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Abstract

The individual electrode impedance parameters and internal resistance of a sealed nickel/metal-hydride cell are obtained by a galvanaostatic

non-destructive The resistive cc

of the cell are found to be minimum for a state-of-charge valie of about 60%. The results

supgest that operation of nickel/metal-hydride cells within 50% depth-of-discharge would clevate cycle life.
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1. Intreduction

Although nickel/cadmium batteries have well established
markets, they suffer from certain disadvantages, namely: (i)
a memory effect — a phenomenon that requires the user to
follow a time-consuming recharging schedule in order to
maintain the rated capacity; (ii) a capability of storing only
slightly more energy per unit weight than lead/acid cells;
(iii) an inability to be recharged at higher temperatures, and
(iv) a safety hazard in that cadmium is a very toxic pcison
that can contaminate the environment when worn-out batter-
ies are mixed with houschold rubbish and incincrated. Con-
sequently, there is a widespread incentive to develop nickel/
metal-hydride (Ni/MH) batteries that are not onty cadmium-
free but also can store raore energy than equivalent-sized
nickel/cadmium units. On the downside, Ni/MH batteries
deliver less power, have a faster self-discharge rate, and are
less tolerant to over-charging [ 1].

Like the nickel/cadmium cells, the Ni/MH unit employs
anickel positive electrode and aqueous KOH electrolyte. The
main difference is that the active material in the negative
electrode is hydrogen absorbed in a metal alloy [2,3]. Since
the metal-hydride electrode has a higher capacity per unit
volume than cad it may be in size, and allow
room for a larger positive electrode and, hence, a greater
battery capacity.

The charge/ discharge reactions in a Ni/MH cell are

charge

M+Ni(OH), = MH+NiOOH 1
discharge

0378-7753/96/$15.00 © 1996 Elsevier Science S.A. All rights reserved

PIIS0378-7753(96)02471-8

The respective electrode reactions at the negative and positive
electrodes are

charge
M+H,0+e~ = MH+OH™ 2)
discharge
and
charge
Ni(OH),+OH~ = NiOOH+H,0+e™ 3)
discharge

Unlike nickel/cadmium cells, there is no change in the
composition of the electrolyte during the charge/discharge
reactions in a Ni/MH cell {4]. Although Ni/MH cells are
being produced commercially, the system still saffers from
numerous problems in achieving high specific energy, long
cyclelife, superior charge/discharge characteristics, and high
reliability [3].

In this paper, a galvanostatic non-destructive (GNDT)
study has been made on a2 commercially available sealed Ni/
MH cell and the impedance parameters of the various cell
comp have been evaluated at different states-of-charge
(SOCs). Such data are essential in efforts to optimize the
performance of sealed Ni/MH cells.

2. Experimental

Sony-NHOWMA prismatic Ni/MH rechargeable cefls
with rated capacity (C) of 0.9 Ah and a nominal voltage of
1.2 V were conditioned by conducting five charge/discharge
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Fig. 1. Schematic set-up for the digital recording of V- transients under
GNDT conditions.

cycles at the €/10 rate. Fully-conditioned batteries were
found 1o yield a faradaic efficiency of ~80%. The cells
were charged up to 120% of their rated capacity and then
discharged to a cutoff voltage of 1.0 V.

The electrical circuit employed for the GNDT is essentially
similar to that described in Ref. {5]. In brief, it consists of
the test battery, a decade e box, a d d.c.
power supply and a microswitch, as shown schematically in
Fig. 1. The GNDT involves discharge of the test battery at a
substantially low rate (C/15) together with precise measure-
ment of concomitant changes in the voltage (16 pV). It
was therefore necessary to compensate the voltage of the test
battery by a GR-1455-A type voltage divider backed-up with
a couple of conditioned valve-regulated lead/acid (VRLA)
batteries connected in series. Thus, the compensaled voltage
(V) of the test battery can be measured at any instant with
respect to its rest value (V"), i.e. V— V", using a high input-
impedance Solartron-7 150 digital multimeter interfaced toan
IBM-PC through an IEEE-488 BUS. The data acquisition
was driven with the aid of a program written in GW-BASIC.
The data were collected every 0.25 s over a period of 150 s.
All experiments were performed at 24 + | °C. The noise level
in the collected data was below 20 pV. The data were
further smoothened with the aid of MatLab software. The
data collection and analysis were carried out repeatedly at
several SOC values of the test battery to ensure reproduci-
bility. The impedance data were within 5% error.

3. Resuits and discussion

The charge/discharge data of the test batery at the C/10
rate is shown in Fig. 2. The equivalent circuit of the test
battery under the conditions described in the experimental
section is shown in Fig. 3, where T, and T, refer to the battery
terminals, Ry, is the ohmic resistance, R, | and C,; are the
charge-transfer resistance and the interfacial capacitance
(which includes double-layer capacitance and associated
capacitive components due to adsorption, passive films, etc.)
for one of the electrodes, and R, ; and C,; are the charge-
transfer resistance and interfacial capacitance for the other
electrode. As the discharge current (60 mA ) that corresponds
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Fig. 2. Typical (a) charge and (b) discharge curves for a Ni/MH recharge-
able test battery (charge currenl = discharge current =90 mA, €/ 10 rate).
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Fig. 3. Equivalent circuit for the Ni/MH (est battery under the GNDT
conditions.

to the C/15 rate is restricted to a duration of a couple of
minutes only, the SOC of the test battery changes only by
0.002 and, therefore, can be taken to be wearly invariant.
Accordingly, it can be assumed that the eleciron-transfer
processes are the rate-determining steps for both the electrode
reactions. Since the electrode processes are not governed by
mass transfer, the Warburg components are not included in
the equivalent circuit [6].

For a small current-perturbation, the voltage response of
the test battery can be written with reference to the equivalent
circuit (Fig. 3) as
V' =V=IRy+IR, (1 —exp(~1/7)]

+IR [ 1 —exp(—t/1)] ()]

where [ is the discharge current; 7, (=R;C,,) and 7
(=R,C,2) are the time constants of the electrode processes.
The exponential terms in Eq. (4) are due to the charging of
Cy, and Cy,. At times 2> 7, and 7, the capacitors are com-
pletely charged and, therefore, the voltage drop is only due
to resistive components [5,61, namely R, ), R, > and R;,.

A solution of Eq. (4) provides the impedance parameters
of the test battery. Since there are serious limitations in the
direct algebraic procedure to solve Eq. (4), an alternative
approach described below becomes imperative. This proce-
dure employs the assumption that the time-constants 7, and
T, are comparable in magnitude. The procedure involves the
following steps.

3.1. Step !

From Eq. (4) it can be seen that the V- curve is non-
linear. Two instances of time (r* and r**) in the initial region
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of the V-t curve are chosen such that there is a measurable
difference in the corresponding slopes (m* and m**) of the
curve. The time zone of these slopes is governed by the
relaxation processes at both the electrodes but, as an approx-
imation, itis assigned entirely to one of the processes, namely,
the 7, process. The approximate value of 7,, namely 7’ is
given by

pEE gk
In( —m™) —In( —m**)

U] '= (5)
which is obtained by differentiating Eq. (4) with respect to
time (¢) and neglecting the contribution from the 7, process.

3.2. Step 2

Since the function [1 —exp( —t/ )] a:tains about 99% of
its final value at +=357, it is assumed that the relaxation at
t>57" is due only to the 7, process. Under this condition,
Eq. (4) reduces to

—V=I(Ro+R,) +IR [l —exp(—t/m}] (6)
which yields
In( ~dV/de) =In(IR, /%) ~t/Ta (7

A linear plot of In( —dV/dz) versus ¢ for the time domain
t>57,’ provides 7, and R, , from its slope and intercept, and
hence C,,. Substitution of Eq. (2) in Eq. (6) followed by a
plot of (V™ V) versus exp( —/7,) gives a straight line for
t>57". The intercept of the plot with the y-axis gives the
value of the total internal resistance: R,=Rq+ R, +R,.

3.3 Step3

Eq. (4) can now be recast as

= —IR, exp(—t/m) (8)
where Y=V —V—IR +IR ;exp( —t/T,).
Therefore
In(—Y)=In(IR,;) —t/7, 9

Since the value of ¥ is now known completely at each 7,2
plot of In( —¥) versus ¢ in the time domain 7 < 7,/5 gives a
straight line of slope ( — 1/7,) and an intercept of IR, ,. This
step provides the values of 7;, R, | and, hence C,,. Further-
more Rq can also be calculated. All the five parameters,
namely Rg, R, |, R, Cy, and C,,, of the test battery are thus
obtained non-destructively by a low-rate galvanostatic dis-
charge of the battery for a short time. A typical galvanostatic
discharge transient of the test battery at SOC=0.1 for 230 s
is shown in Fig. 4. The linear polarization domain of the
GNDT is ensured by recording transients with several dis-
charge currents close to C/ 15 and plotting (V* — V) /I versus
t. All the plots lie within an error of +3% in a time zone
extending to 150 s and hence the data within this duration are
included in the analysis.

Employing Eq. (5), 7’ was calculated to be 13 s from the
slopes of the voltage-transient curve at two instants lying
between 5 and 10 s. In the region 1> 7/5 { =65 s), the plot
of In( —dV/dr) versus ris a straight line between 65 and 100
s, as shown in Fig. 5. From the slope and iniercept of this
plot, 7, and R, are calculated to be 353 s and 147 m(},
respectively. Accordingly, C,, is estimated to be 2.5 kF.

By substituting the values of 7, in Eq. (6), V' —V was
plotted against exp( —¢/7;) in the time domain £>37 as
shown in Fig. 6. The total resistance R,=Rp+R,; +R.» as
calculated from the intercept of the plot is 215 mQ.

From the values of R, R,, and 7, the values of ¥ were
computed in the time domain ¢ < 7,/5, and In( — ¥) was plot-
ted versus ¢, as shown in Fig. 7. From the slope and intercept,
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Fig. 5. Plot of In{ —dV/dr) vs. £ 2t SOC=0.] for the Ni/MH test bantery.
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Fig. 7. Plotof In( — ¥) vs.  at SOC=0.1 for the Ni/MH test battery.
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Fig. 8. Plot of resistive components of the Ni/MH test bautery as function
of SOC.

the values of 7, and R, were estimated to be 19 s &nd 9 m{2,
respectively. The capacitance (C,,) and internal resistance
(Ry,) thus obtained are found to be 2 kF and 59 m{}, respec-
tively. The resistive and reactive components of the Ni/MH
rechargeable cell have been evaluated at different SOCs, the
data are presented in Figs. 8 and 9. Tt was not possible to
analyse the data obtained for SOC <0.1 due to large voltage
drops ( = 50 mV), even with discharge rates as low as C/30.
Such a large drop indicates the onset of mass-transfer poiar-
ization at these SOCs and hence these data are not included
in Figs. 8and 9.
Electrodes 1 and 2 are assigned as the negative and/or the
positive clectrode of the cell in the light of following argu-
ment. Zhang et al. [7] found the charge-transfer resistance
of the MH electrode to be practically independent of its SOC.
A similar behaviour in R, is observed here, but only for
extreme values of the SOC. Hence, it is appropriate to assign
the electrode 1 as the negative electrode of the Ni/MH cell.
By contras, the R, values vary between 100 and 300 mQ2
with the SOC. which falls in the range of the value for the
charge-transfer resistance of the nickel-positive electrodes
[8]. Hence, electrode 2 is taken to be the positive clectrode
of the Ni/MH cell.
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Fig. 9. Plot of capacitive components of the Ni/MH test battery as function
of SOC.

The metal-hydride electrodes in an Ni/MH battery do not
undergo any significant structural modification during
charge/discharge reactions as these involve only absorption
and desorption of H atoms in the alloy lattices.

The electrochemical and chemical processes that occur at
the metal-hydride electrode can be described as follows [9]

M+H,04e¢™ =MH,, +OH" (10)
MH,,, = MHuup, an
IMH,y, = 2M+H, 12)
MH,,,+H,0+e” =M+H,+O0H" (13)

Although all the above reactions are thermodynamically
feasible, reactions (10} aud {11) are desirable for charge/
discharge processes of the electrode while reactions (12) and
(13) are inappropriate as these lead to hydrogen evolution
which is detrimental to the charging efficiency of the elec-
trode. Reactions (10) and (11), are charge-transfer and
mass-transfer processes, respectively.

Under the preseni experimental conditions with 726
mV, charge transfer can be taken as the rate-determining step.
Before proceeding with the analysis of the experimental data,
it would be appropriatc to examine the nature of SOC versus
R, data, as follows.

The charge-transfer resistance R, is given by | 10]

R.=RT/nFi, (14)
where R, 7, n, and F have their usual meanings, and
iy =nFAk,CE1 ~)CEe (15)

where A is the area of the electrode; k; is the standard rate
constant for the electrochemical reaction; C§ and C¥ are the
bulk concentrations of the oxidized and reduced species,
respeciively.

F.or metal-hydride electrodes, Cg and C¥ in Eq. (15) can
be replaced with the fraction of occupied ( ©y) and unoccu-
pied (1 — &) sites in the electrode lattices. It is noteworthy
that @, is a measure of the SOC since @, — 1 as SOC -1
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Fig. 10. Variation of R,/ K’ with SOC for the metal-hydride electrode.

and ©,;— 0 as SOC — 0. Hence, Eq. (15} could be modified
as

iy =nFAky(1—-S0OC)"' ~¥SOC* (16)
Taking a=0.5, Eq. (16) becomes
io=K[(1—S0C)(S0C)1*? (17)

where X =nFAk,.
Combining Egs. (14) and (17), yields

R..= (RT/nF)(1/K[(1—S0C)(SQC)1°%) (18)
Whichred . -
R.=X'{. JC SOC)H)] 08 (19)

where K'=(n '~ .} (1/K).

The variation of R.,/K’ with SOC according to Eq. (19)
is shown in Fig. 10. This is typical of a charge-transfer con-
trolled reaction [ 11]. Under the present experimental con-
ditions with n<26 mV, R, is same as R, and can be
attributed to reaction ( 10). The variation of the R, ; withSOC,
shown in Fig. 9(a), is in agreement with Fig. 10 which
confirms that reaction (10) is an ideal charge-transfer
reaction.

The positive electrode is an intercalation type wherein pro-
tons are intercalated into the NiOOH lattice and de-interca-
lated from the Ni(OH), lattice during the charge and
discharge processes, respectively [12]

charge
Ni(OH), = NiOOH+H"+e~ (20)
discharge
The variation of the charge-transfer resistance (R, ;) for this
electrode is shown in Fig. 9(b); it is similar to that reported
in Ref. (8],

The data in Fig. 8(c) indicate that the variation in the
internal resistance of the nickel/metal-hydride cell occurs
only in the SOC range 0 to 0.5. The increase in internal

isduethe p of asubtantial amount of poorly
conducting Ni(OH), [2,13,14]. This suggests that the cell
operation in this SOC range is able for a prolonged
cycle life since it may lead to deleterious internal heating of
the cell. Furthermore, the interfacial resistance on the nega-
tive electrode of nickel/metal-hydride cell is found to be
minimum over a wide SOC range between 0.2 and 1.0 (Fig.

8(a)). By contrast, the interfacial resistance on the positive
electrode of the cell displays a minimum in a very narrow
range of SOC between 0.6 and 0.8 (Fig. 8(b)). In the light
of the above discussion, it would be advisable to fimit the
operation of the nickel/metal-hydride cell up to about 50%
of its depth-of-discharge.

The variation of the capacitive components of the anode
and cathode over the SOC values are shown in Fig. 9. The
magnitudes of the capacitive components of the nickel/
metal-hydride cell, namely, Cy, and C, 5, are larger than the
normally reported values for electrode/electrolyte interfaces.
This is quite likely due to the highly porous nature of the
electrodes. In the literature [ 15-18], interfacial capacitance
values as high as 1.5 kF have been reported for the battery
electrodes.

4. Conclusions

A galvanastatic voltage-transient technique has been
employed to obtain the impedance parameters of individual
electrodes, as well as the internal resistance of asealed nickel/
metal-hydride cell. This method is unique in evaluating indi-
vidual electrode parameters in a non-destructive manner
withia the limitations discussed above. The study reflects that
for optimum performance of a rickel/metal-hydride cell, the
depth-of-discharge should be limited to avout 50% of the
capacity.
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