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By repeating shallow discharging and overcharging of alkaline secondary batteries using nickel electrode, a lowering
of working voltage is observed on the discharge curve, which is called a memory effect. The X-ray diffraction pattern
of the charged-state of the normal nickel electrode contained only diffraction peaks due to B-NiOOH. A charged-state
nickel electrode showing lowered discharge voltage had diffraction peaks due to y-NiOOH in addition to those due to
B-NiOOH. The formation of y-NiOOH can be attributed to be the main cause for the memory effect commonly observed
in alkaline secondary batteries such as nickel cadmium and nickel hydrogen batteries. By XRD analysis and AC impedance
study, y-NiOOH was found to be initially formed at the current collector side; it grows to the solution side in the course of
shallow discharge-charge cycling. Therefore, if the amount of ¥-NiOOH formed is small, only £-NiOOH can be detected,
even when the memory effect is observed. In this case, y-NiOOH can be detected by shaving the surface of the electrode
using a piece of emery paper to remove covering $-NiOOH. This y-NiOOH disappears within a few cycles of the normal
charge-discharge cycling, resulting in the elimination of the memory effect. It may be concluded that the cause of the

memory effect is mainly due to the formation of y-NiOOH.

Rechargeable alkaline Ni-based batteries, such as nickel-
cadmium (Ni/Cd), nickel-hydrogen (Ni/H;) and nickel-hy-
drogen battery with a metal hydride negative electrode
(Ni/MH, where M means hydrogen absorbing alloys) are
widely used in today’s space and portable applications, the
latter being very promising for electric vehicles.

The memory effect frequently coming across in these al-
kaline secondary batteries can be described as an apparent
reduction in cell capacity to a predetermined cutoff voltage
resulting from highly repetitive patterns of use. If a battery
has been cycled to a certain depth of discharge for a large
number of cycles for instance, the battery will not produce
a greater capacity than that corresponding to the applied cy-
cling regime in a subsequent normal discharge.

At first, this phenomenon was observed in Ni/Cd batteries
and the cell failures was believed to involve penetration of
cadmium plate material through the separator.! Recondition-
ing has traditionally been utilized as a tool for maintaining
the performance of normal cells and batteries, where the cells
or batteries are enforced to discharge to make the capacity
empty. During the reconditioning, the deep discharge causes
to decrease the electrode conductivity to a low value and the
shorting tendency is reduced or eliminated, although not per-

manently. Thus it has been understood that the application
of reconditioning produces a net reduction of conductivity
at shorting sites. There is another presumption that it is re-
lated mainly to a physical change in the negative electrode
which is due to the formation of intermetallic compounds of
cadmium and the sintered nickel support.? If this is true, a
Ni/H; battery where the negative electrode is comprised of a
metal hydride having no cadmium does not have the memory
effect.* However, the memory effect has been also observed
in Ni/MH batteries.> Takeno et al. concluded that the mem-
ory effect was associated with lowered discharge voltage in
the nickel positive electrode,’ although they showed no de-
tailed mechanism. Kuwajima et al. also observed the mem-
ory effect in a Ni/H; batteries for use in space.” Therefore,
it may be concluded that the cause of the memory effect is
mainly in the nickel electrode. Recently, Ni-MH batteries
have gained much attention as a most promising candidate
for the power sources of hybrid cars (HEV) and EV® It is
therefore interesting and worthwhile to clarify the cause of
the memory effect. In this paper, we report that the cause
of the memory effect observed in alkaline secondary batter-
ies using nickel electrode appears to be present in the nickel
electrode.
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1. Demonstration of the Memory Effect

Figure 1 shows the discharge curves of various states of
a sintered-type commercial AAA Ni/Cd battery with a nom-
inal capacity of 250 mAh (height: 43 mm, diameter: 9.1
mm), where curve A is the normal discharge curve and curve
B reveals the memory effect. To obtain curve B, the follow-
ing charge-discharge cycling was conducted. At first, three
normal charge-discharge cycles were conducted for the AAA
size battery, where charging was conducted at a constant cur-
rent of 25 mA for 16 h and discharging at a constant current
of 250 mA to a 0.8 V cutoff voltage. Then, 50 charge-dis-
charge cycles were conducted at a charging current of 25 mA
for 10 h and a discharging current of 50 mA toa 1.20 V cutoff
voltage. Afterwards, the diagnostic test of normal discharge
was conducted at a constant current of 250 mA h to an 0.8
V cutoff voltage, resulting curve being curve B. When we
repeat one or two cycles of normal charge-discharge cycling,
the memory effect was removed considerably (curves C and
D in Fig. 1).

For Ni/MH batteries, the memory effect is also observed
as seen in Fig. 2 as discharge curve B. In this case, a paste-
type AAA (height: 43 mm, diameter: 9.1 mm) commercial
nickel-hydrogen secondary battery with a nominal capacity
of 550 mA h was used for demonstrating the memory effect.
For the AAA nickel-hydrogen battery, five normal charge-
discharge cycles were conducted, where charging was con-
ducted at a constant current of 50 mA for 16 h and a discharg-
ing current of 250 mA to a 0.8 V cutoff voltage. Then, 300
charge-discharge cycles were conducted at a charging cur-
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Fig. 1. Discharge curves of AAA size nickel-cadmium bat-
tery at 250 mA and at 30 °C. (A) Discharge curve of normal-
state cell; (B) first discharge curve; (C) second discharge
curve; (D) third discharge curve after 50 cycles charge-dis-
charge cycling. Charging was carried out at 25 mA for 16
h in curves A to D.
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Fig. 2. Discharge curves of AAA size nickel-hydrogen bat-
tery at 250 mA and at 30 °C (A) Discharge curve of normal-
state cell; (B) first discharge curve; (C) second discharge
curve; (D) third discharge curve after 300 cycles charge—dis-
charge cycling. Charging was carried out at 50 mA for 16
h in curves A to D.
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rent of 50 mA for 16 h and a discharging current of 50 mA
to a 1.20 V cutoff voltage. After repeating this shallow dis-
charging and overcharging, normal discharge was conducted
at a constant current of 250 mA to a 0.8 V (curve B).

2. Survey of the Cause of the Memory Effect®

2.1 Construction of the Small Size Cells and the Mem-
ory Effect Causing Charge-Discharge Mode. To produce
the memory effect in commercial batteries such as a AAA
size battery, it takes a long time as stated above. There-
fore, we made small size cells to cause the memory effect
in a short time. Nickel and cadmium electrodes were taken
from a sintered-type commercial AAA Ni/Cd battery. We
fabricated two different types of cells, i.e., the one is the
positive (nickel) electrode capacity-limited and the other, the
negative (cadmium) electrode capacity-limited. The nickel
capacity-limited cell was fabricated from a 1.5 cmx 1.5 cm
nickel sheet electrode cut from the electrode of a AAA size
battery, then wrapped with a polypropylene non-woven fab-
ric separator. It was placed between two sheets of a 3 cmx3
c¢m cadmium electrode having sufficiently a greater capac-
ity than that of the nickel electrode. These electrodes were
then sandwiched between two many-holed thin acrylic resin
plates, and the assembly was tightly bolted at the four cor-
ners. The cell construction was reversed for the cadmium
capacity-limited cell. These cells had a capacity of about 60
mA h. Charge-discharge cycling was conducted in an § M
KOH solution (1 M = 1 moldm—2) at 30£1 °C (Fig. 3) using
a charge-discharge unit (Hokuto Denko Co., 6ch HI101MS)
and a Y-T recorder (Yokogawa Electric Corp., micro R180,
model 4176) or a charge-discharge unit (Toyo System Co.,
TYS-30TUOO) with a personal computer (PC) and charge-
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Fig. 3. Cell construction for nickel capacity-limited cell.

discharge controlling software.

Three normal charge-discharge cycles were conducted at
10 mA (2.22 mA cm™2) of charging current for 7 h and 20
mA (4.44 mA cm~?%) of discharging current to an 0.8 V cutoff
voltage for small nickel and cadmium capacity-limited cells.
The nickel and cadmium capacity-limited cells show good
cyclability. The memory effect was then brought about by
cycling at 10 mA (2.22 mA cm™2) of charging current for 7 h
and at 10 mA (2.22 mA cm™2) of discharging currenttoa 1.2
V cutoff voltage after repeating 50 charge-discharge cycles
under these conditions, which is called the memory effect
causing charge-discharge cycling. Then, as a diagonostic
discharge, the cell was discharged in the normal discharge
mode of 20 mA to an 0.8 V cutoff voltage. Using these
cells, the memory effect was produced by a charge-discharge
cycling test to clarify the cause of the memory effect.

2.2 Charge-Discharge Behavior of the Small Size Cells.
Figure 4 shows results for the nickel capacity-limited cell.
Curve A is the normal discharge curve and curve B the first
discharge curve after S0 cycles of the memory effect produc-
ing charge-discharge cycling, where voltage lowering was
clearly observed. Before obtaining curve B, the cadmium
electrode was replaced by a new one in a charged state whose
capacity was larger than that of the nickel electrode, because
the cadmium electrode may have been affected by the pre-
ceding 50-cycle charge-discharge regime causing the mem-
ory effect. Therefore, the cadmium electrode was replaced
by a new one to observe only nickel electrode behavior af-
ter 50-cycle, and the diagnostic discharging was conducted.
However, the discharge curve of the cell without replace-
ment showed almost the same shape as curve B (Fig. 4). It
should be noted that the discharge time was prolonged by
about 40% for curve B compared to normal discharge curve
A, although the discharge voltage was lower than that of a
normal discharge curve. Curve C was obtained after mea-
suring curve B and charging at 10 mA for 7 h. As seen from
curve C, voltage lowering disappeared easily and discharge
curve almost recovered the normal state. There may be some
doubt as to whether discharge curve B in Fig. 4 exhibits the
classic memory effect phenomenon observed in nickel cad-
mium batteries in practical use (curve B in Fig. 1). We think
the phenomenon observed in our experimental small cells is
the same as the memory effect observed in practical nickel
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Fig. 4. Discharge curves of nickel capacity-limited cell at

444 mAcm™? and at 30 °C. (A) Discharge curve of
normal-state cell; (B) first discharge curve; (C) second
discharge curve after 50 cycles charge—discharge cycling.
Charging was carried out at 2.22 mA cm ™ for 7 h in curves
AtwC.

cadmium batteries, because nearly the same shape discharge
curve is also obtained in our small size nickel limited cells
when the number of the shallow charge-discharge cycling is
small (vide Fig. 11, curve B). At any rate, we investigated the
reason why the working voltage lowering occurs at the first
discharge curve after 50 cycles of charge-discharge cycling
(curve B in Fig. 4).

The discharge voltage of curve B in the cadmium capac-
ity-limited nickel-cadmium cell, which is the first discharge
curve after 50 cycles of the charge-discharge regime causing
the memory effect (Fig. 5), is about 40 mV lower than that
of the normal cell (curve A), where the nickel electrode was
replaced with a new charged-state electrode to observe only
cadmium electrode behavior after 50-cycle charge-discharge
cycling. The degree to which voltage was lowered, however,
is greater in the nickel capacity-limited cell, as is shown by
comparing curve B in Fig. 4 with curve B in Fig. 5. Curves
B and C in Fig. 5 are the second and third discharge curves
after 50-cycle charge-discharge cycling. The discharge volt-
age had recovered somewhat, but the phenomenon seems
somewhat different from that in the nickel capacity-limited
cell (curves C and D in Fig. 4). With the nickel capacity-lim-
ited cell, the discharge curve recovered at once to the normal
shape in only one or two cycles of deep discharging to 0.8
V and charging. The cause of the lowered voltage for curve
B in Figs. 4 and 5 may thus differ, as is discussed later. The
charged-state nickel and cadmium electrode potentials be-
fore and after the voltage lowering obtained from the nickel
and cadmium capacity-limited cells, were measured vs. an
Hg/HgO(KOH) electrode (Fig. 6). The nickel electrode po-
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Fig. 5. Discharge curves of cadmium capacity-limited cell
at 444 mAcm~? and at 30 °C. (A) Discharge curve of
normal-state cell; (B) first discharge curve; (C) second
discharge curve; (D) third discharge curve after 50 cycles
charge—discharge cycling. Charging was carried out at 2.22
mA cm ™~ for 7 hin curves A to D.
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Fig. 6. Charged-state nickel and cadmium electrode poten-
tials change in normal charge-discharge cycling before ((J)
and after (@) showing voltage lowering.

tential of the charged state just after the 50 cycle memory
effect producing charge-discharge cycling (corresponding to
cycle number zero) is about 75 mV lower than that of the
normal-state nickel electrode, but it recovered to the normal
value after one cycle of discharging to 0.8 V and charging.
In contrast, charged-state cadmium electrode potentials were
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almost the same before and after 50 cycle charge-discharge
cycling producing the memory effect. These results suggest
that voltage lowering in the nickel capacity-limited cell af-
ter the memory effect producing charge-discharge cycling is
mainly due to the nickel electrode rather than to the cadmium
electrode.

2.3 XRD Analysis and SEM Observation of the Elec-
trode Surface. X-Ray diffraction analysis was conducted
for a nickel electrode in the charged (Fig. 7) and discharged
(Fig. 8) states, using a Geigerflex RAD-gA (Rigaku Co.,
CuKa, 40 kV, 100 mA). A comparison of diffraction pat-
terns A and B with C in Fig. 7 showed that diffraction peaks
due to y-NiOOH are observed in C, which is the diffrac-
tion pattern of the charged-state electrode after the 50-cycle
memory effect producing charge-discharge cycling. If this
electrode is discharged to 0.8 V or is overdischarged, the
diffraction peak due to y-NiOOH disappeared (diffraction
patterns C and E in Fig. 8), but it is observed if the depth
of discharge is shallow (D in Fig. 8). These results indicate
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Fig. 7. XRD patterns for charged-state nickel electrode. (A)
Normal electrode; (B) normal electrode after overcharging
at 2.22 mAcm~? for 24 h; (C) electrode after 50-cycles
charge—discharge cycling.
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Fig. 8. XRD patterns for discharged-state nickel electrode.

(A) Normal electrode; (B) normal electrode after overdis-
charging at 2.22 mA cm ™2 for 24 h; (C) electrode discharged
t0 0.8 V at 2.22 mA cm™? after 50 cycles charge—discharge
cycling; (D) electrode discharged to 1.2 V at 2.22 mA cm ™2
after 50 cycles charge—discharge cycling; (E) electrode
overdischarged at 2.22 mA cm™~?2 for 24 h after 50 cycles
charge—discharge cycling.
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that the electrode showing voltage lowering in the charged
state contains ¥-NiOOH, which disappears on one deep dis-
charge such as the discharge to 0.8 V. The origin of the
diffraction peaks observed at about 29.5° and 36° and 49°
is not clear, but may be due to additives such as cobalt,
or cadmium, probably Cd(OH), used to enhance the nickel
electrode performance.” 2

Itis said that 8 -nickel hydroxide is converted to y-NiOOH
on prolonged charging irreversibly damaging the electrode
due to accompanying mechanical deformation.!* The dis-
charge of a nickel electrode containing y-NiOOH proceeds
at more negative potentials than that of a nickel electrode
having #-NiOOH as the active material.'*'> This is related
to the different electrochemical potentials of these phases.'
The discharge capacity is, as a rule, higher for electrodes
containing y-NiOOH,'* which is caused by a higher nickel
oxidation state; in y-NiOOH, it can reach values close to 3.7,
while in £-NiOOH, it only slightly exceeds 3.2.'° Our ex-
perimental results and assumption that the voltage is lowered
due to y-NiOOH formed by 50-cycles of shallow discharge
and overcharge are not inconsistent with the above descrip-
tion for y-NiOOH. The lower discharge voltage but higher
capacity of the nickel capacity-limited cell (Fig. 4, curve B)
is thus understandable, if it is due to y-NiOOH formed on
the nickel electrode by the memory effect causing charge-
discharge cycling.

The surfaces of both nickel and cadmium electrodes
were observed with a scanning electron microscope (SEM)
(Elionix Co., ELS-3300). SEM photographs of charged-state
nickel and cadmium electrodes (Figs. 9 and 10) indicate that
the shape of the charged-state nickel oxide showing voltage
lowering (B in Fig. 9) differs from that produced by nor-
mal charge—discharge cycling (A), i.e., the particle size of
the nickel oxide expands, and grows like a stiff string. In
contrast, the surface of the normal-state nickel electrode (A)
shows a relatively flat surface with sporadic cracks. On the
surface of the cadmium electrode after 50 charge—discharge
cycles causing the memory effect, pyramidal crystals occur
(B in Fig. 10). The pyramidal crystals seems decrease the
actual electrode surface area. The actual discharge current
density will therefore increase and the iR drop also increases,
which decreases the working voltage of the cadmium elec-
trode (curves B in Fig. 5). In such a case, the second and
third discharge curves (curves C and D in Fig. 5) would not
recover to the normal discharge curve (curve A), because
the pyramidal crystal (B in Fig. 10) could not be changed
easily to the initial state by only one or two cycles of normal
charge—discharge cycling.

From all these results and discussion, we concluded that
voltage lowering, i.e., the memory effect, is due to the nickel
electrode, and p-NiOOH formation appears to cause the
memory effect, although the mechanism is not so simple
in practical batteries.

3. Reaffirmation of the Cause of the Memory Effect

When we reported that the memory effect occurred be-
cause [3-NiOOH changed to y-NiOOH by over-charging
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Fig. 9.

SEM photographs of nickel electrode surface.
(A) Charged-state electrode after 20 cycles of normal
charge—discharge cycling; (B) charged-state electrode af-
ter 50 cycles charge—discharge cycling.

in a previous paper® or at academic meetings, there was a
counterargument that the memory effect occurred even when
y-NiOOH could not be observe.'” Therefore, we further stud-
ied to clarify the cause of the memory effect and concluded
that it occurs due to the formation of y-NiOOH. Although
the formation of ¥-NiOOH has been frequently studied'®—°
and some additives such as cobalt, cadmium, Ca(OH), and
Zn{OH), to prevent the formation of y-NiOOH have been
presented® >, few of the studies appear to have noticed that
the formation of ¥-NiOOH is the cause of memory effect
except present authors.? In this section, we reaffirm that the
memory effect occurs due to the formation of y-NiOOH.

3.1 Discharge Curves after Shallow Discharge-Charge
Cycling and XRD Analysis of the Nickel Electrode.?
This time, a small sized nickel capacity-limited cell with
a capacity of about 75 mA h was fabricated using a 1.8x1.8
cm nickel sheet electrode cut from the sintered-type nickel
electrode of a commercial AAA battery and two sheets of
3.3x3.5 cm cadmium electrode with a greater capacity, of
which capacity was about 3.6 times larger than that of the
nickel electrode.

At first, five normal charge-discharge cycles were con-
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LA

Fig. 10. SEM photographs of cadmium electrode surface.
(A) Charged-state electrode after 20 cycles of normal
charge—discharge cycling; (B) charged-state electrode af-
ter 50 cycles charge—discharge cycling.

ducted for a nickel capacity-limited cell, where charging was
conducted at a constant current of 20 mA (3.2 mA cm~2) of
charging current for 5 h and 20 mA (3.2 mA cm™2) of dis-
charging current to an 0.8 V cutoff voltage. Then, cycling at
20 mA (3.2 mA cm~2) of charging current for 5 h and at 20
mA (3.2 mA cm—2) of discharging current to a 1.2 V cutoff
voltage was conducted for appropriate cycles to produce a
memory effect (shallow discharge—charge cycling). After
repeating appropriate charge—discharge cycles under these
conditions, the cell was discharged at the normal discharge
rate of 20 mA (3.2 mAcm™2) to an 0.8 V cutoff voltage
to see the effect of the preceding shallow discharge—charge
cycles and then charged for 5 h at 3.2 mA cm™~2 to obtain
the second discharge curve. Figure 11 shows the discharge
curves of the small size nickel capacity-limited nickel-cad-
mium cell. Curve A is the normal discharge curve. Curve
B is the first discharge curve for the cell after 5-cycles shal-
low discharge—charge cycling. As seen in the enlarged fig-
ure, clearly the working voltage of curve B is lowered, i.e.
a memory effect appeared, and this voltage lowering re-
covered to a normal discharge curve after the next normal
charge—discharge cycling as seen in curves C and D. X-Ray
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Fig. 11. Discharge curves of nickel capacity-limited cell at

3.2mA cm ™2 and at 30 °C. (A) Discharge curve of normal-
state cell; (B) first discharge curve; (C) second discharge
curve; (D) third discharge curve after 5 cycles shallow dis-
charge—charge cycling. Charging was carried out at 3.2
mA cm~2 for 5 h in curves A to D.

diffraction analysis was conducted for a charged state nickel
electrode obtained by normal charge—discharge cycling and
that obtained by 5-cycles shallow discharge—charge cycling.
These XRD patterns are shown in Fig. 12. The diffraction
pattern of charged state normal electrode A and electrode
B, which is the charged-state electrode after 5-cycles shal-
low charge—discharge cycling, did not exhibit the diffraction
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Fig. 12. XRD patterns for charged-state nickel electrode.
(A) Normal electrode; (B) electrode after 5 cycles shal-
low discharge—charge cycling; (BL) 0.11 mm shaved elec-
trode (electrode thinckness: 0.12 mm) after 5 cycles shallow
discharge—charge cycling; (Bp) 0.17 mm shaved electrode
(electrode thickness: 0.06 mm) after 5 cycles shallow dis-
charge—charge cycling.
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peaks due to y-NiOOH. However, after shaving the surface
of this 5-cycled electrode B using a piece of emery paper,
diffraction peaks due to y-NiOOH clearly appeared at about
13 and 26 degrees of diffraction angle as seen in By, (lightly
shaved) and Bp (deeply shaved). On the other hand, 0.17
mm shaved electrode after normal charge—discharge cycling
showed no peaks corresponding to y-NiOOH, though its
XRD pattern is not shown here. This observation suggests
that ¥-NiOOH is present in the inside of the electrode. For
the discharged-state electrode after measuring curve B in
Fig. 11, and charged-state electrodes after measuring curve
B (i.e., the electrode before measuring curve C in Fig. 11)
and C (the electrode before measuring curve D in Fig. 11),
diffraction peaks due to y-NiOOH could not be observed
even in the shaved state. Therefore, y-NiOOH observed
in electrode B in Fig. 12 disappeared by normal discharg-
ing to 0.8 V. For the charged-state shaved electrode after
repeating normal charge—discharge cycling, NiOOH could
not be observed. Increasing the cycle numbers of shallow
discharge—charge cycling, the working voltage lowering be-
came more pronounced as seen in Fig. 13, curve B compared
to curve B in Fig. 11. After 100 cycles of charge—discharge
shallow cycling, the discharge curve showing low voltage
did not easily recover to the normal curve as shown in curves
C and D. The voltage difference observed in the initial parts
of curves A, B, C, and D seems to depend on the quantity of
y-NiOOH left in the interface between substrate and active
materials. In the charged state of the 100 charge—discharge
cycling electrode, a very small diffraction peak due to y-
NiOOH at about 13 degree appeared as shown in diffraction
pattern B in Fig. 14. After shaving this electrode, diffraction
peaks due to y-NiOOH became clearer as seen in the diffrac-
tion patterns of By, and Bp. For the charged state electrode
obtained after measuring the discharging curve D in Fig. 13,
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Fig. 13. Discharge curves of nickel capacity-limited cell at
3.2mA cm 2 and at 30 °C. (A) Discharge curve of normal-
state cell; (B) first discharge curve; (C) second discharge
curve; (D) third discharge curve after 100 cycles shallow
discharge-charge cycling; charging was carried out at 3.2
mA cm ™ for 5 h in curves A to D.
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Fig. 14. XRD patterns for (A) charged-state normal nickel

electrode; (B) charged-state electrode after 100 cycles shal-
low discharge—charge cycling; (Br) 0.10 mm shaved elec-
trode (electrode thickness: 0.13 mm) of electrode B; (Bp)
0.20 mm shaved electrode (electrode thickness: 0.04 mm)
of electrode B; (D) charged-state electrode after measur-
ing curve D in Fig. 13; (Dy) 0.10 mm shaved electrode
(electrode thickness: 0.13 mm) of electrode D; (Dp) 0.17
mm shaved electrode (electrode thickness: 0.06 mm) of
electrode D.

XRD analysis was conducted (Fig. 14). In this case, smaller
diffraction peaks due to y-NiOOH compared to that of By
and Bp were observed for the shaved electrodes (D and
Dp). This means that the amount of y-NiOOH decreased
by 2 or 3 cycles of normal discharging, but remained in the
electrode showing the voltage lowering phenomena as seen
in curve D in Fig. 13. It is well known that the discharge po-
tential of y-NiOOH is lower than that of 5-NiOOH and the
discharge capacity is, as a rule, larger for y-NiOOH than for
£ -NiOOH, which is caused by a higher oxidation state of -
NiOOH."*~'%" Qur experimental results are not inconsistent
with these descriptions for y-NiOOH.

Shallow discharge—charge cycling seems to correspond
to overcharging. Therefore, using commercial AAA size
nickel-cadmium battery, 1000 h of overcharging at 50 mA
of charging current was carried out. As seen in curve B of
Fig. 15, clearly voltage lowering and prolonged discharge
time were observed as seen in curve B of Fig. 13. This over-
charged state shaved electrode also showed the presence of
y-NiOOH as seen for shaved electrodes By and Bp, in Fig. 16.
All these results cited above are for Ni/Cd batteries. Then,
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Fig. 15. Discharge curves of AAA size nickel-cadmium bat- Fig. 17. Discharge curves of AAA size nickel-hydrogen bat-

tery at 250 mA and at 30 °C. (A) Discharge curve of normal-
state cell; (B) first discharge curve; (C) second discharge
curve; (D) third discharge curve after 1000 h overcharging
at 50 mA. Charging was carried out at 50 mA for 7 h in
curves A to D.
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Fig. 16. XRD patterns for charged-state nickel electrode ob-
tained from AAA size nickel-cadmium battery. (A) Normal
electrode; (B) electrode after 1000 h overcharging at 50

‘mA; (Br) 0.10 mm shaved electrode (electrode thickness:
0.13 mm) of electrode B; (Bp) 0.19 mm shaved electrode
(electrode thickness: 0.03 mm) of electrode B.

commercial AAA size Ni/MH battery was also tested, i.e.
5000 h overcharging was carried out; the discharge curves are
shown in Fig. 17. For 300 cycles shallow discharge-charge
cycling of Ni/MH, their discharge curves were already shown
in Fig. 2. Curve B in Fig. 17 is the first discharge curve of
the 5000 h overcharging one, where the working voltage is
lowered and discharging time is prolonged, i.e. a memory
effect was also observed in nickel-hydrogen battery. Second

tery at 250 mA and at 30 °C. (A) Discharge curve of normal-
state cell: (B) first discharge curve; (C) second discharge
curve; (D) third discharge curve after 5000 h overcharging
at 50 mA. Charging was carried out at 50 mA for 7 h in
curves A to D.

(Curve C) and third (curve D) discharge curves recovered al-
most to the normal discharge curve A. XRD analysis for the
charged state nickel electrode after 300 cycles charge—dis-
charge cycling was conducted. NiOOH powder obtained
from this electrode showed a small diffraction peak due to
y-NiOOH at about 13 degrees (Fig. 18, Bp). As this electrode
is a paste type made by impregnating nickel fiber substrate
with nickel hydroxide, shaved state can not be obtained like a
sintered type nickel electrode of nickel-cadmium battery. For
the NiOOH powder of 5000 h overcharged battery, almost
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Fig. 18. XRD patterns for charged-state nickel electrode ob-

tained from AAA size nickel-hydrogen battery. (B) Elec-
trode after 300 cycles charge-discharge cycling; (Bp) nickel
oxide powder obtained from electrode B.
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the same XRD pattern as Bp in Fig. 18 was obtained. The
reason why the shape of diffraction patterns between NiOOH
of nickel-cadmium and nickel-hydrogen is different seems
mainly due to the batteries being products of different battery
makers, i.e. different materials may be added.

From previous results and discussion, it may be con-
cluded that y-NiOOH cannot be detected for the charged
state Ni electrode on conducting some cycles of shallow dis-
charge—charge cycling, if its amount is small and the X-rays
cannot reach the y-NiOOH phase. In this case, if the sur-
face of the Ni electrode is shaved and surface 8-NiOOH
is removed, y-NiOOH can be detected (Fig. 19). There-
fore, we assume that 3-NiOOH is formed under the normal
charging conditions; however, y-NiOOH will be initially
formed at the collector side and grow to the solution side
under the overcharging conditions such as repetitive shallow
discharge—charge cycling.

3.2 Estimation of the y-NiOOH Formation Mechanism
by A. C. Impedance Study.”®  From the above results
and discussion, it is found that y-NiOOH begins to form
at the interface between the substrate and Ni{(OH), active
materials and it grows to the solution side. In order to ob-
serve the resistance change in the Ni electrode with shallow
charge—discharge cycling, A. C. impedance was measured
for Ni electrodes in various charged states by adding +5 mV
between 10 kHz—1 mHz. Figure 20 shows the Cole—Cole
plots for various charge states of Ni electrodes after cycling
from 5 to 20 cycles, where the semicircle is due to the charge
transfer resistance and the line at 45° is due to diffusion.
On plotting the resistances obtained from the diameter of the
impedance loop at the higher frequency side vs. cycle num-
ber, the resistance is found to increase with the cycle number
(Fig. 21).

In order to understand this phenomenon, we estimate the
reaction process at the Ni electrode as in Fig. 22. In the
charging process, a hydroxide ion in aqueous solution reacts
with a proton which diffuses in the nickel hydroxide crystal
to produces a water molecule, and Ni(Il) is oxidized to Ni-
(1) to produce F-NiOOH. On further charging, §-NiOOH
is changed to y-NiOOH. The following reaction sequence
has been chosen to describe the charging processes:

kla
{Ni(OH); }ags ——2 (NiOOH)aqs + Hy, + €~ ()
klc

kef
(NiOOH)ags + {Ni(OH), }puix k: (NiOOH)buik + {Ni(OH)3 }ags

eb
2

{Ni(OH), }pux == (NiOOH),, + H} +¢~

diffusion

H; —— H}, @y

(NiOOH)ags + H + 7 —— {Ni(OH), }aas
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diffusion

H, ——H; 3
kha

H' +OH- —= H,0 )
ke

In Egs. 1 and 2, k with a subscript means a reaction rate
constant.

At first, nickel hydroxide [{Ni(OH), }.4s] present near the
collector is oxidized to nickel hydroxide oxide {(NIOOH )4, }
in the charging process (Eq. 1), but it acquires a proton
(Hy) and a electron from the bulk nickel hydroxide [{Ni-
(OH); }pui] to revert to nickel hydroxide [{Ni(OH), }ags]-
Bulk nickel hydroxide [{Ni(OH); }yu] deprived of a pro-
ton and an electron is oxidized to nickel hydroxide oxide
{(NiOOH)py }. By repeating this process, nickel hydroxide
oxide is formed sequentially in the bulk nickel hydroxide.
These processes written in Eq. 2’ are summarized in Eq. 2.
Equation 3 shows that a proton present at the interface be-
tween the collector and the active material (H?, ) diffuses to
the interface between the active material and the solution.
Equation 4 shows that a proton present at the interface be-
tween the active material and the solution (H}) reacts with
OH™ in the solution to produce a water molecule. In the
discharging process, the reverse reactions are assumed to
occur.

Reaction rates are assigned as ry,, ref, mha for Egs. 1, 2,
and 4, the reverse reaction rates as ric, rep, he, and the dif-
fusion rate for Eq. 3 as ry. If reaction rates are expressed
as the product of the proportional constant and concentra-
tions for simplicity, the reaction rates can be represented as
Eqgs.5,6,7,8,9, 10, and 11.

ra=kia 0 &)
ric = kic(1 = &)cum (6
ref = ket(1 ~ O)enn €]
Teb = ken BcNo (3
ra= DR CE )
Tha = khaCHsCOH (10

The = kne (1)

where 0 denotes the surface coverage of nickel hydroxide
[{Ni(OH); }.4s] on the collector, cyy, the proton concentra-
tion (H},) at the interface between collector/solution, cng the
bulk nickel hydroxide concentration [{Ni(OH); }uui] in the
active materials, cno the bulk nickel hydroxide oxide concen-
tration [(NiOOH)p,ik] in the active materials, cyg the proton
concentration at the interface between the active material and
the solution, D the diffusion coefficient of the proton in the
active materials, O the thickness of the diffusion layer (the
thickness of the active materials), cop the hydroxide concen-
tration in the solution. When we balance the concentration
on Chm, Eqs. 12 and 13 are obtained.

Na=ric+rq (12)
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Fig. 19. X-Ray analysis image for y-NiOOH formed on substrate.
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Fig. 20. Impedance spectra of charged-state Ni-electrode.
®: Electrode after normal charge—discharge cycling, A:
electrode after 5 cycles memory effect causing charge—dis-
charge cycling, I electrode after 10 cycles memory effect
causing charge—discharge cycling, x: electrode after 15 cy-
cles memory effect causing charge—discharge cycling, @:
electrode after 20 cycles memory effect causing charge—dis-
charge cycling. Memory effect causing charge-discharge
cycling was carried out at 3.2 mA cm™? charging current
for 6 h and at 3.2 mA cm™? discharging current to an 0.8 V
cutoff voltage.
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Fig. 21.  Change in resistance value with cycle num-
ber of shallow discharge—charge cycling. Shallow dis-
charge—charge cycling conditions are the same as in Fig. 20.

OH" Electrolyte

: Active
materi

Substrate

. . ¥ -NiOOH
Charging process :> Overcharging process

charge
Ni(OH): + OH"&=——2 NiQOH + H20 +e-

discharge

Fig. 22. Charging mechanism of Ni-electrode.

K10 = kic(1 = )i + 2 (ctm — i) (3)
Similarly for the cys, the following equations are obtained.

Fd+rthe = Tha (14)

g(ch — CHs) + kne = khaCHsCon (15)
For the [{Ni(OH), }.q4], Egs. 16 and 17 hold.
Fle+ Fer = Fla+Tep (16)

kic(1 — O)cum + ket(1 — B)enn = k120 + kep Ocno (17

From Eqgs. 13, 15, and 17, two pairs of solutions are obtained
for cym, cus, and @ as Eqgs. 18, 20, and 22 and Egs. 19, 21,
and 23.

CHme = P‘+P— VP (18)
3
CHm— = PI_T VP (19)
3
D
= Cm+ + Khe
ChHes = (‘S—D) (20)
(khaCOH + 3)
D
- (Bom= ) on
(khaCOH + %)
{klcCHm + %(CHm+ - CHs+)}
0+ = (22)

kia+kicCme
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B {klcch + 2 (ctm- — CHs-)}

23
k1a+k1cCHm— ( )

In Egs. 18 and 19, P, P;, and P5 are expressed as follows;

Py = —cnoconKickenkna
D
5 {conkiakna + cnnCotKetkha + CNOKeb(Kic + Conkha) — Kickne }

(24)

D
P2 = [conkic(enokes + 2ennkesYna + 5 {2ennkickes + conkiakna
+ cnnConketkha + cNokeb(kic + corkna) + klckhc}]2

D
— 4kic(cnokeb + Onpker )( 5 + conkna)(cnHCOHK cKefkna)

D
+ E{CNerf(klc + conkna) + kickna } (25)

Py = 2§C0Hklckha (26)

Hereafter Egs. 18, 20, and 22 are used because Egs. 19, 21,
and 23 give negative values. Regarding Eq. 1, rate constants
ki, and k. can be expressed as follows;

kia = (kioexp{bia(E — E\°)} 27

kic = (kic)oexp{—bi1(E — E:*)} (28)

where (ky,)o and (k) are the anodic and cathodic rate con-
stants at equilibrium potential ES respectively, E is the a. c.
impedance measured potential, and by, (= anF/RT) and b,
(=(1—a)nF/RT) are the Tafel constants for the anodic and
cathodic reactions. The steady-state current is expressed as
Eg. 29.

I=Fra—ri)= F{klae — k(1 — B)CHm} (29)

The transient current resulting from both charge transfer and
electrical double-layer charging is expressed as

I'= F{ki,0' — Ki.(1 — 0l } + cdfig 30)

where Cy denotes the double layer capacity at the electrode-
solution interface. Subscript “t” represents the transient
value. Using Eq. 27, k!, is expressed as

kia = (k1a) exp {b1a(E+ AE — E°)}
= (kia) exp {b1a(E — E\°) + b1sAE}
= (k1) exp {b1a(E — E1°) }exp(b,AE)
= kia€xp (b1aAE) (31

By Taylor expansion of the index term in Eq. 31, the follow-
ing Eq. 32 is obtained.

Kia & ka1 + biaAE) (32)
Similarly &}, is expressed as
Kie = kie(1+bicAE) (33)

Combination of Egs. 30, 32, and 33 yields the following
expression.
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I'=1+ Al =~ F{ki,(1 + b1, AE)(O + A6)
— k]c(l — b]cAE)(l — 86— AQ)(CHm +ACHm)} +Cdjw(E+AE)
(34

where Al is expressed as

Al % F{kib1aAEO + ki,AB + kb1 AE(1 — 8)cim
—kie(1 — O)Achm +kicABcpn} + CY@AE (35)

From Eq. 35, the reciprocal of the impedance Z. is given by
the following Eq. 36,

1 Al
= an F{klablamklcblc(l — B)cnn+
AB Acm) . |
(kia + kiccin) 2 —kie(1 = ) 2 }+cq/w 36)

This impedance Z. contains all processes such as elec-
tron transfer, adsorption—-desorption, and diffusion processes.
The impedance for each process, i.e., the electron transfer
impedance Zy, the impedance containing electron transfer
and adsorption—desorption process Z;, and the impedance
containing electron transfer and diffusion process Z4 can be
expressed as Eqgs. 37, 38, and 39 respectively.

I Al

Z—rf = A—E =F{klab130+klcblc(1‘ e)CHm}+Cdjw (37)
1 Al
Z—m = E = F{klablag +klcblc(l - a)ch
AO .
+ (kia +k1cCHm)E} +Cyjw  (38)
i Al
Z; = KE =F{klab130 +k1cb1c(] -~ 0)CHm
Acym .
— kie(1— 0) g“E }+C¢1w (39)

Here, the balance for change in the adsorbed nickel hydroxide
[{Ni(OH); }.451 by a small potential fluctuation is expressed
as

t
¥ij gd"% = k(0 — Ok + ker(1 — 0Y)enu — k1,60 — kepB'cno  (40)

where f is the molar concentration of adsorbed hydroxide
per 1 cm? of collector. Inserting k!, expressed as Eq. 32 and
k!, expressed as Eq. 33 into Eq. 40, one obtains Eq. 41:
Bjo(0+A0) = ki(1 — b AE)1 — 8 — AB)(ctm + Acum)
+kepenu(l — 0 — AQ) — kia(1 + braAEYE + A8) — keveno(6 + AO)

(4D
The differential of Eq. 41 is expressed as Eq. 42.

ﬂja)AH ~ —klcb1CAE(1 - H)CHm+klc(] — H)ACHm — kchHCHm
— efCNHAH - k1ab13AE9 — klaAH - kebCNoAH (42)
This Eq. 42 can be changed into the following Eq. 43:

ACHm

AO —klcblc(l — H)CHm — k1ab1a0 +kic(l — 0)

ZE - ﬂjw+k]cCHm+kefCNH+kla+kebCNO
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The proton diffusion rate diffusing from the collector is
expressed as

D

t
36};", [x=0 = kic(1 — @ )cHm — k1,6 (44)

i)

Inserting k!, expressed as Eq. 32 and k|, expressed as Eq. 33
into Eq. 44, one obtains the following equation:

Dng—ACH—m—)Imo = klc(l - bchE)(l —-0-— AB)(ch +Ach)
—kia(1+ b1, AEY)E +AB)  (45)
Also, the following equation holds:
Da’g:’“‘ leeo = —k1cb1eAE(] — B)ctm + kie(1 — 0)Achn
—kiccumA O — k1ab1, AEO — ki, A8 (46)

Substituting y = x/ 8 <>x = Jy into above Eq. 44, one obtains
the following Eq. 47:

D OAcm

5 le:o = —kichic AE(1 — O)cum — k1ab1.AEO

+k1c(1 — 0)Achm — (kicChm + kia)AG 47

By the way, Warburg impedance is expressed as Eq. 48.%°

o (2)

—AcCHn
W= = 4
joD D dAcum “8)
6 Oy |

Combining Eqgs. 47 and 48 yields the following equation:

Actm

= _klcbchE(l - e)cl-[m - klablaAEH

+kic(1 — e)Ach — (k1cCHm +k1a)A0 49)

If one changes Eq. 49, the following equation is obtained:

AB
Acun _ kicb1c(1 — @)cpm + k1ab1a 6 + (kiccum +k“‘)ﬁ
AE

1 (50)
klc(l - 0)+ W

Now, we can obtain the impedance corresponding to each
process by introducing AG/AE and Acyn/AE expressed as
Eqgs. 43 and 50 into Egs. 36, 37, 38, and 39, respectively.

A schematic illustration of the Nyquist plot for the com-
plex impedance spectrum described by Eqs. 36, 37, 38, and
39 is given in Fig. 23, where the solution resistance (Ry) is
added to the real part of each process. From this Fig. 23, it is
found that the impedance loop in the high frequency region
corresponds to electron transfer and adsorption—desorption
processes and the linear part in the low frequency region
corresponds to the diffusion process. Parameters used in cal-
culation are adjusted to be fitted to the experimental loop.
However, curve-fitting using Eq. 36 did not give a good re-
sult as shown in Fig. 24, where the calculated curve is the
same as Fig. 23(A). Therefore, another impedance due to
charge-transfer corresponding to Eq. 2’ was considered. The
equivalent circuit is shown in Fig. 25, and the corresponding
impedance is expressed as Eq. 51.
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Fig. 23. Calculated impedance diagrams including various
processes. (A) Impedance including charge-transfer, ad-
sorption-desorption and diffusion processes, (B) impedance
including charge-transfer process, (C) impedance including
charge-transfer and adsorption—desorption processes, (D)
impedance including charge-transfer and diffusion proc-
esses. Parameters are as follows: Cy=6x10"* Fem™2,
Ry =0.2 Qcm?, E=0.43V, =10"° molcm™2, (kia)o =
107° molem™2s™", (kicdo = 1077 cm s7', ke =107
cms™ ), ke = 1072 cms™?, kna =0.1 mol™ ' em®*s ™!, ke =
107% molem™2s7!, bla=19 V7!, b, =19 V7!, E? =
0.43 V, e = 0.01 molcm ™2, eno =0.09 mol em ™2, con =
8x10 3 molem™>, D=5x10"% cm?s~!, 6 =0.025 cm.
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diagrams. @: impedance of charged state Ni-electrode after
normal charge-discharge cycling, O: impedance calculated
from Eq. 36; parameters are the same as those in Fig. 23.

1
Zice = Ryol + Zic +

Cjw+ R

€

(51

Using this equation, curve-fitting for the charged state of a
normal Ni-electrode was carried out. Both measured and
calculated impedances agree rather well as shown in Fig. 26.
In the measured impedance of charged-state, a loop observed
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Fig. 25. Equivalent circuit for Ni-electrode. R : Solution
resistance, Z : impedance of charge-transfer, adsorption—
desorption and proton-diffusion processes, R.:electron-
transfer resistance, C, : electron-transfer capacitance.
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Fig. 26. Comparison of measured and calculated impedance.
®: Impedance of charged state Ni-electrode after normal
charge~discharge cycling, O: impedance calculated using
Eq. 51. Parameters are the same as those in Fig. 23 except
(k12)o=8%x10"® molem™2s™!, C.=0.4 Fcm™2, and R, =
0.2 Q cm?’.

{

in the high frequency region is slightly distorted compared
to that of the calculated one, because the double layer ca-
pacitor of the Ni-electrode is not an ideal condenser. This
phenomenon is often observed in an electrode with a rough
electrode surface.’—32

Because y-NiOOH is known to be hard to discharge,*
we replaced this phenomenon with small values of (kj,)o
and (kic)o in Eqs. 27 and 28. Figure 27 shows the calcu-
lated impedance loops changing only with (k,)o and (k;¢)o
in Eq. 51 and using other parameters in Fig. 26. As seen
in this Fig. 27, the impedance loops become large as rate
constants (k;,)o and (kic)o become small. Namely, the quan-
tity of y-NiOOH at the interface between the collector and
the active materials is considered to increase as shallow dis-
charge—charge cycling progresses, and the charge transfer
resistance increases, which enlarges the impedance loop ob-
served at the high frequency side in Fig. 20.

4. Conclusions

From all these results and discussion, we concluded that

1. The main cause of the memory effect observed in al-
kaline-type rechargeable batteries using a nickel electrode is
the formation of -NiOOH.

2. y-NiOOH initially forms at the collector side and grows
to the solution side as shallow discharge—charge cycling pro-
gresses. Therefore, if the amount of formed y-NiOOH is
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Fig. 27. Change of impedance with (k1a)o and (kic)o. Param-
eters are the same as those in Fig. 26 except (k14)o and (k¢ )o.
O: (k1)o=8x10"molem =257, (kic)o=10">cms ™", O;
(kia)o =6x107 molem™2s™", (kic)o =7.5x10™* cms ™!,
Ot (kia)o=4x10" molem™2s™", (kicyo=5x10"* cms™".

small, X-rays cannot reach the y-NiOOH phase and only
S-NiOOH can be detected in XRD analysis. We think this
is the reason why y-NiOOH cannot be detected on a nickel
electrode even when a memory effect is observed.

3. Once y-NiOOH is formed at the collector side, it may
increase the charge transfer resistance, which lowers the
working potential on the charging process, i.e., a memory
effect appears.

4. This y-NiOOH disappears within a few cycles of nor-
mal charge—discharge cycling.

The authors express their thanks for a Grant-in-Aid for
Scientific Research No. 10650817 from the Ministry of Ed-
ucation, Science, Sports and Culture.
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