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Abstract

The use of microfibrous nickel substrates is advantageous for increasing the surface area available for the deposition of active material and
reducing the substrate weight and consequently, yields a higher specific capacity for nickel hydroxide electrodes. Porous, microfiber-based
nickel substrates were produced by sintering a composite preform. The preforms, consisting of nickel fibers with diameters as small as 2 pm
and cellulose fibers, were formed using a papermaking process. The fabricated nickel electrodes that included a supporting nickel mesh in the
substrate tested in a 26% KOH half-cell delivered a specific capacity of more than 250 mAh/g of the electrode weight (i.e. fibrous substrate,
nickel mesh, and active material) at a 1.0 C discharge rate. An Auburn electrode without a nickel mesh tested in the same half-cell attained a
higher specific capacity of 268 mAh/g ata 1.37 C discharge rate. The substrates used in these electrodes had porosities of 95-97%, and greatly
improved the specific capacity of the nickel electrode. With the use of the microfibrous electrode, improved specific energies of nickel-based
cell and battery designs are possible. When assembled in a nickel-hydrogen (Ni—H,) boilerplate cell, the specific capacity of nearly 230 mAh/g
was observed for the nickel electrode at a 0.5 C rate during the 127th cycle test. The results of high specific capacity and quick rise in
utilization of microfibrous nickel hydroxide electrodes make these electrodes good candidates for significantly improving the energy density

and performance of nickel-hydrogen cells.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The nickel electrode is the positive electrode in several
secondary battery systems, such as the nickel-iron, nickel—
cadmium, nickel-zinc, nickel-hydrogen (Ni-H,), and
nickel-metal hydride batteries. These batteries find applica-
tions in many fields. In the aerospace industry where high
performance and reliability in combination with minimum
weight are required, nickel-hydrogen batteries are often the
system of choice. Since the nickel electrode in this system
has been shown to be the limiting factor in terms of
performance and weight [1,2], work has focused on improv-
ing the nickel electrode. Much of this work has been directed
toward developing alternative electrode microstructures and
devising effective methods of loading and distributing the
active material into the collector matrix.

Research has focused on improving the specific capacity
of the nickel electrode. Current state-of-the-art (SOA) nickel
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electrodes made with a sintered nickel powder substrate
typically have specific capacities of 105-120 mAh/g. In
1993, Lim and Zelter [3] produced nickel electrodes using
90% porous Fibrex™ fiber-powder substrates which demon-
strated a higher usable specific capacity (ca. 130 mAh/g in
26% KOH) than that of SOA nickel electrodes. Then in
1995, they increased the specific capacity by about 20% to
147 mAh/g after 327 cycles using 88% porous and 1.52 mm
thick Fibrex® fiber based substrates [4]. Taucher et al.
produced electrodes in 1996 with specific capacities of
133-145 mAh/g by using FN0O90 nickel felt from Sorapec
(France) [5]. That same year, Rouget et al. developed a
three-dimensional substrate with two woven faces intercon-
nected by fibers, and nickel electrodes made with this
substrate obtained specific capacities of 164—169 mAh/g [6].

The highest reported specific capacities have been with
electrodes made from microfibrous substrates. In 1995,
Britton reported a specific capacity of 195 mAh/g with
2 um diameter nickel fiber electrodes developed at Auburn
University [7]. Lightweight and high specific capacity nickel
electrodes developed by Eagle—Picher in 1996 delivered in
excess of 180 mAh/g, but did not surpass that reported by
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Britton the previous year [8]. These nickel electrodes were
based on a highly porous, nickel microfiber (<10 um dia-
meter) substrate.

Besides the high specific capacity, microfibrous based
electrodes exhibited high initial utilization.' Lightweight
nickel fiber electrodes previously made from nickel fibers
with a larger diameter (25 um) had a common problem of
exhibiting a low initial utilization, which gradually
increased with cycling [9]. The use of the smaller fibers
improves initial utilization [10]* due to the substrate’s large
surface area and an increase in electrochemical accessibility
to the active material [11].

Further, development by Adanuvor et al. of the previously
mentioned Auburn electrode indicated that even higher
specific capacities might be possible. Their electrodes were
based on a highly porous substrate consisting of 2 pm
diameter nickel fibers [12].

An effective substrate provides a supporting structure to
house the active material while also providing a low resistant
current conducting pathway between the active material and
the cell terminal. In this paper, fabrication of microfibrous
substrates and nickel hydroxide electrodes based on these
substrates is introduced. The microstructural features of
sintered fibrous substrates are presented, and the applica-
tions of the microfibrous substrate in nickel hydroxide
electrodes and nickel-hydrogen cells are also discussed.

2. Experimental procedure
2.1. Forming process of preforms and substrates

Using Auburn University patented technologies
[14,15,28], 2, 8, and/or 12 pm diameter nickel fibers (Mem-
tec America Corporation, chopped 3.18 mm in length) along
with 50 w/o cellulose fibers were agitated in 1 L of water for
5-20 min. The dispersed fiber mixture was then gathered on a
sheet mold (16.0 cm in diameter) to form a wet paper com-
posite preform. The preform was pressed at ca. 400 kN/m*
twice, and then dried at 60 C for 24 h. A nickel mesh
(0.03 mm in thickness) was used as a current collector for
some samples and was located in the middle of two separate
preform sheets. The paper preforms were sintered in a quartz
tube with hydrogen flowing through the reactor. Large
preforms were also sintered in a continuous belt furnace at
950-1100 C in a hydrogen reducing atmosphere. During
sintering, the small nickel fibers fuse together at their contact
points to form an interlocking metal network. The substrates
were ultrasonically washed with deionized water. This was
followed by a wet oxidation cleaning treatment to minimize
corrosion during the impregnation process [16].

"The commonly used term of utilization is a useful parameter for
approximately monitoring the actual use of active material in the nickel
electrode during the cycling process (Section 2.3).

2Computer program caused the utilization error. It was fixed by
Adanuvor et al. [12].

2.2. Impregnation of microfibrous substrates

The substrates were impregnated with nickel hydroxide
active material using an electrochemical impregnation tech-
nique. The aqueous impregnation solution consisted of 2 M
Ni(NO3),, 0.23 M Co(NOj3),, and 0.10 M NaNO,. The
electrochemical impregnation procedure was conducted in
a water-jacketed beaker (700 ml solution) maintained at
90 =1 °C. The pH of the solution was initially adjusted
to the desired value of 4 by adding ammonium hydroxide.
The microfibrous substrate was placed between two nickel
foils (0.07 mm in thickness) that served as anodes. A piece
of nickel wire was spot-welded to the substrate for use as a
lead connection to the power supply. The substrates were
impregnated using multiple current steps until the desired
loading level, between 1.1 and 2.0 g/cm3 void, was obtained.
After impregnation, each electrode was rinsed in deionized
water, then dried at 70 C for 2 h. Two electrodes (TED109
and TED110) were further post-impregnated in a 1.8 M
Co(NOs3), solutions for 20 min then dried [17]. All electro-
des were then soaked in 26% KOH for 4 h then formed using
eight cycles of 20 min charge and 20 min discharge at a
70 mA/cm? current density in 26% KOH solution. The
formed electrodes were washed in deionized water until
the pH value of the washing solution was neutral, dried at
60 C for 4 h, and weighed. The theoretical capacity of the
formed nickel electrodes was determined from the weight
gain of the substrate and the electrochemical equivalent of
289 mAh/g of nickel hydroxide. The current at various
charge and discharge rates was calculated using the theore-
tical capacity.

2.3. Utilization and specific capacity

Specific energy and power usually describes the perfor-
mance of a cell or battery. For a formed or cycled nickel
electrode, the specific capacity (mAh/g of electrode) is
appropriate to evaluate the feature of the electrode. Utiliza-
tion of active material usually means the ratio of the
measured capacity to the theoretically calculated capacity
based on the weight of the active material deposited in the
substrate. The theoretical capacity (289 mAh/g of active
material, Ni(OH),) is obtained by assuming one electron
is involved in the reaction between B-Ni(OH), and
B-NiOOH, i.e. ngp = 1.0.Itis common to consider the active
material utilization as 100%. However, the phase cycling
between a-Ni(OH), and y-NiOOH appears to have at least 1.5
electrons involved in the transfer [25], i.e. nyy > 1.5. More-
over, the phase cycling between B-Ni(OH), and y-NiOOH
[26] reveals that the number of electron transfer is
1.0 < ng, < 1.3. In the present work, the term of utilization
follows the commonly used definition (ngg = 1.0) to eval-
uate the use of active materials during the formation and
cycling process. If the utilization rate is over 100%, multiple
electron transfer has happened in the reaction between
different crystalline phases. If the value is <100%, it shows
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Fig. 1. Schematic diagram of the flooded half-cell test for microfibrous nickel electrodes.

that part of the active material is not activated. As a whole,
utilization of active material is a proper parameter to approxi-
mately monitor the actual use of active material.

The half-cell for testing is shown schematically in Fig. 1.
Before cycling, electrodes were initially soaked in a 26%
KOH solution overnight. The cycling test in the flooded cell
was carried out using an accelerated low earth orbit (LEO)
regime protocol. This consisted of 55 min charge ata 1.1 C
rate and 35 min discharge at a 1.37 C rate. After charging at
a 1.0 Crate for 80 min, the capacity was measured ata 0.5 C
rate to 0.8 V versus a Cd/Cd(OH), reference electrode. The
electrode specific capacity in mAh/g was determined from

a/@?éla

the measured capacity and the initial weight of the dry
electrode after formation, excluding the weight of the
spot-welded tab. Both the formation and cycle tests were
carried out using a Model 273 EG&G Potentiostat/Galvano-
stat or a Model BT-2402 Arbin Battery Test System.

2.4. Nickel-hydrogen (Ni—H>) cells

Two microfibrous nickel hydroxide electrodes were indi-
vidually assembled in nickel-hydrogen boilerplate cells.
The illustration of the monopolar cell used is shown
in Fig. 2. The cell consisted of one microfibrous nickel
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Fig. 2. Illustration of the nickel-hydrogen boilerplate cell.
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electrode and two hydrogen electrodes with platinum cat-
alyst (0.5 mg/cm®) (item 16-ESN-HANIBP, Electrosynth-
esis Co. Inc.). Each electrode was a 2 in. diameter disk.
Teflon meshes were used as gas screens. Nickel tabs were
welded to the nickel screens of both hydrogen electrodes and
the microfibrous nickel electrode. Three layers of Zircar
(Zircar Products Inc.) with serrated edges served as separa-
tors and were kept in physical contact with wall wicks for
electrolyte management. Polypropylene felts were used as
an electrolyte reservoir and wall wicks. A thin microfibrous
nickel substrate was used for oxygen recombination along
the cell wall.

The assembled monopolar cell was soaked overnight in a
vacuum container filled with 26% KOH. The excess elec-
trolyte was removed before the cell stack was put into the
boilerplate pressure vessel. The vessel was first evacuated
then filled with hydrogen gas to a stabilized pressure of
50 psi. The cell capacity was measured at a 0.5 C rate after
charging at a 1.0 C rate for 80 min. The LEO regime
protocol was used during cycling tests.

3. Results and discussion
3.1. Reactions for deposition of nickel hydroxide

Electrochemical impregnation is the method of choice for
introducing active material into microfibrous substrates.
This method is based on a nitrate reduction process in which
the microfibrous substrate is cathodically polarized in a bath
of aqueous nickel nitrate solution. Kandler [18] proposed
that the deposition within the pores of the substrate is
brought about by a pH increase during NOj3™ reduction.
Hausler [19] quantitatively confirmed that NH, " ions are
produced according to the cathodic reaction

NO;~ + 10H" + 8¢~ — NH4 " + 3H,0 (1)

At higher current densities of 10, 30, and 60 mA/cmz,
Takamura et al. [20] revealed that the amount of NH,OH
is proportional to the amount of input charge according to
the reaction

NOs3;~ + 7H,0 + 8¢~ — NH4OH + 90OH™ 2)

Table 1

Preform composition and parameters of sintered microfibrous nickel substrates
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Ho and Jorne [21] modified the mechanism by Kandler for
use with alkaline solutions and acquired the overall cathodic
reaction

2NO3;~ + 14H,0 + 9Ni** + 16e~

— 9Ni(OH), | + 2NH,OH (3)

It is assumed here that the precipitation of Ni(OH), is carried
out according to reaction (3). Process parameters such as
temperature, solution concentrations, current densities, and
pH need to be precisely chosen in order to obtain a desired
loading level. By manipulating these parameters, it is pos-
sible to precipitate nickel hydroxide in a uniform coat
directly on the fiber surface, as opposed to in the void spaces
between the fibers. This allows for shorter transport dis-
tances for diffusing species in the active material layer and
greater accessibility of active material to the electrolyte in
the void spaces. This makes possible an improved electrode
at a lighter weight.

3.2. Parameters of paper preform and microfibrous
substrate

Preform composition and substrate parameters are given
in Table 1. Preforms, substrates, and electrodes were exam-
ined using scanning electron microscopy (SEM) in order to
view structure features. The larger cellulose fibers shown in
Fig. 3a were employed as a binder to form the paper preform
in the manufacturing process. Upon sintering, a void volume
was produced when the cellulose gasified, and the small
nickel fibers “micro-welded” at their contact points to form
an interlocking metal network. As shown in Fig. 3b and c,
the resulting three-dimensional network structure with
characteristics of high surface area, low weight, and favor-
able electrical conductivity can be used for improving the
specific capacity of the nickel hydroxide electrode. The
structure after formation and cycle testing is shown in
Fig. 3d.

The highly porous microfiber materials have a lower
weight and higher surface area than the typical heavy-
sintered powder or large diameter fibrous support materials,
as shown in Table 2. In comparison with the heavy-sintered
nickel powder plaque (80% porosity, 1.8 g/cm?), the micro-

Number of substrate Before sintering

After sintering

Percent preform composition

Thickness (mil) Porosity (%) Area dimensions

2 pm 8 um 12 pm Cellulose
151 222 0 27.8 50 54 93 2 in. disc
213 50.0 0 0 50 55 97 lin. x 2in.
219 52.7 23.6 14.6 9.1 57 94 2 in. disc
220 52.7 23.6 14.6 9.1 57 94 2 in. disc
221 52.7 23.6 14.6 9.1 57 94 2 in. disc
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Fig. 3. Scanning electron micrographs of (a) paper preform, (b) micro-welded structure of 2 um nickel fibers, (c) microfibrous substrate made from the mixture
of 2, 8, and 12 pm nickel fibers, and (d) formed and cycled nickel hydroxide electrode.

fibrous substrate (94% porosity, ~0.55 g/cm?®) is about
70% lighter in weight. Microfibrous substrates of 97%
porosity made from 2 pm diameter nickel fiber have a
calculated surface area of 562 cm?/cm’. This is approxi-
mately three times higher in surface area than 90% porous
Fibrex® material (200 cm2/0m3). Due to these features, the
theoretical capacity of the nickel hydroxide electrode
made from the higher surface area and lighter weight
microfibrous substrate increased to more than 200 mAh/g,
as indicated in Table 3. The utilization of active material for

Table 2
Three-type of porous metal materials for nickel hydroxide electrodes

this electrochemically impregnated electrode is typically
120% [22]. Therefore, it is possible to obtain a high specific
capacity in nickel-based cells by incorporating this type of
microfibrous electrode.

3.3. Comparison of initial cycle performance of nickel
electrodes

Several paper preforms and substrates have been tested
to obtain nickel electrodes with high specific capacity,

Porous sintered nickel materials Fiber/or powder

diameter (Lm)

Porosity (%)

Auburn microfibrous substrate® 2 97

2 95
Fibrex™ metal fiber material® 20 90
Powder sintered nickel plaque® 2 80

Weight (g/cm?) Surface area Weight
(cm*cm®) advantage (%)

0.24 562 86.7

0.5 1170 722

0.8 200 55.6

1.8 4000 0

* Porosity of the microfibrous substrate is calculated from the ratio of the void volume to the total volume of the substrate.

® National Standard Company, Niles, Michigan.

¢ A state-of-the-art plaque is made from INCO255 powder. Data is adapted from [13].
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Table 3

Feature parameters of microfibrous substrates and nickel hydroxide electrodes

W.H. Zhu et al./Journal of Power Sources 111 (2002) 221-231

Electrode number Electrode weight (g)

Loading level (g/cm® void)

Theoretical specific capacity (mAh/g)

TEDI151 5.1380 1.52 209.0
TED213 2.3910 1.16 238.8
TED219 7.2188 2.00 219.0
TED220 7.0456 1.63 215.7
TED221 6.0683 2.00 223.4
Table 4

Feature parameters of Auburn microfibrous substrates and its electrodes

Number of electrode Microfibrous substrates

Microfibrous nickel electrodes

Thickness (mm) Porosity (%) Electrode Loading level Theoretical specific
weight (g) (g/cm® void) capacity (mAh/g)
TED103 1.80 94 1.5395 1.73 219.7
TED108 1.78 95 1.5365 1.77 222.3
TED109 1.82 94 1.6672 1.86 218.1
TED110 1.68 95 1.3353 1.57 2134
TED213 1.40 97 2.3910 1.16 238.8

Coulombic efficiency, and energy efficiency. The main
parameters are shown in Table 4. The porosity of the nickel
substrate is one factor affecting the specific capacity of
the battery. When replacing the nickel electrode made from
an 80% porous SOA plaque with a 93% Fibrex™ plaque
of the same 0.76 mm thickness and 1.8 g/cm® void loading
level, the calculated specific energy increased by 20% in
a 48 Ah nickel-hydrogen cell [23]. The technology of the
Auburn fiber microstructure was applied to acquire a rela-
tively uniform porous substrate. Tests of electrodes made
with 2 um diameter microfiber substrates showed a higher

utilization of active material in comparison to Fibrex™ fiber
electrodes due to the microfiber substrates’ higher surface
area (2340 cm?/g) and better pore size distribution (20—
45 um) [11,24]. For the TED110 electrode, the utilization
of the active material including the post-addition of cobalt
hydroxide was approximately 120% after the 40th cycle
(Fig. 4).

Note that the utilization for the three electrodes (TED109,
TED110, and TED213) reached 100% or more after the
10th cycle. The report on Fibrex™ nickel electrodes
(0.76 mm, 93% porosity, and 1.80 g/cm® void loading;

140 ¢
130 |
120 |

110 |

Utilization (%)

100 |
90 |

80

Number of Cycles

Fig. 4. Utilization vs. number of cycles for microfibrous nickel electrodes in a LEO cycle regime. Cycle charge: 1.1 C for 55 min. Cycle discharge: 1.37 C for
35 min. Capacity: charge at 1.0 C for 80 min and discharge at 0.5 C to 0.8 V vs. a Cd/Cd(OH), reference electrode.
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Fig. 5. Charge and discharge curves for microfibrous nickel electrodes at different discharge rates. Charge: 1.0 C for 80 min.

or 2.0 mm, 90% porosity, and 1.80 g/cm® void loading)
revealed that it takes more than five hundred cycles to
attain 100% utilization in the same cycling conditions
[24]. This is attributed to the different microstructure and
pore size distribution within the substrates. The Auburn
electrodes, on the other hand, have high utilization of active
material and show a quick rise towards their theoretical full
capacity.

Table 5

3.4. Rate performance and specific capacity of
microfibrous nickel electrodes

The effects of discharge potentials and discharge rates
on the utilization of the active material are shown in Fig. 5
and Table 5, respectively. These show that the TED110
electrode with a lower loading level had better discharge
performance. While the electrode still obtained a higher

Specific capacity and rate capability of microfibrous nickel electrodes made from microfibrous substrates in 26% KOH half-cells

TED109 Utilization (%) Specific capacity = TEDI110 Utilization Specific capacity
(mAh/g)
Cycle Discharge rate (C) Cycle Discharge rate (C)
Microfibrous nickel electrodes in flooded half-cells
60 0.5 117.8 257.0 60 0.5 122.5 261.4
61 1.0 116.0 253.1 52 1.0 119.2 254.4
62 L5 112.9 246.2 63 1.5 110.9 236.8
63 2.0 109.1 237.9 62 2.0 107.9 230.2
64 2.5 106.9 233.1 61 2.5 98.5 210.0
TED213 TED219
9 0.5 107.2 256.0 63 1.37 96.1 210.5
29 0.5 108.1 258.3 154 2.0 97.8 214.2
30 1.37 103.8 248.0 155 1.37 102.9 2253
64 0.5 116.9 279.1 156 1.0 103.4 226.5
65 1.37 112.0 267.5 157 0.5 105.8 231.6
TEDI151 TED220
Nickel electrodes in nickel-hydrogen cells made from fiber-mixed substrates
150 2.0 934 1954 124 2.0 96.3 207.6
151 1.37 94.4 197.3 125 1.37 99.9 215.5
152 1.0 95.8 200.3 126 1.0 103.1 2223
153 0.5 98.9 206.7 127 0.5 106.4 229.4
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Table 6
Three types of electrochemical impregnation solutions

Type Electrochemical impregnation solutions Electrode number
EIS-1 2.0 M Ni(NO3),, 0.23 M Co(NOs3),, and 0.10 M NaNO, 151, 213

EIS-2 1.6 M Ni(NO3),, 0.18 M Co(NOs3),, and 0.08 M NaNO, 219, 220

EIS-3 Previous EIS-1 impregnating solution, the solution 221

density is adjusted to the same as that of the EIS-2 solution

discharge potential at a 2.5 C discharge rate, its utilization
reduced from 122.5% at a 0.5 C discharge rate to 98.5% at a
2.5 C discharge rate. During normal cycling (a LEO regime
with 55 min charge and 35 min discharge at 80% DOD), the
Coulombic and energy efficiencies were 78.9% and 63.0%,
respectively. The energy efficiency of the TED109 electrode
was only 49.0%. This was due to a lower discharge voltage
resulting from higher Ohmic resistance in the tab and wires
and the heavy loading level.

The specific capacity and rate capability values are shown
in Table 5. The weight of active material increased approxi-
mately by 1.67% in comparison with the original weight of
the formed electrode. The values in Table 5 neglected this
small change in weight. The typical specific capacity (ca.
120 mAh/g) of the SOA sintered powder electrode is 41.5%
of the theoretical value. The specific capacity of a Fibrex™
nickel electrode made from an 88% porous substrate was
147 mAh/g of electrode weight after 327 cycles, which is
50.9% of the theoretical value [4]. The specific capacity of
nickel electrodes made from 90% Sorapec nickel felt was
133-145 mAh/g of electrode weight, which is 46.0-50.2%
of the theoretical value [5]. Also, A nickel fiber (<10 pum in
diameter) electrode made by Eagle—Picher had a specific

capacity of 180 mAh/g, which is 62.3% of the theoretical
value [8].

The TED109 nickel electrode discharged at 1h rate
attained a specific capacity of 253.1 mAh/g on the 61st
cycle. This is 87.6% of the theoretical value. The
TED110 nickel electrode discharged at 1 h rate attained a
specific capacity of 254.4 mAh/g on the 52nd cycle. This is
88.0% of the theoretical value. And the TED213 electrode
discharged at 1.37 C rate attained a specific capacity of
267.5 mAh/g on the 65th cycle. This is 92.6% of the
theoretical value. The Auburn microfibrous nickel electrode
had a significantly higher specific capacity over other nickel
electrode designs. With its use, a significant increase in the
specific energy of nickel-electrode-limited sealed cells and
batteries is possible. This is especially beneficial for aero-
space nickel-hydrogen battery applications.

The utilization of active material in the microfibrous
nickel electrodes made from three different impregnation
solutions (Table 6) is shown in Fig. 6. The TED213 nickel
electrode had a loading level of 1.16 g/cm® void, and the
TED219 and TED221 electrodes had a loading level of
2.0 g/lem® void. The differences in utilization suggest con-
sumption rates of nickel and cobalt ions in the impregnation

130

Utilization (%)

TED213, EIS-1

................................................

10 FeafPtemeeemeeend foreneaneaes
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Fig. 6. Utilization vs. number of cycles of microfibrous nickel electrodes in an electrolyte-flooded cell. Electrodes were made in three kinds of impregnation
solution as shown in Table 6. Cycle charge: 1.1 C for 55 min. Cycle discharge: 1.37 C for 35 min. Capacity: charge at 1.0 C for 80 min and discharge at 0.5 C

to 0.8 V vs. a Cd/Cd(OH), reference electrode.
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Fig. 7. Specific capacity of the microfibrous nickel electrodes made from fiber mixture substrate in the nickel-hydrogen cells.

solution may be different. Absorption spectrometry analysis
[5] of impregnated nickel electrodes has shown that the
content fraction of cobalt in the electrode is higher than the
content fraction in the impregnation solution. Cobalt is an
important additive for improving utilization of nickel elec-
trodes made from a highly porous microfiber substrate. The
lower utilization of the TED221 nickel electrode obtained
from EIS-3 solution suggests that the cobalt ions have a
higher consumption rate than nickel ions. Solubility of
products also demonstrates that cobalt hydroxide has a
higher rate of deposition than nickel hydroxide inside the
pores (solubility of products, kg, co(om), = 1.6 X 1071, and
kspNi(om), = 2.0 x 107" [27]). In order to maintain uniform

deposition for continuous manufacturing process, the mole
ratio of cobalt to nickel ions should be adjusted to an
effective range.

3.5. Applications of microfibrous nickel electrodes in
nickel-hydrogen (Ni—H>) batteries

The utilization of active material in paste type nickel
electrodes made with woven metallic substrates was poor at
a higher discharge rate (85—-88% at a 1.0 C discharge rate)
[6]. In comparison, the TED213 electrode made from a
substrate containing 2 um diameter nickel fibers reached a
utilization of over 100% by the 9th cycle. These results show
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Fig. 8. The end of charge and discharge voltage vs. number of cycles at 80% DOD of nickel-hydrogen cell using the TED151 nickel electrode.
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that by using a microfiber-based substrate, there is an
improvement in specific capacity and electrode performance
over the electrodes made from other commonly used sub-
strates or plaques.

After these encouraging results, the microfiber-based
electrodes (TED151 and TED220) were assembled in a
nickel-hydrogen boilerplate cell. The substrates used in
these electrodes consisted of a 2, 8, and 12 um diameter
fiber mixture, as shown in Table 1. The TED151 nickel
electrode was first cycled in a flooded electrolyte cell for 90
cycles in which the utilization at a 0.5 C discharge rate had
risen to 100.7%. At this point, the specific capacity was
210 mAbh/g of electrode weight. The TED151 electrode after
these flooded cycles and the TED220 electrode after for-
mation were separately assembled into the boilerplate cell.
The specific capacities of the nickel electrodes are shown in
Fig. 7.

After 200 cycles, the stabilized specific capacity of the
TEDI151 nickel electrode was more than 180 mAh/g, and
that of the TED220 nickel electrode was more than
200 mAh/g. The specific capacity of the TED220 electrode
was higher due to the greater percentage of smaller diameter
fibers in the substrate composition and an improvement of
the electrolyte management.

The ends of charge and discharge voltages are shown in
Fig. 8 for the nickel-hydrogen cell made with the TED151
electrode. With the LEO cycling regime, the end of the
charge voltage was from 1.55 to 1.57 V, and the end of
discharge voltage was from 1.05 to 1.10 V. These favorable
results indicate that by incorporating microfiber-based
nickel electrodes in a cell design, specific energy of
nickel-hydrogen cells and batteries may significantly
improve.

4. Conclusions

The nickel electrode is a limiting factor for a battery’s
specific energy. But the performance of nickel hydroxide
electrodes has improved through new designs. One such
improvement is the Auburn microfibrous electrode. Micro-
fibrous substrates are a highly porous three-dimensional
metallic support for the active material of the nickel hydro-
xide electrode. This porous substrate has low weight, high
surface area, and good electrical conductivity. The micro-
fibrous nickel electrodes made from 94 to 97% porosity
substrates delivered a high specific capacity of 253-
268 mAh/g at the 1 h discharge rate or more. The specific
capacities are 87.6-92.6% of the theoretical capacity of
nickel hydroxide. By incorporating the Auburn nickel elec-
trode in nickel-hydrogen boilerplate cell, the nickel hydro-
xide electrode made from the substrate attained a specific
capacity of nearly 230 mAh/g electrode weight at a 0.5 C
rate during the 127th cycle. The quick rise in utilization
value is due to the higher surface area of the substrate
available for the electrochemical reaction of the active

material. The results of high specific capacity and quick
rise in utilization of microfibrous nickel hydroxide electro-
des make these electrodes good candidates for significantly
improving the energy density and performance of nickel-
hydrogen cells.
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