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Abstract

The performance of lithium-ion cells, as determined from in-house testing, is primarily a function of cell designrmaterials,
chargerdischarge rate, ambient temperature, and the number of chargerdischarge cycles. Testing of lithium-ion 18650 cells was
performed in order to characterize their behavior and to eventually predict the performance of lithium-ion cells of various sizes. AC
impedance spectroscopy was used to determine the interfacial resistance of the lithium-ion cells as a function of temperature,
state-of-charge, and cycle number. From these results, a nonisothermal mathematical model was developed and preliminary results are
presented. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Commercially available lithium-ion rechargeable batter-
ies are suitable for use in consumer applications such as
cellular phones, camcorders, and portable computers.
However, in the more demanding aerospace environments,
longer cycle life and high performance at extreme tempera-

w xtures are required 1,2 . The purpose of this in-house effort
was to first determine and then eventually predict the
performance of existing lithium-ion cells from a given
manufacturer.

2. Experimental

Several 18650 lithium-ion cells were purchased from a
given manufacturer and are similar in construction with

w xother commercially available lithium-ion batteries 3 . No-
table differences are; the cathode is a mixture of LiNiO2

and LiCoO , the electrolyte is a mixture of PC, EC, and2

DMC with LiPF , and the anode is a mixture of two6

different carbons.
Electrochemical AC impedance measurements using an

EG&G PAR Model 273A potentiostatrgalvanostat with a
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Model 5210 lock-in amplifier were performed on the
18650 cells as received and during various states of charge,
temperature, and cycle number.

Electrochemical cycling was performed at temperatures
from y20 to q408C with a constant external cell environ-
ment temperature maintained by the use of a Tenney
Environmental temperature chamber. Cell case temperature
was monitored by the use of a thermocouple. Cell charging

Žwas performed using a constant current of 1.0 A ;2.2
y2 .mA cm or ‘C’-rate to a cell voltage of 4.1 V and then

constant voltage at 4.1 V until a total charge time of 3 h
was reached. Discharging was performed at a constant

Ž y2 .current of 0.1–4.0 A 0.22–8.9 mA cm to a cell cut-off
voltage of 2.5 V.

3. Results and discussion

3.1. Discharge behaÕior

The performance of a lithium-ion 18650 cell at room
Ž .temperature with 100% depth-of-discharge DOD and 40%

DOD are given in Figs. 1 and 2, respectively. At 100%
DOD, the cell retains over 80% of its initial capacity for
)500 cycles. At 40% DOD, the cell is still cycling after
3500 cycles.
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Fig. 1. Lithium-ion cell capacity vs. cycle number at room temperature.

Fig. 2. Lithium-ion cell end-of-discharge cell voltage vs. cycle number at
40% depth-of-discharge and at room temperature.

The performance of a lithium-ion 18650 cell at room
Ž .temperature early in its life F35 cycles , around cycle

150 at Ts28.58C, and around cycle 450 at Tsy208C
are given in Figs. 3–5, respectively. These data partially
illustrate that the cell discharge performance behavior is
complex and extremely sensitive to discharge rate, temper-
ature, and cycle number.

The corresponding battery temperature for Figs. 4 and 5
as a function of discharge time and rate are given in Figs.
6 and 7, respectively. The battery is assumed to initially
follow adiabatic heating. The solid straight lines in Figs. 6

Fig. 3. Lithium-ion cell performance at room temperature at F35 cycles.

Fig. 4. Lithium-ion cell performance at T s28.58C around cycle number
150.

Fig. 5. Lithium-ion 18650 cell performance at T sy208C around cycle
number 450.

and 7 then show the battery temperature under adiabatic
heating conditions. Finite element calculations, shown later,
indeed verify that this is a valid assumption.

Fig. 6. Battery temperature vs. time at different discharge rates, initially
at room temperature.
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Fig. 7. Battery temperature vs. time at different discharge rates, initially
T sy208C.

3.2. Impedance behaÕior

In Fig. 8, the Nyquist plot for a discharged 18650 cell at
a temperature of T,10.08C and at different cycle num-
bers are given. Note that the change in the high frequency
intercept with the real axis is attributable to different AC
impedance instrument leadsrconnectors as opposed to ac-
tual cell resistance changes.

The semi-circle portion of the Fig. 8 Nyquist plots
Ž .interfacial resistance was plotted as a function of cycle
number and temperature and are given in Fig. 9. Note that
the data in Fig. 9 are from a single cell and that the two
different straight lines illustrate that the interfacial resis-
tance for a given cell is much higher at lower temperatures
and the interfacial resistance appears to grow linearly with
cycle number. Measuring a cell’s impedance at different
temperatures and cycle numbers can be used to diagnose
the state-of-health of a given lithium-ion cell and as a tool
for developing improved lithium-ion cells.

Fig. 8. Discharged Nyquist plot for a 18650 cell at T ,10.08C and
different cycle numbers.

Fig. 9. Discharged interfacial resistance vs. cycle number and tempera-
ture.

The interfacial resistance at around cycle 60 as a func-
tion of state-of-charge and temperature is given in Fig. 10.
Note that the logarithm of the interfacial resistance is
linear with the inverse absolute cell temperature for a
given state-of-charge, but Fig. 10 illustrates the tremen-
dous changes in interfacial resistance with temperature
more effectively. This interfacial resistance, represented by
the depressed low frequency semi-circle, has been at-

w xtributed to processes occurring at the anode electrode 4 .
AC impedance on a lithium-ion cell with a reference
electrode would be required to confirm this. Lithium-ion
cells are a commercial success partly due to the very low
interfacial resistance values at room temperature and above.
Commercial lithium-ion cells also have a limited life partly
due to the interfacial resistance increase with cycle number
Žshift of the Fig. 10 interfacial resistance curves to the

.upper right with cycle number .
Fig. 11 shows the Nyquist diagrams for the discharged

18650 cell at cycle 420 and various temperatures. The
interfacial resistance from the Nyquist plots as a function
of temperature is shown in Fig. 12. Note that the major
change in impedance with temperature is attributable to the

Fig. 10. Interfacial resistance as a function of temperature and state-of-
charge at around cycle 60.
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Fig. 11. Discharged Nyquist diagrams at various temperatures for cycle
420.

interfacial resistance. From the slope of Fig. 12, the activa-
tion energy for interfacial resistance is calculated to be
63.5 kJ moly1.

3.3. Thermal simulations

In Figs. 13–15, finite element simulations of the 18650
external cell temperature as function of discharge time,
temperature, and free-convection heat transfer coefficient

w xare given. Unlike the Sony-type cell 5 , the entropic
heating term for this lithium-ion cell, DS , was found torev

be on the order of y3.8 J Ky1 per g-mole of lithium as
determined from open-circuit cell voltage measurements at
different temperatures. The entropic heating is a minor
amount at moderate to high discharge rates in relation to
resistive heating and was subsequently neglected. The
calculated heat capacity of the cell was on the order of
1.03 J gy1 Ky1. Estimated effective thermal conductivity
values were calculated and utilized; however, temperature
gradients within the cell were minimal. The internal heat
generation values were based on the total discharge current
and cell resistance values determined from AC impedance.
At high temperatures and low cycle numbers, the interfa-
cial resistance is small and the total cell resistance changes
minimally with temperature. At low or high temperatures

Fig. 12. Discharged interfacial resistance vs. temperature for cycle 420.

Fig. 13. Battery temperature, experimental and simulated, vs. discharge
time at T ,28.58C and 2C.

Fig. 14. Battery temperature, experimental and simulated, vs. discharge
time at T ,28.58C and 4C.

and high cycle numbers, however, the interfacial resistance
is a substantial part of the total cell impedance and this

Fig. 15. Battery temperature, experimental and simulated, vs. discharge
time at T ,y19.88C and 0.8C.
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resistance changes substantially as the cell discharges and
the cell temperature increases. For Fig. 15, as a first
approximation, an effective average resistance term based
on the cell end temperatures was utilized.

These thermal simulations give a good engineering
estimate of the cell temperature as a function of time at
relatively high discharge rates. Further work needs to be
performed in integrating the thermal simulations with tran-
sient mass transfer models and impedance modeling to
predict the cell capacity as a function of temperature and
discharge rate.

4. Conclusions

The capacity of a lithium-ion 18650 cell from a given
manufacturer was found to be extremely sensitive to the
chargerdischarge rate, ambient cell temperature, and the
number of chargerdischarge cycles. Excellent cell perfor-
mance is seen at room temperature and above; however,
poor performance is seen at subambient temperatures such
as Tsy208C. The cell temperature changes dramatically
during discharge at high rates and the cell temperature can
be approximated by assuming adiabatic heating.

The interfacial resistance increases linearly with cycle
number. For a given cycle, the interfacial resistance in-

creases with discharge and with decreasing temperature.
For a given cycle and state-of-charge, the interfacial resis-
tance increases exponentially with the inverse absolute cell
temperature indicating an activated rate process such as
solid-state diffusion andror electrochemical kinetics.

For this type of lithium-ion cell, the contribution of the
entropy term DS may be neglected when performingrev

thermal simulations for moderate to high discharge rates.
At low or high temperatures and high cycle numbers, the
interfacial resistance is a substantial part of the total cell
impedance and this resistance needs to be accounted for in
performing thermal and cell capacity mathematical model-
ing.
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