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Abstract: The derivative of charge and discharge curves (d¢/ dE vs E plot) can be used to describe the charge and dis

charge process more exactly. The di/dE —FE plots of nickel hydroxide electrode at different charge/ discharge rates and

intermittent discharge experiment are discussed. Though the d¢/ dE —FE plot is affected by many factors, it clearly has in-

trinsic relation with the nature of active material such as conductivity and thermodynamic potential of active material,

which changes with the state of charge. The d¢/dE —E plot can also be applied to other electrochemical active materials,
especially to those having several phases during charge or discharge.
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1 INTRODUCTION

The constant-current charge and discharge curves are
widely used to describe the electrochemical characteristic
of active material of batteries. Several parameters can be
obtained from these curves, such as total discharge time,
discharge capacity and half-discharge potential. These pa
rameters give out a rough view of total charge/ discharge
process.

The charge/ discharge curve is affected by many
factors, such as the thermodynamic potential of active
material, the exchange current density of redox reac
tion, the porosity and tortuosity of electrode, the cur-
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rent density and temperature. Many papers
been published dealing with the mathematical model
of discharge curve of simple active material using a lot
of parameters, but these models still have some dis-
crepancies to the actual curves. The charge process is
more complex than discharge because it is accompa
nied by the evolution of gas and is difficult to describe
with simple function. If the electrode consists of ac
tive materials with multiphase, its charge and dis-
charge curves are impossible to be described by math-
ematical model.

Guerlou Demourgues et al'® used the derivatives
of discharge curve (dt/dE —FE plot) to give an
overview of the curve shape modifications in the cycle
test of the manganesesubstituted nickel hydroxide
electrodes. The peak in the d¢/dE —E plot comes

from the pseudo plateau on the discharge curve dis-
playing potential vs time, and is considered to corre-
spond to a certain redox system. They also implied
that during the charge discharge cycle test of beta
nickel hydroxide the different peaks at d¢/dE —FE
plot are related to BNiOOH and ¥NiOOH respec
tively! "l

In this paper, the dit/dE —FE plot is discussed in
detail, and it is also used to interpret the charge discharge
behavior of alpha nickel hydroxide electrodes.

2 EXPERIMENTAL

The active materials were home-made AlFstabi
lized alpha Ni( OH) . The molar ratio of Ni: Al is 85:
15 in sample A and 90! 10 in sample B. The prepara
tion and test details were described elsewhere®. In dis-
charge experiment, the electrodes were usually discharged
to 0.1V (vs Hg/ HgO) continuously, except for the con-
stant current intermittent discharge experiment. The in-
termittent discharge experiment was done in this way: a
fully charged electrode made of sample B was discharged
for 6 min at 1 C rate, rest 40 min, then was discharged
for another 6 min at 1 C rate, and so on.

3 RESULTS AND DISCUSSION
3.1 Theoretical analysis on d¢/ dE —E plot

The discussion in this paper focuses on the usage
of dt/ dE plot of positive electrode. The situation is
similar for negative electrode.
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The characteristic values of dt/dE —FE plot of posr
tive electrode include: F|, ., the potential where the
charge curve has maxim and ¢, the corresponding
time; E(Oz), the potential of oxygen evolution; E, .,
the potential where the discharge curve has maxim and
tpc, the corresponding time; the difference between E

(02) and E, .; the difference between E, , and E, ..
The d¢/ dE value is negative at discharge and positive at
charge. In order to simplify the expression, usually the
absolute value of d¢/ dE was used and was still called as
dt/dE. t, . and t, . have relationship with the state of
charge (SOC), and will not be discussed further in this
paper.

Guerlou-Demourgues et al'® and Tessier et al”
did not give the dt/dE —FE plot of charge process.
Since the potential of electrode changes little or even
keeps constant at the later part of charge process due
to oxygen evolution, the d¢/dE value is very large or
becomes infinite. In order to avoid this trouble and
understand the peak of active material, the charge
curve is derived from the start of charge to the begin-
ning of oxygen evolution. The plateau potential of
oxygen evolution can be noted out alone on the graph
if needed.

The dt/dE —F plot and its characteristic values
are affected by those factors that have influences on
the charge/ discharge curves. There are no mathemat-
ical models that can describe the constant-current
charge/ discharge performance of practical electrode
accurately and there are not any accurate functions
between electrode potential and the parameters of ac
tive material and electrode. Therefore it is impossible
to give out the relation between the peak potential in
dt/dE —FE plot and the parameters of active material
and electrode. The peak potential of d¢/dE —FE plot
of different electrodes made by the same active mate
rial varies about 10 mV or more. The change of peak
potential in the d¢/dE —FE plot is caused by the
change of macroscopic characteristics in electrode and
inherent properties of active material.

Mao et al'” pointed out that a discontinuity in
the conductivity of nickel hydroxide will give rise to a
secondary plateau on the discharge curve. In that pa
per, the conductivity function was selected to produce
the secondary discharge plateau appearing at — 0.1 V
vs Hg/HgO reference electrode. It is clear that a
small change in conductivity will lead to another dis-
charge plateau close to the first one. It also implies
that in constant charge/ discharge experiment when
the d¢/ dE value reaches a maximum, the conductivi-
ty of active material may change most slowly with the
state of charge of electrode.

3.2 Application of d¢/ dE —FE plot to study of
a- Ni( OI‘I) 2

Fig. 1(a) shows the E —r curves of sample A in

cycles 1 and 150. Here “r” is the ratio of charge/ dis-
charge coulomb to the discharge capacity of electrode.
These two curves have very similar shape though the
half-discharge potential increases from 310 mV in cy-
cle 1 to 338 mV in cycle 150 and the oxygemrevolu-
tion potential also increases. Fig. 1(b) gives the dt/
dE —F plots of each case. It clearly shows that after
hundreds of charge/ discharge cycles besides the rise of
the main peak from 322 to 355 mV which relates to
the long discharge plateau, another peak in d¢/dE —
E is forming ranging between 280 and 260 mV,
which implies the appearance of a new phase. It is in-
teresting that the d¢/dE plots of charge and dis-
charge process are very similar except for the last part
of charge plot corresponding to oxygen evolution.
This implies that the peaks in dt/ dE plot has relation
with redox reaction system in the electrode.
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Fig.1 FE —r plots of sample A at cycle 1 and
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sample A at cycle 1 and cycle 150(b)

In this experiment, the E —r curves and dit/
dE —F plots show that the SOC when the dt/dE
value in discharge reaches a maximum is 85% ~ 60% .
So, if there is only one discharge plateau in E —¢
plot, the half-discharge potential is lower than the
peak potential of d¢/dE plot. The SOC when the
dt/dE value in charge reaches a maximum is 20% ~

50% . These SOC values were also affected by the
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property of active material, the manufacture detail
and the operation condition.

Fig. 2(a) shows the E —r curves of sample B at cy-
cles 1 and 100. The curve of cycle 100 is different from
that of cycle 1, showing two discharge plateaus. Fig. 2
(b) gives the dt/ dE —FE plots of each case in which the
change of electrode behavior after 100 cycles can be seen
more clearly. After cycles, there are two split peaks in
dt/dE —FE plot. In E —r curve, one can only say that
charge plateau becomes lower and half-discharge potential
rises from 285 to 292 mV. While in d¢/ dE —FE plot,
one can point out that the charge peak decreases from 502
to 490 mV and the shape of discharge plots change from
one peak at 292 mV to two peaks at 347 mV and 284
mV. The di¢/ dE plot of charge process of sample B does
not show two split peaks, but shows a high peak, which
seems to be an overlap of two peaks.
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Fig.2 E —r plots of sample B at cycle 1 and

cycle 100(a) and dt/dE —FE plots of
sample B at cycle 1 and cycle 100(b)

It is well known that the & Ni(OH), is labile in
alkaline media and easy to revert to B-Ni(OH),. Par
tial substitution of nickel ion in the lattice of nickel
hydroxide by other metal ions such as Al can stabilize

{81 In this experiment, the results of

alpha structure
Figs. 1 and 2 show that sample A in which more Ni
atoms are substituted by Al is much more stable than

sample B. But after hundreds of charge and dis-

charge, sample A also has the trend of changing to a
mixture of two phases. These phase changes lead to
small shape changes in £ —r or E —t curves and are
easy to be ignored, but cause distinct differences in
dt/dE —FE plots.

Fig. 3(a) shows the XRD pattern of sample A,
and Fig. 3(b) shows the XRD pattern of aged sample
A having been placed in 6 mol/ L. KOH for a month.
The in situ XRD research of nickel hydroxide elec
trode had been carried out by Dai et all'” but the
XRD pattern of pasted nickel hydroxide electrode is
too complex to distinguish those phases in the elec
trode. When nickel hydroxide is aged in KOH, it

obeys a  dissolutionnucleation-growth

whether it is charged or not .

process,
In this paper, the
XRD graphs of unrcycled nickel hydroxide are used.
Fig. 3(a) shows a typical & Ni( OH), pattern, and
Fig. 3(b) shows the characteristic of mixed o and B
Ni(OH),. Fig.3(b) also shows that after ageing the
XRD peaks related to a phase of sample A become
sharper, which means the increase of crystallinity.
According to the conclusion of Sugimoto et all”', the
utilization and half-discharge potential of A}tstabilized
alpha Ni( OH) » will increase as the sample crystallini-
ty improves. Both the £ —r curve and dt/dE —F
curve show the rise of discharge plateau in this exper-
iment. The XRD pattern of cycled electrode is very
complex and difficult to identify different materials
because there are too many phases in the electrode.
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Fig. 3 XRD patterns of sample A (a) and
aged sample A (b)
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Fig. 4(a) gives a set of dt/dE —F plots in a
constant-current intermittent discharge experiment of
sample B. Fig. 4(b) is the dt/dE —FE plot of the
same electrode in a 1 C rate continuous discharge ex-
periment. Fig.4(c) gives the E —t curves of inter
mittent discharge experiment and open circuit poten-
tials (OCP) at different SOC. The OCP was mea
sured after 40 min rest. Fig. 4(c) shows the E-t
plots, and hence the di¢/dE plots, were affected by
OCP. However, the most interesting thing in this

experiment is the relation between Figs . 4 ( a )
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Fig. 4 dt/dE plots in 1 C rate intermittent
discharge (a), d¢/dE plot in 1 C rate continuous

discharge (b), and E —t curves of intermittent
discharge experiment and OCP (¢)

and (b). In the constant-current intermittent dis-
charge experiment, the total shape of those dt/dE —
E plots is similar to that of continuous discharge ex-
periment. In the intermittent discharge case the half-
discharge potential has no meaning. It clearly shows
that the d¢/ dE —FE plot is a good way to describe the
electrode behavior and the values of £, ,, E, . and
d¢/dE have intrinsic relation with the nature of ac
tive material such as OCP and conductivity, though
this relation may be too complex to be exactly de
fined.

Fig. 5 shows how the characteristic values of d¢/
dE plot of sample B change with different charge/
discharge rates. Here E(0O;) is oxygemevolution po-
tential, E, ,the peak potential of d¢/dE —FE plot in
charge, E, ., E, o two peak potentials of dt/
dE —F plot in discharge, F i the half-discharge po-
tential. The three lines of E, 1, E, 2 and E . are
almost parallel. The slope of Ewmiqis — 49 mV/C and
the slope of E. and E o is about — 44 mV/C. The
slope of E, . is about 44 mV/C and the slope of E
(02) is 76 mV/C. E i is affected by OCP, liquid
polarization and electrochemical polarization. It is
clear that £, ,and £, .in d¢/dE plot is also affect-

ed by those factors.
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Fig.5 Characteristic values of d¢/dE plot
at different rates

The total d¢/dE —FE plot of constant-current
charge and discharge cycle ( here the negative d¢/dE
value in discharge process is adopted) has similar
shape with that of cyclic voltammetry experiment.
Fig. 6( a) shows the d¢/dE plots when the electrode
was charged and discharged at 1 C rate; Fig. 6(b)
shows the CV curve of the same electrode scanning
between 100 and 650 mV at 0. 1 mV/s rate so that both
experiments spent about 3 h. The reduction peak in CV
graph is much cathodic than that in d¢/ dE —F plot and
the oxidation peak in CV graph is much positive than that
in d¢/ dE —FE plot. When the oxidation potential of ac
tive material is close to oxygerrevolution potential, the

oxidation peak in CV graph is not clear, or even
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covered by the oxygemevolution current. While the
oxidation peak in dt/dE —FE plot is always distinct.
There may be two reasons that cause the difference
between those peaks in dt/dE —FE curves and CV
curves. First, the d¢/dE plot is obtained from con-
stant-current experiment, when the electrode is in the
SOC range where the thermodynamic potential
changes slightly, it can keep its polarization potential
and get a dt/dE maximum value. While the CV
curve is obtained from potentiakscanning experiment,
when the electrode is in the SOC range where the
thermodynamic potential changes slightly, the cur
rent may not reach a max-
imum value and will be larger with the electrode

becoming more positive/ negative potential. Second,
the peak currents in CV are much higher than ordr
nary charge/ discharge rate. In this experiment, 1 C
rate is 40 mA, while anodic peak current in CV is
about 103 mA and cathodic current is 90 mA. When

the current is larger, the overpotential is larger too.
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