
Ž .Journal of Power Sources 88 2000 237–242
www.elsevier.comrlocaterjpowsour

Characterization of a commercial size cylindrical Li-ion cell with a
reference electrode

Qunwei Wu, Wenquan Lu, Jai Prakash)

Department of Chemical and EnÕironmental Engineering, Center for Electrochemical Science and Engineering, Illinois Institute of Technology,
10 W 33rd Street, Chicago, IL 60616, USA

Received 8 November 1999; accepted 16 December 1999

Abstract

A method of monitoring the performance of the cell components was developed to study the cycling behavior of the commercial size
rechargeable lithium-ion cells. A lithium reference electrode was placed into the center of a full commercial cylindrical cell in an effort to
monitor the electrochemical behavior of the cell and its component electrodes during cycling. This technique allowed the resolution of

Ž .measured voltage into component cathode and anode voltages and hence the resolution of the total area-specific impedance ASI into
cathode and anode ASI. The cathode was found to be the electrode limiting the power and capacity of the Li-ion cell. Further
investigations also revealed that the increase in the cathode ASI is a main cause of power and energy degradation of the cell during
cycling. q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Ambient lithium-ion rechargeable batteries that are
w xbased on rocking chair concept 1 have high energy

density. Therefore, they are attractive for portable elec-
w xtronic device and electric vehicle applications 2,3 . In-

deed, a first generation of cylindrical and prismatic design
Li-ion cells is being used in cellular telephones and laptop
computers. Yet, intense research and development efforts
are continuing to improve the performance and safety
characteristics of these batteries.

ŽThe Li-ion battery chemistry is based on LiMO where2
.MsMn, Ni, Co and their combinations as cathode mate-

rial and graphite as the negative material. The kinetics and
mechanisms of the electrode reactions are controlled by
the interfacial properties between the solid-state electrodes
and the liquid organic electrolyte. During cycling, a com-
bination of electrode polarization, ohmic drop, Liq diffu-
sion through the electrolyte, and solid-state diffusion within
the electrode cause the overall cell voltage to change.
These changes should be kept as low as possible in order
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to reach the highest power and energy output. Monitoring
the performance of both positive and negative electrodes in
a cell, especially in full size batteries, is crucial for opti-

w xmizing the battery performance 4,5 . These measurements
are very important for determining the contribution of the
ASI of the individual electrodes to the overall cell ASI.

In this paper, a procedure is described to better under-
stand the electrochemical behavior and limitations of indi-
vidual electrode by inserting a reference electrode into a
commercial size cylindrical Li-ion cell. This approach is
also useful in providing the crucial information needed to
focus future research efforts to improve and optimize the
Li-ion battery performance.

2. Experimental

2.1. Cell components and assembly

The Li-ion cell used in this study was provided by the
Argonne National Laboratory. The cell details are shown
in Fig. 1. The positive electrode in this cell consisted of
LiCoO coated on a thin aluminum foil current collector.2

The negative electrode was graphite coated on a thin
copper foil. Metallic lithium, which has been considered as
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Fig. 1. Schematic diagram of the full size cylindrical Li-ion cell with the
reference electrode.

w xa suitable reference for Li-based redox system 4,5 , was
used as a reference electrode. The electrolyte composition

Ž .was 1 M LiPF in 1:1 ethylene carbonate EC rdimethyl6
Ž .carbonate DMC . The cell was assembled and operated in

an argon atmosphere glove box. The weights of active
materials used to coat LiCoO cathode and graphite anode2

were 10.52 and 6.56 g, respectively. The LiCoO cathode2

was the limiting electrode. The weight of the cell was
about 30 g. Lithium foil reference electrode was inserted in
the center of the cylindrical Li-ion cell. Copper and alu-
minum foil were used as leads for negative and positive
electrodes, respectively. Active areas of the positive and
negative electrodes were 518 cm2 and 572 cm2, respec-
tively.

2.2. Electrochemical measurements

The three-electrode cell was galvanostatically cycled
Ž .studied using Arbin Cyclers ABTS 4.0 . The Arbin Cy-

clers facilitate simultaneous and independent recording of
the total cell voltage and the half-cell voltages of both
positive and negative electrodes vs. the reference elec-
trode. Unless otherwise specified, the cell was charged at a
C-rate to 4.2 V and then trickle charged at 4.2 V for 2.5 h.
The cell was subjected to various discharge rates of C, 3C,
and 6C in order to compare the performance of the nega-
tive and positive electrodes during discharge. The cut-off
voltage during the discharge was 2.7 V.

In the static measuring mode, a current interruption
technique was used during the cycling to evaluate the
electrode and cell impedance. The cell was interrupted for

Ž .15 s at every 10% of Depth Of Discharge DOD . The DC
impedance was calculated from the voltage difference
during the current interruption interval.

In the dynamic measuring mode, the Partnership for a
Ž .New Generation of Vehicles PNGV Hybrid Pulse Power

Ž . w xCharacterization HPPC test profile 6 was used during
Ž .the discharge see Fig. 2 . The HPPC test has been de-

signed to investigate the performance of the hybrid vehicle
w xbatteries 6 . The HPPC sequence was carried out by first

applying an 18-s discharge pulse followed by 32-s rest
period. After the rest period, the cell was subjected to a

Ž .group of regenerative pulses for 10-s Fig. 2 . The cell was
subsequently discharged to 10% of capacity at C-rate
followed by an hour rest period to allow the cell to return
to a charge equilibrium condition before applying the next
HPPC sequence. The test is made up of repetition of this
profile at various states of discharge. The objective of this
test is to estimate the cell impedance from the voltage
response curves during discharge, rest and regenerative
operation regimes.

( )2.3. Area-specific impedance ASI measurementst

Ž .The area-specific impedance ASI is time dependentt

and includes the ohmic, Liq diffusion through the elec-
trolyte, and solid-state diffusion within the electrode. The
ASI measurements were carried out by constant current
discharge and current-interruption method. The total mea-
sured ASI was resolved into the cathodic and anodic

Žcomponents. A Electrochemical Workstation CHI, Model
. Ž .660A and a Nicolet Oscilloscope NIC-310 were used for

discharge control and current-transient recording to esti-
mate the qualitative values of ohmic and electrochemical
components of the total impedance. The cell was galvanos-
tatically cycled at a C-rate with intermittent current inter-
ruptions for 15 s. The measured relaxation value of the
voltage divided by the current density applied before the
current interruption provides the ASI . During the next60 s

period of 45-s interruption, a small 11 mV of voltage step
was applied with a potentiostat and the current response
was recorded with 2 mS data point interval using the
oscilloscope. The interruptions and measurements com-

Ž .Fig. 2. Hybrid Pulse Power Characterization HPPC profile for PNGV.
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Fig. 3. Voltage profiles of LiCoO cathode, graphite anode, and the full2

cell at C-rate discharge at 258C.

Ž .menced after 10% depth of discharge DOD and the
sequence was repeated until cell reached 90% of DOD. In
order to estimate the individual component contributions to
the overall ASI, we also measured the current profile of

Ž .Fig. 4. A Discharge voltage curves of Li-ion cell at various discharge
Ž .rates at 258C. B Discharge voltage curves of LiCoO cathode and2

graphite anode at various discharge rates at 258C.

Fig. 5. Effect of discharge rate on the capacity of the Li-ion cell. The cell
was discharged to 2.7 V cut-off at 258C.

the LiCoO and the graphite electrode during the 0.5-s2

small voltage pulses using the potentiostat.

3. Results and discussion

3.1. GalÕanostatic cell cycling

Fig. 3 shows the voltages of the graphite anode and
LiCoO cathode measured against Li reference electrode2

in the discharge half-cycle at C-rate. The anode and cath-
ode voltages as well as the overall cell voltage were
independently measured in these experiments. The dotted
line in Fig. 3 corresponds to the measured true cell volt-
age. The cell voltage corresponding to the filled circles, on
the other hand, was calculated using anode and cathode
voltage. It can be seen from this figure that there is
negligible difference between the measured and calculated
cell voltage indicating the reliability of the measurements.

Typical room temperature cycling behavior of the Li-ion
cell and its component electrodes at various discharge rates
is shown in Fig. 4A and B. Fig. 4B clearly suggests that
the cell capacity is cathode limited. Fig. 5 shows the

Ž .Fig. 6. Area-specific impedance ASI of the Li-ion cell and its15 s

component electrodes at 258C. The cell was discharged at a C-rate to 2.7
V.
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Ž .Fig. 7. Area-specific impedance ASI of the Li-ion cell and its15 s

component electrodes under HPPC test profile with discharge 6 Ar18 s
pulse.

capacity as a function of the discharge currents. It can be
seen from this figure that the cell capacity decrease dra-
matically as the discharge current is increased beyond 3C
rate.

The ASI were also measured during these tests for15 s

the cell and its component electrodes and are shown in Fig.
6. Projections of battery performance based on the ASI
measurement of the ASI are highly reliable because this
calculation uses the properties that are measured under the
actual application conditions. The ASI is time dependent
and it includes the ohmic resistance, kinetic and diffusion

w xcomponents of the electrode 7 . The ASI is a very impor-
tant property of the electrode because it provides informa-
tion on the nature and magnitude of the electrochemical
and mass-transport limitations. The anode and cathode ASI
data reported here are not the absolute values but represent

Ž .the electrode anode or cathode and separator. Fig. 6
shows that the ASI for the graphite anode is relatively flat
throughout the whole DOD, while the ASIs for the cell and
LiCoO electrode increase toward the end of discharge.2

Also, the contribution of the LiCoO electrode to the2

Fig. 8. Effect of discharge current pulses on the area-specific impedance
of positive and negative electrodes under HPPC test.

Fig. 9. Cathode current response after an applied 11-mV voltage step.

overall cell ASI is about triple of the graphite electrode,
Ž .but after 80% DOD it rises very sharply Fig. 6 . The

lower anode ASI was expected because of good electric
conductivity of carbon materials thus lower electric resis-
tance. Moreover, chemical diffusion of Lithium ions in
carbon anode materials is generally regarded to be faster

w xthan in LiCoO 8–10 .2

3.2. Dynamic power performance

ŽA typical behavior of the cell and electrode ASI under
.HPPC test under a 6-A discharge pulse for 18-s duration

is shown in Fig. 7. The characteristic features of the
Ž .dynamic power load ASI curve Fig. 7 are very similar to

Ž .the ASI obtained from constant current discharge Fig. 6 .
The differences between these curves are a higher anode
electrode ASI and somewhat lower cathode ASI in the
dynamic power test. The ASI of the LiCoO electrode is2

very similar in both of these tests suggesting that the
electrochemical processes taking place at the positive elec-
trode are not significantly affected by the discharge cur-
rent. However, somewhat lower ASI in HPPC test is

Fig. 10. Electrochemical performance of the cathode and anode as a
function of cycle number.
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Fig. 11. Effect of cycle number on the area-specific impedance of
positive and negative electrodes under HPPC test.

probably associated with temperature increase during the
w xapplied pulse 11 . The increased temperature, in turn,

decreases the ohmic, kinetic, and diffusion components of
ASI producing somewhat lower ASI in HPPC test.

Fig. 8 shows an overall comparison of the electrochemi-
cal performance of the negative and positive electrodes
under various peak discharge current. It is evident from
this figure that the anode ASI did not change under these
various peak current levels. However, the cathode ASI
showed an increase at higher peak power levels indicating
that the electrochemical process at the LiCoO electrode2

and its interface during discharging are strongly dependent
on the current level. The increase in the cathode ASI
during high dynamic peak power discharge level in the
HPPC tests limits the powerrenergy performance of the
Li-ion cell.

3.3. IndiÕidual component contribution to cathode ASI

The current-time profile of the LiCoO electrode during2

0.5-s pulse under an 11-mV discharge voltage step is
shown in Fig. 9. It can be seen from this figure that the
current changes substantially during first 0.05 s and then
reaches a plateau. The change of the current in the first
0.05-s of a 15-s voltage pulse is approximately 60%.
Assuming that 0.05-s ASI value is due to the relaxation of

w xthe ohmic, kinetic and electrolyte components 7 , these
results would indicate that these components contribute
about 60% in overall power losses.

A representative behavior of this cell after extensive
cycling is showed in Fig. 10. A 40% capacity loss after

Ž .110 cycles shown in Fig. 10 can be attributed to the
increase in the cell ASI during cycling, dynamic stress
cycling, and lack of hermetically sealed cell. The reference
electrode cell used in this study could not be hermetically
sealed due to the presence of lithium reference electrode.
A decrease in the discharge voltage of the cathode was
observed with increasing cycle numbers. The deterioration

of the LiCoO electrode during cycling can be understood2

by comparing ASI values measured in HPPC test profile at
various DOD. As shown in Fig. 11, a large increase in the
cell and cathode ASI is clearly evident. The anode ASI,
however, remains the same. The increase in the cathode
ASI can be attributed to the thicker cathode, non-uniform-

Žity of the cathode components active material, binder, and
.conductive carbon , de-wetting of the electrode by the

electrolyte, and electrode delamination from the current
collectors during cycling. In the HPPC test profiles, the
upper limit cell voltage was set at 4.5 V at regenerative
segment, which may cause overcharge resulting in the

w xdecomposition of LiCoO 12 . The contaminant such as2

moisture due to semi-sealed nature of the cell used in this
study probably resulted in the formation of lithium oxide

w xand active materials loss at the electrodes 13 during
cycling.

4. Conclusion

The use of a lithium reference electrode to monitor the
commercial size Li-ion cell has been shown to be a
powerful technique that reveals the nature of both positive
and negative electrode processes during the battery cy-
cling. The cathode was found to be the electrode limiting
the power and capacity of the Li-ion cell. The continuous
increase of the cathode ASI during cycling also suggests
that the LiCoO cathode is the primary cause of the energy2

and power degradation in the LI-ion cells.
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