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Abstract

a.c. impedance measurements are made on spiral-wound, size 4r5A, NirMH batteries, which are prepared by using direct-seal
technology. Both the positive and the negative electrodes are fabricated by filling in a porous nickel substrate with the active materials.

Ž .The main purpose of the investigation is to determine the cause s of the early cycling deterioration of this foam-type battery. The results
demonstrate that the cycle-life curve can be divided into three parts. After little change in capacity and voltage, deterioration of the
NirMH battery occurs as the voltage performance decreases. This is followed by a sharp decrease in both the discharge capacity and the
voltage performance. The decrease in voltage performance is due to drying of the separator, which increases the total ohmic resistance of
the battery, while the decrease of discharge capacity is due to an inactive surface that increases the charge-transfer resistance of the
battery. q 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Ž .Electrochemical impedance spectroscopy EIS has
many advantages, such as applying small amplitude a.c.
signals to systems composed of a wide range of materials
and providing detailed information on the sub-process of
the system. EIS is particularly suitable for studying the
reaction kinetics of electrodes and batteries. Many
impedance studies have been carried out on leadracid
w x w x w x w x1–3 , NirCd 4–6 , ZnrMnO 7 , NarS 8 , and NirH2 2
w x6 batteries.

Only a few previous EIS studies on metal hydride
electrodes and NirMH batteries have been reported.

w xKuriyama et al. 9 used EIS to study the degradation
mechanism of metal hydride electrodes and the activity of
the alloy, and found that the kinetics of the electrochemical
hydridingrdehydriding reaction of an alloy electrode de-
pends upon the reaction resistance on the alloy surface.

w xZhang et al. 10 developed a mathematical model to study
the mechanism of the hydridingrdehydriding reaction, and
the effect of the structure and the composition of the MH
electrode in order to enhance the performance of such
electrodes. These studies focused mainly on the effect of
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state-of-charge on the impedance of the battery. Several
investigators have studied battery degradation with EIS.

w xReid 6 applied EIS to investigate NirCd and NirH2

lightweight batteries. It was found that the battery case
could be used as a reference electrode for NirCd batteries,
and that EIS measurements could be used to determine
which electrode is responsible for the loss of performance.
A parallel circuit of a charge-transfer resistance and a
constant-phase element in series with the ohmic resistance

w xwas found to fit the data well. After this, Reid 11
measured the impedance of a spiral-wound nickelrmetal
hydride battery cycled in a simulated low earth orbit. He
found that the impedance changed only slightly over the

Ž .course of 2000 LEOs low earth orbit regimes at 50%
Ž .depth-of-discharge DoD with approximately 5% over-

charge. Both the nickel electrode and the metal hydride
electrode apparently contribute to the impedance of the
battery, with the larger portion probably due to the nickel

w xelectrode. Haak 12 found that a rapidly increasing value
of the low-frequency slope in the Nyquist plot for a NirCd
battery was indicative of potential battery failure.

In the present study, the impedance of a foam-type
NirMH battery is measured with chargerdischarge cy-
cling in order to determine the main causes of early
cycling deterioration.
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2. Experimental

Spiral-wound, size 4r5A, NirMH batteries were pre-
pared by using direct-seal technology. A non-sinter nickel
positive electrode was fabricated by applying a paste,
which was a mixture of nickel hydroxide powder and
water with a binding medium, onto a foam–nickel sub-
strate. Metal hydride electrodes were made by mixing

Ž .MINi Co,Mn,Ti hydrogen storage alloys and acety-3.45 1.55

lene black with a binding medium to form a paste, apply-
ing the paste to the foam–nickel matrix, drying, and
rolling. The separator was non-woven polypropylene. The
alkali electrolyte was a mixture of KOH and LiOH. The
design capacity of battery was 1.5 A h.

The batteries were first activated by charging at the
0.1C rate for 15 h and discharging at 0.2C using a cut-off
voltage of 1 V. The batteries were then charged at the

Ž0.2C rate for 6.5 h and discharged at 0.2C 1 V C is the
.nominal capacity of the battery . This process was repeated

four times. After this, the cycle-life test of the battery was
conducted under the following conditions: charge at 850
mA for 2.2 h using a DV of 10 mV; discharge at 500 mA
using a cut-off voltage of 0.9 V.

Impedance measurements were made by means of a
Solartron 1250 Frequency Response Analyzer in conjunc-
tion with a Solartron 1287 Electrochemical Interface. Mea-
surements were made at the given cycle, in which case the
state-of-charge of the battery was 20%. The positive elec-
trode was studied, and the negative electrode as the counter
electrode and the reference electrode. The voltage pertur-
bation used in the present work was 10 mV. Impedance
was measured from 10 kHz to about 1 mHz.

3. Results and discussion

Both the positive electrode and the negative electrode
apparently contribute to the impedance of the battery. A
typical Nyquist plot is shown in Fig. 1. At high frequen-
cies, the plot starts as a semicircle, and as the frequency
decreases, it changes to a straight line. The model for the
essential features of battery is represented by the electrical
equivalent circuit shown in Fig. 2, where: R is the totals

Fig. 1. Typical Nyquist plot of battery.

Fig. 2. Equivalent circuit for battery.

ohmic resistance of the solution and the separator as well
as the electrodes; R is the charge-transfer resistance of thet

electrodes; Z is the Warburg impedance; Q is thew c

constant-phase element in order to consider semicircles
with a depressed shape.

The decay of the total discharge capacity and voltage
Ž .characteristic discharge capacity over 1.2 V of the battery

with cycle number is shown in Fig. 3. The cycle–life curve
Žcan be divided into three parts. In the first part character-

.istic point A , the voltage characteristic and the total
discharge capacity of the battery are essentially constant.

Ž .In the second part characteristic point B , the voltage
characteristic decays, but the total discharge capacity stays

Ž .constant. In the third part characteristic C , both the

ŽFig. 3. Total discharge capacity and voltage characteristic discharge
.capacity over 1.2 V vs. number of cycles.

Fig. 4. Charge–discharge curves of battery at points A, B and C.
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Fig. 5. EIS of battery measured at points A, B and C.

voltage characteristic and the total discharge capacity de-
crease rapidly. The charge–discharge curves of the battery
at points A, B and C are shown in Fig. 4.

The EIS of the battery at points A, B and C are
presented in Fig. 5. The data were fitted using the equiva-
lent circuit shown in Fig. 2 with the ohmic resistance in
series with a parallel combination of a constant-phase
element, and a resistor representing the kinetic resistance.

Ž .It is found that the ohmic resistance R remains virtuallys

constant during the first part of cycling, increases in the
second stage, and increases steeply in the third stage. The

Ž .charge-transfer resistance R decreases slightly duringt

the first stage, stays essentially constant in the second
stage, and increases rapidly in the third stage. The
impedance parameters at points A, B and C are listed in
Table 1. It can be seen that, with cycling, the Warburg
resistance, Z , caused by the diffusion process, increasesw

but the capacitance, which provides interface information,
decreases. Batteries cycled to points A, B and C were
dissected and recycled in a glass cup that contained the
electrolyte under the following conditions: charge at 850
mA for 2 h; discharge at 500 mA, 1.0 V cut-off. It was
found that the total discharge capacity and voltage charac-
teristic of the batteries at points A and B were always the
same as those for the initial stage of cycling. The total

Table 1
Impedance parameters

aŽ . Ž . Ž .R V R V Z V Qs t w c

A 0.036 0.0824 0.0435 9.8
B 0.053 0.0830 0.0466 8.5
C 0.152 0.114 0.0557 6.7

a The unit of Q is F N; F is the Faraday constant; N is the dispersionc

coefficient.

discharge capacity and voltage characteristic of the battery
at point C is greatly decreased, compared with those for
the initial stage of cycling. It is also found that the
polarization of negative electrode at point C was increased
markedly.

These data indicate that the decrease in the voltage
characteristic of the battery is due to drying out of the
separator that increases the R of the battery, and thats

decay of the total discharge capacity is due to an inactive
surface that increases the R of the battery.t

4. Conclusions

The early cycling deterioration of a NirMH battery
appears first as the voltage performance decreases. It is
then followed by a sharp decrease of discharge capacity
and voltage performance. The decline in voltage perfor-
mance is due to drying out of the separator, which in-
creases the R of the battery, while the decrease in thes

discharge capacity is due to an inactive surface that in-
creases the R of the battery.t
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