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Electrode impedance parameters and internal resistance
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The individual electrode impedance parameters and internal resistance of a sealed LiC/Lj_.CoO,

lithium-ion rechargeable battery were estimated by a galvanostatic nondestructive technique. Various
resistive components of the battery were found to be minimum between state-of-charge values 0.5-0.9.
It is expected that the operation of the battery within about 50% of its depth-of-discharge would pro-

long the charge/discharge cycle life of the battery.

1. Introduction

Effort is being made to develop ecofriendly, compact,
light-weight and efficient rechargeable batteries to
replace the ubiquitous Ni—Cd battery by the turn of
this century in various consumer applications. To this
end, rocking-chair lithium or lithium-ion rechargeable
cells are envisaged as one of a favoured option [1].

A lithium-ion rechargeable cell consists of LiCoO;-
type cathode and a carbon anode. The open-circuit
voltage of LiC/Li;_,CoO, cell is 3.8 V at x ~ 0 which
gradually increases to about 4.7V with increasing x
[2]. When charged to 4 V, the cathode has the chemical
composition LipsCo0O, and remains isostructural
with LiCoO, which has a layered structure analogous
to LiTiS, except that the anions in the former adopt
cubic close packing instead of hexagonal close pack-
ing. Lithium ions can be reversibly extracted from
between the layers topotactically with concomitant
oxidation of Co® ™ to Co**.

The lithium-ion rechargeable cells, now commer-
cially available from Sony Energytech Inc. in Japan,
employ the following configuration [3, 4]:

LiC|PC + DME + LiPF4(1 ™) | Li;_,CoO,

The nominal voltage of the Sony lithium-ion recharge-
able battery with two cells of 3.6 V connected in series
is 7.2 V. The energy density of the battery up to a cut-
off voltage of 6V is found to be about 100 Whkg '
The commercialization of lithium-ion battery by
Sony is considered an important breakthrough in
battery technology. However, the information on the
performance features of the Sony lithium-ion recharge-
able battery is lacking in the literature. A basic charac-
terization of battery performance requires a knowledge
of internal parameters such as charge-transfer resis-
tance and double-layer capacitance of positive and
negative electrodes individually, as well as the inter-
nal resistance. Evaluation of these parameters in a
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nondestructive way is a difficult task in a sealed bat-
tery. In a recent study [5] by using a.c. impedance tech-
nique, only the sums of charge-transfer resistances
and double-layer capacitances of positive and negative
electrodes of a sealed Pb-acid battery were evaluated.

In this study a galvanostatic non-destructive techni-
que (GNDT), developed primarily by Sathyanar-
ayana et al. [6] has been employed to evaluate the
impedance parameters of the individual electrodes
and internal resistance of the sealed LiC/Lj_,Co0O,
lithium-ion battery at various states-of-charge SOC),
that is the ratio of available capacity to maximum
attainable capacity. These data are central for opti-
mum performance of LiC/Li_,CoO, lithium-ion
rechargeable batteries.

2. Experimental details

Sony-NP510 lithium-ion rechargeable batteries with
1.25 Ah rated capacity (manufacturer’s rating) and
nominal voltage of 7.2V were conditioned by con-
ducting charge/discharge cycles at C/10 rate. The
fully-conditioned batteries were found to yield a
capacity of 1.125 Ah with the faradaic efficiency of
about 97%. The charge and discharge cycles for the
test batteries were restricted to cut-off-voltages of
8.4 and 6.0V, respectively.

The electrical circuit employed for GNDT is essen-
tially similar to that described in [6]. In brief, it con-
sists of the test battery, a decade resistance box, a
regulated d.c. power supply and a microswitch as
shown schematically in Fig. 1. The GNDT involves
discharge of the test battery at substantially low rate
(~C/100) necessitating precise measurement of con-
comitant changes in its voltage. The voltage of the
test battery was therefore required to be compensated
by a GR-1455 A type voltage divider backed-up with
a couple of conditioned 6 V/4 Ah Pb-acid batteries
connected in series. This facilitated the measurement
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Fig. 1. Schematic set-up for digital recording of V—¢ transients
under GNDT conditions.

of compensated voltage (V) of the test battery at any
instance with respect to its rest value (V'), i.e.
(V — V"), using a high input-impedance Solartron-
7150 digital multimeter interfaced to an 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 for every 0.25s over
a duration of 150s. All the experiments were done
at 24+ 1°C. The noise level in data collected was
below +20 V. The data were further smoothed with
the aid of the Mathematica Software. The data collec-
tion and analysis were carried out repeatedly
at several states-of-charge of the test battery to
ensure reproducibility. The impedance parameters
were found to be within +5% error.

3. Results and discussion

In a LiC/Li;_,Co0O, lithium-ion rechargeable cell,
Li"-ions are rocked back and forth between two inter-
calation electrodes during its charge and discharge
processes. The anode and cathode of the cell interca-
late/deintercalate during the charge/discharge pro-
cesses as represented below:

LiCoO, + Lij_Coff—Li;_,Co0O, + LiC (1)

The charge/discharge data of the test battery atC/
10 rate are shown in Fig. 2. The voltage during both
the charge and discharge processes varies continu-
ously with the state-of-charge of the battery. Such
a behaviour in the variation of the battery voltage
is expected for a battery employing intercalation
materials as anode and/or cathode [7].

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, R  is the ohmic resistance, R, ; and C,; | are
charge-transfer resistance and interfacial capacitance
(which includes double-layer capacitance and asso-
ciated capacitive components due to adsorption, pas-
sive films etc.) for one of the electrodes; R,, and C,,
are charge-transfer resistance and interfacial capaci-
tance for the other electrode. As the discharge current
(11.25mA) corresponding to C/100 rate is sufficiently
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Fig. 2. Typical (a) charge and (b) discharge curves for the lithium-
ion rechargeable test battery (charge current= discharge current =
125mA = C/10 rate).

low and the measurements are restricted to a duration
of a few minutes only, the SOC of the test battery
could be taken to be nearly invariant; the variance
in SOC being only 0.0004. Accordingly, it may be
assumed that the electron-transfer processes are the
rate-determining steps for both electrode reactions.
Since the electrode processes are not governed by
mass transfer, the Warburg components are not
included in the equivalent circuit.

For a small current-perturbation, the voltage response
of the test battery can be written with reference to the
equivalent circuit shown in Fig. 3 as,

V' —V =1IRq + IR, [l —exp(—t/7)]
+ IR 5[1 — exp(—1/7)] (2)

where [ is the discharge current, 71 (=R, ;C,;) and
7(=R,,C;,) are the time constants of the electrode
processes. The exponential terms in Equation 2 are
due to the charging of Cy; and C,,. At times 1>7
and 7,, the capacitors attain complete charge and
therefore the voltage drop is only due to resistive com-
ponents, viz. R, |, R, and Rq.

A solution of Equation 2 with experimental data
can provide the impedance parameters of the test
battery. Since there are serious limitations in the
direct algebraic procedure to solve Equation 2, an
alternative approach described below in steps 1, 2
and 3 becomes imperative [8]. In this procedure, it is
mandatory that the time constants 7; and 7, should
be separable. This analysis is not satisfactory for a
battery (or a cell) when 7y = 75. When 71 < 7, the
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Fig. 3. Equivalent circuit for the test battery under the GNDT
conditions.
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analysis requires long-time data collection which may
lead to a substantial change in SOC of the battery.

Step 1. Equation 2 shows that V" against ¢ is non-
linear. Two instances at time ¢ and **in the initial
region of V//t curve are considered such that there is
a measurable difference in the corresponding slopes
(m* and m™) of the curve at these times. Although
the time zone of these slopes is governed by the
relaxation processes at both the electrodes, it is
assigned entirely due to one of the processes, say -
process. An approximate value of 7, namely 7’ is
given by

, B l** _ Z*
T () — In(—m)

(3)

which is obtained by differentiating Equation 2 with
respect to time (f) on neglecting the contribution
from the 7,-process.

Step 2: Since the function (1 —exp(—¢/7)) attains
about 99% of its final value at t = 57, it is assumed
that the relaxation at ¢ > 57{ is only due to the 7,-
process.

Under this condition, Equation 2 reduces to

V' — V =I(Rq —|—R,A’1)
+ IR »[1 — exp(—t/7))] 4)

which further yields,
In(—dV/dt) = n(IR,»/7) — t/T» (5)

A linear plot of In(—dV'/dr) against ¢ in the time
domain 7 > 57] provides 7, and R,, from its slope
and intercept and hence C,,. Substitution of 7 in
Equation 4 followed by a plot of (V" — V) against
exp(—t/m,) gives a straight line in the time domain
t > 57. The intercept at t = 0 of the plot gives the
value of the total internal resistance, R;(= Ro+
Ry +R,p).

Oe

Step 3: Equation 2 is now recast as
Y = —IR,, exp(—t/7) (6)

where Y = V" — V — IR, + IR, exp (—t/7)
Therefore,

In(—=Y) =In(IR,;) — t/7 (7)

Since Y is now known completely at eacht, a plot of
In(—Y) against 7 in the time domain 7 < 57| gives a
straight line of slope (—1/7y) and intercept IR, ;.
This step provides the values of 71, R,; and hence
C,;1. Thus, Rq can be calculated. All the five para-
meters, viz. RQ, Rl,la R[,2= CdA,l and Cd,2 of the test
battery are thus obtained nondestructively by a low-
rate galvanostatic discharge of the battery for a short
time. A critical examination of the above procedure
by simulating voltage transients was carried out by
Ilangovan and Sathyanarayana [6].

A typical galvanostatic discharge transient of the
test battery at SOC = 0.1 for 230s is shown in Fig.
4. The linear polarization domain of the GNDT is
ensured by recording transients with several discharge
currents close to C/100 and plotting (V" — V)/I
against ¢. All the plots lie within an error of £3% in
a time zone up to 150s, and hence the data within
this duration are included in the analysis.

Employing Equation 3, 7{ was calculated to be 14s
from the slopes of the voltage transient curve lying
between 5-10s. In the region ¢ > 57" (~70s), the
plot of In(—d ¥’ /d¢) against ¢ is a straight line between
70—140s as shown in Fig. 5. From the slope and inter-
cept of this plot, 7, and R, are calculated to be 123 s
and 560 mS2, respectively. Accordingly, the interfacial
capacitance Cy, is estimated to be 220 F

By substituting the values of 7, in Equation 4,
(V" — V) was plotted against exp (—¢/7,) in the time
domain ¢ > 57 as shown in Fig. 6. The total resistance
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Fig. 4. Typical galvanostatic discharge transient (discharge current: 11.2mA) of the test battery atSOC = 0.1. For the sake of brevity only

3% of the acquired data are shown.
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Ri(= Rg + R, + R,») is calculated from the intercept
of the plot and is found to be 1.22.

From the values of R;, R,, and 7, the values of Y
were computed in the time domain 7 < 57{, and
In (—7Y) plotted against ¢ as shown in Fig. 7. From
the slope and intercept, the values of 7; and R,
were estimated to be 13s and 18 mf2, respectively.
The interfacial capacitance C,; is thus found to be
730 F. Thus the internal resistance Ry, is 630 mS2.

The resistive and reactive components of the
lithium-ion rechargeable battery have been evaluated
at different states-of-charge. The data are presented in
Figs 8 and 9. It is interesting to note that both R, ; and
R, > show a minimum, with C;; and C,, exhibiting a
maximum around SOC =0.7. The electrochemical
reactions at the two electrodes during charge/dis-
charge processes of the test battery are

Li;_,Co0, + xLi" + e T iCo0,  (9)

Prior to discussion on impedance parameters of
the individual electrodes, it is essential to assign
the observed features of electrodes 1 and 2 appro-
priately to the positive or negative electrodes of
the test battery. The R,; value lies between 5-
40mQ) (Fig. 8(a)) while R,, ranges between 300—
600 mS2 (Fig. 8(b)). It is reported that the impe-
dance of the negative electrode of lithium-ion
rechargeable cell similar to the test battery is about
60mS2 [9]. Accordingly, electrodes 1 and 2 are the
negative and positive electrodes of the test battery,
respectively.

It is believed that the formation of a passive layer
occurs on intercalated carbon electrodes similar to
the lithium metal [9]. The passive film is electronically
insulating but ionically conducting. At SOC values

. discharge 1 : : —
LiC e —Li1 1 C + xLi" + xe (8)  close to 1, the passive layer is likely to be thicker
4.0
®
T
w 3.5+
> [ ]
a2
- | L
<
-
7
E 3.0~
i o
L4
®®e000
2.5 l L ! !
0 50 100 150 200 250
Time/s

Fig. 5. Plot of In (—dV'/dt) against time at SOC = 0.1 of the test battery.
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Fig. 6. Plot of (V' — V") against exp(—t/m,) at SOC = 0.1 of the test battery.
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Fig. 7. Plot of In(—Y) against time at SOC = 0.1 of the test battery.

and more resistive in relation to its value at lower
SOC values. The charge-transfer resistance R,; is
therefore higher at SOC ~ 1 in relation to its value
at SOC ~ 0.7 (Fig. 8(a)).

As the battery discharge proceeds from its fully-
charged state (SOC = 1), the activity of lithium in
the carbon negative electrode depletes due to continu-
ous lithium-deintercalation. In the linear polarization
regime (i.e., at sufficiently small overpotential () <
26 mV)) the exchange current, /,, can be expressed
as I, = RT/nFR, where R is the charge-transfer
resistance (= R, in the present case). The exchange

current density, i,, is expressed as i, =1,/4 =
nFk°C, where A is the geometrical area of the elec-
trode, k° is the standard rate constant, C is the con-
centration (activity) of the electroactive species, and
n and F have their usual meanings. Since exchange
current is proportional to the activity of the reactant
ions, the observed increase in R,; from SOC ~ 0.7
down to SOC ~ 0 could be attributed to depletion
of lithium from carbon matrix. The combined effect
of the passive layer and the activity of lithium reflects
a minimum R, ; at SOC values between 0.5 and 0.7 as
shown in Fig. 8(a). This suggests that the charge-
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Fig. 8. Plot of resistive components of the test battery as function of itsSOC values.
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Fig. 9. Plot of capacitive components of the test battery as function of itsSOC values.

transfer process at the negative electrode will proceed
at a faster rate in a carbon electrode partially inter-
calated with lithium.

The capacitance C, | is maximum in the SOC range
between 0.6 to 0.9 as shown in Fig. 9(a), since there is
a passive-film formation at the electrode at SOC = 1,
its surface area is likely to be lesser in relation to other
SOC values. Accordingly, C,;; will decrease at SOC
values close to 1. By contrast, at SOC values less
than 0.5, lithium activity in the negative electrode is
low and corresponding electrochemical active area
of the double layer is also small. As a result, C,
decreases with the SOC value of the test battery. Inter-
estingly, similar to R,; and Cy;, R,, and C,, (Fig.
9(b)) also show a minimum and a maximum in their
values at SOC values between 0.5 and 0.9. The
charge-transfer resistance R, , is about 15 times higher
than R, ;. This suggests that Reaction 9 is less cata-
lysed in relation to Reaction 8, assuming that the elec-
trochemical active areas of both the electrodes are
similar.

The magnitudes of the capacitive components,
namely C,;; and C,,, are larger than the usual
values reported for electrode/electrolyte interfaces;
this is quite likely due to the high surface area
(10m? g ") of the electrode materials. Taking these
surface area values, the interfacial capacitances
for the electrodes are estimated to be ~ImFcm ™2
which are close to the reported values for battery elec-
trodes [10—13]. It is noteworthy that capacitance
values as high as 120 F have been reported [14] for
the sintered nickel positive electrodes similar to the
present results.

The combined ohmic resistances of the electrodes
and the electrolyte in the test battery is reflected by
Rq. The variation of R with the SOC of the test bat-
tery is shown in Fig. 8(c). there is a gradual decrease in

Rq from SOC =0 up to SOC = 0.6 and it is nearly
invariant between SOC values 0.6 and 1. Since the
electrolyte does not participate in the overall cell
reaction, its composition and hence its conductivity
should be invariant at all SOC values of the test bat-
tery. The anode of the test battery (electrode 1) is
metallic and its electrical conductivity is not expected
to change with SOC. By contrast, the cathode of the
test battery (electrode 2) comprising Lij_,CoO, is a
semiconductor when x = 0, but its electrical conduc-
tivity gradually increases with increasingx in the com-
position [15]. This is reflected through a decrease in
R, between SOC = 0 and 0.6 beyond which it seems
to have little effect.

4. Conclusion

The impedance parameters of the LiC/Lj_,CoO,
lithium-ion rechargeable battery deduced from this
study reveal that the optimum performance of the
battery is achieved at SOC values between 0.5-0.9.
A reduction in the charge-transfer resistance at the
positive electrodes of the battery is desirable to further
its performance; improvements in the conductivity of
the cathode material will also elevate the battery fea-
tures. For the long cycle-life of the battery, it is recom-
mended that the depth-of-discharge of the battery be
restricted to about 50%.
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