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Abstract

The impedance spectrum of prismatic commercial Li-ion batteries is measured at various states of charge before and after the charge–

discharge cycles and storage. The measured impedance is interpreted with a previously proposed equivalent circuit made up of anode and

cathode in which the cathode component is composed of two particle size factors. The values corresponding to the characteristics of both

electrodes are obtained by a fitting technique. The obtained values suggest that the capacity fade of the Li-ion battery due to the cycles is

mainly caused by the increase of interfacial resistance of the cathode and a decrease in the anode capacity. These results suggest the validity of

the equivalent circuit to interpret the causes of capacity fade.
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1. Introduction

Lithium-ion rechargeable batteries have been widely

adopted in portable electronic devices due to their high

energy density. It is desirable that the capacity of the battery

retains the initial capacity with usage time. However, the

capacity of current Li-ion batteries decreases with the

number of charge–discharge cycles and with the storage

time. Since the batteries are used with tens to hundreds of

charge–discharge cycles, improving the cycle performance

and lifetime of Li-ion batteries remains an important issue.

To understand the mechanism of capacity fading, efforts

have been made by various groups [1]. Most current Li-ion

batteries consist a LiCoO2 cathode and a carbon anode. It

has been known that electrolytes decompose on the surface

of the electrode and form surface layers during the charge–

discharge cycles [1,2]. This reaction increases the interfacial

resistance and hence decreases the capacity. The capacity

fading also occurs by active material dissolution and phase

changes of the materials. To study these phenomena for

commercial batteries, the battery cell is typically opened,

which is inconvenient to track the continuous changes with

the cycle and storage.

Electrochemical impedance spectroscopy has been

applied as one investigation method to commercial Li-ion

batteries [3–7]. Previous studies have shown that measured

impedance spectra consisted of a small semicircle at high

frequency, large semicircle at middle frequency, and diffu-

sion related impedance at low frequency. The measurements

preformed with and without a reference electrode showed

that the large circle at middle frequency was mainly attrib-

uted to the cathode [3–5]. The small semicircle of high

frequency was proved to be attributed to the anode. The

influences of the battery temperatures [4,5] and charge–

discharge cycles [3,5] were also studied by analyzing mainly

the two semicircles on the impedance spectra. It was finally

concluded that the cathode was the main cause of impedance

increase and consequently the reason for capacity fade.

However, few were concerned about the impedance, includ-

ing at very low frequency.

Previously, Momma et al. proposed an equivalent circuit

for commercial Li-ion batteries for a wide range of impe-

dance spectra [8,9]. The impedance of Panasonic batteries

was measured without a reference electrode, and the fitting

results showed that this was a convenient method to study

the capacity fade with two electrode measurements [10].

In this study, the equivalent circuit was applied to differ-

ent commercial batteries from the previous ones. The state

of the batteries was analyzed to demonstrate how the
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capacity fade of the batteries can be assessed in a non-

destructive method.

2. Experimental

Sample Li-ion batteries were chosen from commercially

available batteries. The shape was prismatic with a nominal

capacity of 680 mAh. The impedance of the batteries was

measured with a potentiostat (Hokuto Denko, HA501) and a

frequency response analyzer (NF Corporation, 5720) with an

ac signal amplitude of 10 mV. Potential step chronoampero-

metry was also performed with the potentiostat, and the

current transients were recorded on a PC through an A/D

converter. For these measurements, the counter electrode

was also used as a reference electrode. The batteries were

charged and discharged with a constant current–constant

voltage (CC–CV) protocol between 2.75 and 4.1 V with a

2 C rate. Another set of batteries was stored in a 50 8C
environment for 20 days. All measurements were performed

at room temperature.

Measured impedances were fitted with the equivalent

circuit shown in Fig. 1. The descriptions of this circuit

are written in detail elsewhere [9]. In short, the circuit

was designed with several assumptions and considerations

taking into account the structure of commercial batteries.

Impedance of the electrode–electrolyte interface has been

considered with surface film(s) and a double layer. Here,

each layer is probably equivalent with a resistance and

capacitance in parallel. Hence, each electrode has at least

two capacitance–resistance components. Since the measure-

ments were performed without a reference electrode, it

would be difficult to separate each contribution by fitting

if the measured impedance has only two distinct semicircles.

Here, it is assumed that one couple of resistance and

capacitance describes each electrode adequately. This

assumption should be valid if the impedance of one elec-

trode dominates one semicircle, which may be the case [3,4].

The two Warburg impedances in parallel were designed with

a presumption that the electrode consisted of two different

sizes of particles, resulting in two different diffusion paths.

The reason for the mixture might be found in the fact that the

mixture of different size particles for the cathode will

increase the capacity with a decrease of resistance [11].

In this report, the contribution of the two Warburg impe-

dances to total impedance was assumed to be one to one. The

Warburg impedance can be expressed by:

Z ¼ R
ffiffiffiffiffiffiffiffi

iwT
p Cothð

ffiffiffiffiffiffiffiffi

iwT
p

Þ (1)

where w is frequency, T ¼ L2/D and R ¼ T /(1:41 � CL).

Here, L is the diffusion length, D is the diffusion coefficient,

and CL is the limiting capacitance. By fitting, only T and R

can be obtained.

3. Results and discussion

3.1. Impedance depending on the state of charge

First of all, in order to assign individual components

contributing to total impedance, the impedances of the

batteries with various states of charge (SOC) were measured.

Fig. 2 shows the Cole–Cole plot of the measured impedances

at presented battery voltages and frequency ranges. Note that

impedances at 4 or 3.8 mHz are indicated by arrows in the

figure for comparison. It is seen that the total impedance

increased with the decrease of the SOC. The impedances

were fitted to the circuit shown in Fig. 1. Fig. 3(a) shows the

fitted values of resistance. R2 and the sum of R3 and R4 show

a slight increase with the decrease of SOC. Here, the higher

resistance is attributed to cathode resistance, and the lower is

to anode [3–5,9]. R1 was nearly constant for the voltage

ranges used here.

From the fitted values of T appeared in Eq. (1), Li-ion

diffusion coefficients (D) in both electrodes can be obtained

by D ¼ L2/T if the diffusion length is known. D in both

LiClO4 and carbon has been independently studied at

Fig. 1. Equivalent circuit used to fit the measured impedance of

commercial Li-ion batteries. R1, resistance of electrolyte and current

collector; R2–4, interfacial resistance; C, capacitance of electrode surface

layer; W1–3, Warburg impedance.

Fig. 2. Typical Cole–Cole plot of commercial Li-ion battery with several

different cell voltages. The lowest frequencies measured here were

different due to the large difference of impedance scale. Impedances at 4 or

3.8 mHz were also indicated by arrows.
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different SOCs. Here, we wish to compare the fitted results

and previous reported values. Since the L is not clear here,

instead of comparing values, we compare the dependence

of D on SOC. Fig. 3(b) shows the reciprocal of the fitted

value of T1 and T2, which appears in the Warburg impe-

dances W1 and W2, respectively, in Fig. 1. The plot showed

that the reciprocal of T1 decreased and that of T2 increased

at high SOC. These trends of Li-ion diffusion coefficients

are consistent with previous results [10] and other reports

[12,13], if the W2 is assigned to the cathode and the W1 is

the anode.

Using the fitted values of limiting capacitances for anode

and cathode, the battery capacity at each open circuit voltage

was estimated by summing both limiting capacitances. The

result shown in Fig. 4 indicates that most of the capacity is at

above 3.6 V and the capacity peak is at between 3.8 and

4.0 V. In order to compare the order of the results, chron-

oamperometry measurements were performed on the same

battery by applying a 10 mV potential step from several

voltages. The total amount of charge flowing from the

battery was obtained by integrating the corresponding cur-

rent transients. The obtained capacities were also plotted in

Fig. 4, showing the comparable values obtained from the fits.

3.2. Influence of charge–discharge cycles

Fig. 5 shows the discharge capacity versus cycle number

of the battery. The capacity decreased from about 580–

450 mAh in 200 cycles. Fig. 6 shows the battery impedance

between 200 Hz and 0.2 mHz at the cell voltage of 4.0 V,

measured after the presented number of cycles. It can be

seen that the imaginary value at very low frequency

increased with the cycle number. The very low frequency

impedance is related with the limiting capacitance, and

hence the observations indicate that the amount of active

materials is decreased, which could be caused by phase

changes or dissolution.

The measured impedance was fitted to the equivalent

circuit used above. The fitted values are plotted in Fig. 7,

showing that the interfacial resistance of cathode increased

with the cycle number, while that of the anode remained

nearly constant. These results could be interpreted assuming

that the anode is rather stable after the formation of a passive

layer during the initial cycle, and the surface layer on the

cathode would be growing due to the strong oxidizing power

Fig. 3. Plots of the values obtained from the fits with the impedance in

Fig. 2: (a) electrode–electrolyte interface resistance; (b) reciprocal of T

appeared in Warburg impedance. Vertical axis of the plot (b) is labeled as

diffusion coefficient, since the value of 1/T is proportionally related to Li-

ion diffusion coefficients in active materials.

Fig. 4. Battery capacitances at difference cell voltages. Closed circles

show the values obtained from the fits, and open squares were obtained

from chronoamperometry measurements.

Fig. 5. Battery discharge capacity with the number of charge–discharge

cycles.
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of Co4þ in the charged state [3]. For the limiting capaci-

tance, only that of the anode was decreased with the cycle

number. Hence, the capacity fade was attributed to the

increase of the cathode resistance and the decrease of anode

capacitance. These results show the advantage of employing

wide range frequency measurements on the impedance for

the capacity fade studies.

3.3. Influence of high temperature storage

Fig. 8 shows the discharge curves of a battery at a 1 C

rate before and after 20 days storage at 50 8C environment.

The capacity was decreased about 25% if the cutoff voltage

is set at 3.5 V. The impedance of the battery after storage

was measured at various states of charge, and the fitted

results were shown in Fig. 9. In this case, the capacity fade

was partially attributed to the increase of the cathode

interface resistance. The sum of the fitted values of the

limiting capacitances decreased. However, a clear differ-

ence from each electrode contribution was not obtained at

this moment.

4. Conclusions

The impedance of prismatic commercial Li-ion batteries

was measured under various conditions. The impedance

was fitted with a previously proposed equivalent circuit.

The plots of the fitted values versus state of charge showed

similar trends observed by other groups. Hence, fitting

parameters were assigned to each electrode in the compar-

ison. With the assignments, the impedance of the battery

after cycling was analyzed, showing that the capacity fade

was caused by an increase of cathode interfacial resistance

and a decrease of anode capacity. The capacity fade due

to high temperature storage of the battery appeared with

the increase of cathode interfacial resistance on the equiva-

lent circuit. These results indicate that two electrode

Fig. 6. Typical Cole–Cole plot of the battery at the cell voltage of 4.0 V.

The measurements were repeated after the presented number of cycles.

The frequency range was 200–0.2 mHz.

Fig. 7. Values obtained by the fits of the impedance shown in Fig. 6 with

the number of cycles. Right axis shows the interface resistance and the left

axis shows the limiting capacitance.

Fig. 8. Discharge profile of the battery at a 1 C rate before and after

storage at 50 8C.

Fig. 9. Fitted values of interfacial resistances obtained from the battery

impedance before and after storage.
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measurements of battery impedance for a wide range of

frequencies can be interpreted with the equivalent circuit,

providing an analysis tool for the study of capacity fading.
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