerplate cell case (3/4” wall) with an
O-ring seal. Boilerplate cell components were activated
with 31% KOH electrolyte in a starved condition. The H,
pressure of a fully charged cell was adjusted to 900 psi.

2.3. Voltammetry

Cyclic voltammetric evaluation of boiler plate cell nickel
electrodes was performed using a PAR Model 173 poten-
tiostat outfitted with a Model 175 universal programmer
and a Hg/HgO reference electrode in a cell containing
31% KOH €lectrolyte.

3. Reaults and discussion

3.1. Comparison of cobalt-containing plaque with stan-
dard plague electrodes

Boilerplate cells containing four working pairs of nickel
and hydrogen electrodes were cycled at 80% DoD in a
LEO regime, 60 min charge followed by a 30 min dis-
charge, to compare standard production plates with plates
made with 5% cobalt-containing plague. As shown in Fig.
1, the standard plague and cobalt plague plates were cycled
for 1275 and 2000 cycles, respectively, before the end of
discharge voltage fell below 1.0 V. Scatter in the cell
voltage vs. cycle number values was due to instrumental
variations with the cycler, line voltage and temperature
fluctuations. These results suggest that the presence of
cobalt in the nickel sinter improves the high rate cycle life
of aerospace quality nickel electrodes. Supporting evidence
is further provided by a comparison of cyclic voltammo-
grams for cycled and non-cycled plates of both the stan-
dard and cobalt-containing plaque types as seen in Figs. 2
and 3, respectively. A large increase was observed in the
dope of the voltage vs. current curve, i.e., plate resistance,
during both charge and discharge for a cycled standard
plate, as seen in Fig. 2, thereby revealing the extent of
degradation which occurred during high rate cycling. The
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Fig. 1. Capacity vs. cycle number for boilerplate cells containing nickel electrodes made from standard plaque or plague made with 5 wt.% cobalt metal

powder.

increase in plate resistance also caused an increase in the
separation of the charge and discharge peak voltages. By
comparison, the cycled nickel plate made from cobalt-con-
taining plague in Fig. 3 looks similar to a non-cycled
cabalt-containing plague plate. Thus, the improved perfor-
mance observed with plates made from cobalt-containing
plaque may be attributed to the presence of cobalt at the
sinter /active materia interface where it helps maintain a
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low interfacial impedance during extended periods of high
rate cycling.

The improvement in high rate LEO cycling observed
for nickel electrodes fabricated from cobalt-containing
plaque is also supported by the results of a more recent
study with lightweight nickel plaques for aerospace-quality
electrodes. In that study [13], a special nickel Fibrex®
with nickel and cobalt powders added to the fiber (50 parts
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Fig. 2. Cyclic voltammograms for cycled and non-cycled standard nickel electrodes.
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Fig. 3. Cyclic voltammograms for cycled and non-cycled nickel electrodes made from plague containing 5 wt.% cobalt metal.

nickel fiber, 35 parts nickel powder and 15 parts cobalt
powder) gave utilizations up to 121% (capacity measure-
ment) during cycling in a flooded LEO regime at 80%
DoD and extended cycle life when compared to a similar
Fibrex® plague without the cobalt powder addition.

Since cobalt powder added to the wet slurry during
nickel plague fabrication is distributed throughout the
plaque, cobalt concentration is limited on the plague sur-
face at the sinter /active material interface. In the absence
of adequate cobalt concentration, a high impedance barrier
layer can develop due to both sinter degradation and the
agglomeration of active material (active material masses
that largely fill the pores of the sinter) which occur during
extended periods of high rate cycling [10]. The soak/re-
sinter method [12] was developed to minimize the quantity
of cobalt required for enhancement and to maximize the
surface concentration of cobalt on the plaque at the
sinter /active material interface.

3.2. Comparison of positive gradient and soak /resinter
type electrodes with standard production electrodes

3.2.1. Temperature dependence of capacity

Two boilerplate cells (A and B) were assembled with
the positive gradient and soak /resinter type of cobalt-en-
hanced nickel electrodes, respectively. Each cell contained
eight working electrode pairs. Both boilerplate cells were
cycled over a wide temperature range at a C/2 discharge
rate to 1.0 V to determine whether there was a difference
in plate performance that could be attributed to the method

of cobalt enhancement. These boilerplate cells were com-
pared with the performance of two 50 A h standard NiH,
production cells over the same temperature range. The two
50 A h cells were discharged at the C rate to 1.0 V. The
capacity and percent utilization values listed in Table 1
were obtained for each cell at selected temperatures in the
temperature range from —10 to +30°C. The percent
utilization is equal to the actual capacity (X 100) divided
by the theoretical capacity, C,,. The value of C,, is based
on plate weight gain during fabrication and a weight gain
capacity of 0.289 A h g~! of active material.

Cdl B had the highest utilization of active material:
120% or better over the temperature range — 10 to + 15°C.
The early production cell, cell 1, had the poorest utilization
over the range —5 to 30°C. Utilization increased some-
what with an improved version of this cell, cell 2. Cell A
had better utilization (over 100%) which approached the
value of cell B aa —10°C. A direct comparison of utiliza-
tion values for the production and boilerplate cells is
difficult to make because of differences in the discharge
rates, improvements made in the fabrication of nickel
electrodes and loading levels. Cell B has the highest
loading level, 1.80 g/cm?, in comparison to loading levels
of 1.63 g/cm?® for cell A and 1.65 g/cm?® for the two
production cells.

3.2.2. Arrhenius plot of utilization (U) for cobalt-enhanced
and standard NiH, production cells

An Arrhenius plot of log U vs. 10* /T is shown in Fig.
4 for each cell in Table 1. A single slope is possible only



Table 1
Temperature dependence of capacity for production and boilerplate cells
Temperature (°C) Production Boilerplate
Cell 1: standard plaque, Cell 2: standard plaque, Cell A: positive Co gradient Cell B: co-enhanced plagque
Cy=5530Ah Cn="5567Ah Cp=1241Ah Cp=1354Ah
C(Ah U (%) C(Ah U (%) C(Ah U (%) C(Ah U (%)
30 43.84 79.3 52.13 93.60
22 13.06 105.2
20 50.02 90.5 55.88 100.4 15.88 117.3
15 1353 109.0 16.25 120.0
10 52.93 95.7 60.42 108.5 13.66 110.1 16.28 120.2
5 14.06 113.3 16.48 121.7
0 14.47 116.6 16.52 122.0
-5 54.20 98.0 60.90 109.4 14.48 116.7 16.67 123.1
-10 15.12 121.8 16.62 122.7

Cell capacity (C) and utilization (U) to 1.0 V.

8T—TT (866T) 9. SBIINOS JOMOd JO [eUINOL / |[BSSNY "D’ ‘BISUIPINY T

ST



16 J. Kuklinski, P.G. Russell / Journal of Power Sources 76 (1998) 11-18
21
BOILERPLATE CELL B %
208 | WITH COBALT-ENHANCED N T
SINTER PLATES ” -
206
A
204 | BOILERPLATE CELL A ————\_ - —
WITH POSTIVE COBALT /
,02 | GRADIENT PLATES 50Ah CELL S/N 033
WITH IMPROVED
S STANDARD PLATES
=)
@
1.98
S _ /‘/
) — N
1.96 e ~—— 50Ah CELL S/N 009
WITH STANDARD PLATES
1.94 ///
192 y
1.9 ./
1.88

32 33 34

35 36 37 38

10000/T°K
Fig. 4. Arrhenius plot of capacity utilization for boilerplate cells containing positive gradient plates, cobalt-enhanced plates and production NiH, cells

containing standard nickel plates.

for the two boilerplate cells. The positive slope indicates
that cell capacity increases when going to lower tempera-
ture for the range of temperatures examined here. The
small slope value for cell B suggests that the electrochemi-
ca charge and discharge processes in soak /resinter
cobalt-enhanced plates are dominant and essentially tem-
perature independent. Activation energies for the two boil-
erplate cells, cell A and cell B, are —0.029 and —0.00944
eV, respectively. The decrease in capacity at higher tem-

END - OF - DISCHARGE - VOLTAGE , 1.0 VOLT —

peratures caused a break in the Arrhenius plot at 10°C for
both production cells. A change in slope normally results
from a change in mechanism.

3.2.3. Discharge voltage profile dependence on tempera-
ture

The discharge voltage profile dependence on tempera
ture for cells A and B is shown in Figs. 5 and 6, respec-
tively, for the temperature range — 10 to 15°C. The end of

TEMPERATURE °C

|

Fig. 5. Temperature dependence of the discharge voltage profile for boilerplate cell A. This cell contains nickel plates made with standard sintered plaque

with a positive cobalt gradient in the active material.
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Fig. 6. Temperature dependence of the discharge voltage profile for boilerplate cell B. This cell contains nickel plates made with a cobalt-enhanced

sintered nickel.

discharge voltage segment of the discharge voltage profiles
at —10°C are dmost identical. However, cell A develops a
second plateau voltage component of capacity with in-
crease in temperature which is very distinct at 5°C and
above. By comparison, the end of discharge voltage seg-
ment for cell B seen a —10°C becomes dlightly less
rounded at higher temperatures with the steepest voltage
drop-off and no evidence of residual capacity occurring at
15°C. Cdll A results are in agreement with the utilization
values given in Table 1 which decrease with increase in
temperature. The corresponding values for cell B in Table
1 remain high because no residua capacity is developed
above a temperature of —10°C at the C/2 discharge rate.

4, Conclusions

The addition of cobalt metal powder to sintered nickel
plaque improved the cycle life of nickel electrodes during
cycling in a LEO regime at 80% DoD compared with
standard production electrodes. A soak /resinter method
was developed to reduce the amount of cobalt required and
to maximize cobalt addition at the plaque surface. This
method improved plate utilization in the temperature range
—5°C to +20°C compared with standard 50 A h produc-
tion cells. The temperature dependent discharge voltage
profile results demonstrate that the soak /resinter method
of cobalt enhancement has a direct influence on the elec-
trode discharge characteristics. This new method of cobalt
addition to the nickel plaque surface improves the conduc-

tivity across the sinter /active material interface during
extended periods of high rate cycling. The results of a
stress test evaluation to compare cobalt-enhanced with
standard plates are presented in a subsequent paper.

Acknowledgements

The authors would like to thank Sheila Danahey for her
role in developing the cobalt-enhancement method and
Fred Thompson for use of facilities in the Reliability Test
Lab. The authors would also like to thank Dr Catherine
Marsh and Dr Thomas B. Reddy for a critical review and
several suggestions to improve the paper.

References

[1] JL. Weininger, in: R.G. Gunther, S. Gross (Eds.), Proceedings of
the Symposium on the Nickel Electrode, The Electrochemical Soci-
ety, Pennington, NJ, 1982, p. 1.

[2] G. Halpert, in: D.A. Corrigan, A.H. Zimmerman (Eds.), Proceeding
of the Symposium on Nickel Hydroxide Electrodes, The Electro-
chemical Society, Pennington, NJ, 1990, p. 3.

[3] J. McBreen, in: R.E. White, JO'M. Bockris, B.E. Conway (Eds.),
Modern Aspects of Electrochemistry, No. 21, Plenum, New York, p.
29 (29 references refer to the effects of Li, Fe, Co, Cd and/or Zn on
electrode performance).

[4] E.J. Casey, A.R. Dubois, P.E. Lake, W.J. Moroz, J. Electrochem.
Soc. 112 (1965) 371.

[5] R.D. Armstrong, G.W.D. Briggs, E.A. Charles, J. Appl. Elec-
trochem. 18 (1988) 215.



18 J. Kuklinski, P.G. Russell / Journal of Power Sources 76 (1998) 11-18

[6] D.F. Pickett, J.T. Maloy, J. Electrochem. Soc. 125 (1978) 1026.

[7] L. Timberg, Strength testing of sintered plagques, INCO Speciaty
Powder Products, J. Roy Gorden Research Laboratory, Sheridan
Park, Mississauga, Ontario L5K 179.

[8] JJ. Lander, Appl. Ser. No. 844,637, 27 Mar. 1986.

[9] W. Lee, J. Electrochem. Soc. 133 (1985) 2835.

[10] A.H. Zimmerman, J. Power Sources 12 (1984) 233—-245.

[11] A.H. Zimmerman, Electrochem. Soc. Conf., May 1983, The Electro-
chemical Society, Pennington, NJ, Ext. Abstr. No 40, p. 62.

[12] J. Kuklinski, P.G. Russell, U.S. Pat. 4,975,035, Dec. 4, 1990.

[13] D.L. Britton, Proceedings of the 35th Power Sources Symposium,
Cherry Hill, NJ, 1990, p. 135 and NASA TM-105638 (1992).



