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a  b  s  t  r  a  c  t

In  this  study,  we  analyzed  the  thermal  characteristics  of  commercial  cylindrical  lithium-ion  cells  using
an accelerated  rate  calorimeter  (ARC)  and  by  analyzing  the  electrochemical  impedance  spectroscopy
(EIS)  measurements.  During  the  thermal  runaway  analysis,  the  cells  were  tested  at  different  state  of
charges  (SOCs)  and  the  thermal  deterioration  was  determined  by monitoring  the  impedance  at  1  kHz
and the  open  circuit  voltage  as  a  function  of the  temperature.  The  mapping  of  the  thermal  runaway  was
obtained,  ant  the  non-self  heating,  self-heating  and  thermal  runaway  regions  were  identified  at  different
SOCs. The  self-heating  and  thermal  runaway  behaviors  showed  a  temperature  dependence.  In  order  to
ccelerated rate calorimeter
hermal runaway
hermal deterioration
ctivation-energy
lectrochemical impedance spectroscopy

clarify the  deterioration  reaction  in  the  non-self  heating  region,  high  temperature  storage  tests  were
carried  out,  storing  the  cell  in  the  temperature  range  of  70–100 ◦C. We  estimated  the  activation  energy
from  the  discharge  capacities  before  and  after  the  high  temperature  storage.  In order  to  determinate  the
charge/discharge  activation  energy  of  the  cells,  EIS  measurements  were  recorded.  Based  on  our  study,
the activation  energy  of  the  deterioration  was  about  two  times  greater  in  magnitude  than  the activation
energy  of the  charge/discharge.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Lithium-ion secondary cells possess a high energy density, and
ecause of their small size and light weight, these cells have been
idely used in portable devices as a power source [1]. In recent

ears, the use of smaller Li-ion secondary cells in electric, hybrid
nd plug-in hybrid vehicles have replaced the larger batteries, and

 further expansion of their use is expected [2].
During the Li-ion cell charge/discharge, chemical and electro-

hemical reactions as well as lithium-ions and mass transfer take
lace, and it is known that many of these reactions are strongly
ffected by the temperature [3].  Assuming that a vehicle battery
s expected to be used under extreme environmental conditions;
herefore, it is necessary to control these reactions.

However, extraordinary heating (thermal runaway) is caused

y an exothermic reaction that involves the electroactive material,
inder and organic solvent when the environmental temperature
ises, and the lithium-ion secondary cell is exposed to high tem-
erature conditions [4–7]. In addition, the heat stability of the cells

∗ Corresponding author. Tel.: +81 258 47 9323; fax: +81 258 47 9323.
E-mail address: mumeda@vos.nagaokaut.ac.jp (M. Umeda).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.09.067
becomes a significant issue because their deterioration is accel-
erated in the non-heating domain, around 70–100 ◦C, where the
exothermic reaction does not occur [8].

When considering the electric vehicle business, the analysis of
the thermal behavior under high temperature conditions as well
as the thermal runaway is indispensable from the viewpoint of
safety, but the analysis of the deterioration behavior in the non-
heating domain is essential from the viewpoint of the battery’s
lifetime. Therefore, by using an accelerated rate calorimeter (ARC),
monitoring the electrochemical and thermal behaviors and observ-
ing the open circuit voltage and internal resistance of commercial
lithium-ion cells, it was  possible to determine the state of charge
(SOC) dependence of the self-heating domain and non self-heating
domain. In order to analyze in detail the deterioration of the
non-heating region for the thermal runaway mapping, discharge
capacity measurements were then carried out after storing the cells
at comparatively high temperatures. On the other hand, impedance
spectroscopy measurements of the lithium-ion secondary cells at
elevated temperatures were carried out to determine the activa-
tion energy of the charge/discharge, which is determined from the

electrochemical parameters using an equivalent circuit. The dis-
charge and deterioration reactions are independent of each other,
however, a comparison of these activation energies is an impor-
tant element in order to understand the thermal deterioration of

dx.doi.org/10.1016/j.jpowsour.2011.09.067
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:mumeda@vos.nagaokaut.ac.jp
dx.doi.org/10.1016/j.jpowsour.2011.09.067
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ig. 1. Experimental set up of accelerated rate calorimeter (ARC) for studying ther-
al  runaway characteristics of Li-ion cells.

ithium-ion secondary cells that takes place in the non-heating
egion.

. Experimental

.1. Cell specifications and SOC adjustment

Thermal runaway examinations using commercial lithium-ion
econdary batteries were carried out. Commercially available cylin-
rical lithium-ion cells (Panasonic CGR18650E) were used with the
ominal cell capacity and voltage of 2550 mAh  and 3.7 V, respec-
ively. The weight of the cell was 46.5 g and energy density was
20 Wh  l−1. The cell had a LiCoO2-based cathode, a graphite-based
node [9].

First of all, to determine the cell capacities, charge/discharge
ests using a battery charge/discharge equipment were carried out.
ased on the results, we determined the SOC of 100%. The cell was
harged to the SOC of 100%, and then, discharged to the desired
OC.

.2. Characteristic of thermal runaway process

The thermal runaway experiments were carried out inside an
ccelerated rate calorimeter (ARC) 2000TM (Colombia Scientific
ndustries) in combination with a milliohmmeter (Hewlett-
ackard, 4338B) and an electrometer (HOKUTO DENKO, HE-104)
s shown in Fig. 1. The milliohmmeter measured the resistance at

 kHz and the electrometer measured the voltage [6].
The cell was placed inside the ARC cavity, being first charged to

he desired state of charge (SOC) for at least 12 h, and the cell tem-
erature was measured with a thermocouple attached to the cell
urface. The temperature inside the ARC was raised by a method
alled the Heat-Wait-Search mode using a computer. Fig. 2 shows

 conceptual diagram that illustrates the measurements obtained
y the Heat-Wait-Search mode. The solid line represents the tem-
erature of the battery surface and the dashed line expresses the
emperature inside the ARC. During the heat mode, the interior
f the ARC is heating until the target temperature is reached; the
eat mode is followed by a wait mode and a search mode. In the
ait mode, there is a waiting period until the cell temperature

pproaches the target value; during the search mode if the heating
ate of the cell is greater than 0.05 ◦C per minute, it is considered an
ndication of the onset of an exothermic reaction (which is defined

s self-heating) [10]. When the self-heating is observed, the ARC
huts down the heating and tracks the cell temperature until the
nd of the thermal runaway process. The thermal runaway analysis
as carried out until the cell surface temperature reached 200 ◦C.
Fig. 2. Explanation of Heat-Wait-Search mode in thermal runaway experiments.

In parallel with the mapping of the thermal runaway, the inter-
nal resistance and the open circuit voltage were monitored using
the milliohmmeter and the electrometer. The internal resistance
was  obtained by calculating the impedance module Z from expres-
sion (1),  where R is the resistance component and X is the reactance
component.

Z =
√

R2 + X2 (1)

2.3. Measurements for calculating activation energy of thermal
deterioration

In order to analyze in detail the degradation reactions of the
non-self-heating region in the thermal runaway map, the cells were
charged to an arbitrary SOC and placed inside a constant temper-
ature chamber (ETAC, HIFREX FL414 PH), and a thermocouple was
attached on the cell surfaces to monitor their temperatures. Simul-
taneously, the voltage of the cells was recorded using a voltmeter
(HOKUTO DENKO, HE-104); the measurements were carried out
until the voltage fell below 2 V, due to cell failure. Consequently, the
time period in which the cell begins to deteriorate (deterioration
time) due to high temperature storage was  determined.

The cell was  kept at the same SOC in the constant temperature
chamber, then the cell was taken out before reaching the deteri-
oration time. After that, in order to determine how the cell had
degraded, charge/discharge tests using battery charge/discharge
equipment (KIKUSUI, PFX2001) were carried out. The charge mea-
surements were recorded under the following conditions: constant
current/constant voltage method, 4.2 V maximum voltage, 0.5 C
charge current and convergence current of 0.05 C. The discharge
measurement conditions were a constant current method, mini-
mum  voltage of 2.75 V and discharge current of 0.5 C. C is used to
express the nominal capacity. The capacity of the cell tested at high
temperature used the second cycle discharge capacity. At the end of
the charge or discharge process, a discharge test was  carried out at
25 ◦C; before recording the test, the cell was  left inside the temper-
ature chamber for 1 h at 25 ◦C. The change in capacity was  initially

calculated, and used as an initial reference before storing the cells
and calculating the degradation activation energy.
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leaks out of the cell. Based on the results, the self-heating and
thermal runaway behaviors showed a temperature dependence.
It was possible to systematically arrange the non-self heating,
ig. 3. Thermal behavior of cell during thermal runaway experiments at SOC = 87%.

.4. Measurements for calculating activation energy of
harge/discharge reaction

In order to calculate the activation energy of the
harge/discharge reaction, electrochemical impedance spec-
roscopy (EIS) measurements were recorded. The deterioration
nd discharge reactions were originally separate, but the dis-
harge reaction was adopted as this was used as a baseline of the
eterioration reaction.

Before recording the EIS measurements, the lithium-ion sec-
ndary cell, which was initially charged to an arbitrary SOC, was
laced inside the temperature chamber (ETAC, HIFREX FL414 PH)
nd a thermocouple attached to the cell surface. The temperature of
he chamber was increased, and the EIS measurements were taken
hen the chamber reached the set temperature and the surface

emperature of the cell was stable. The measurements were car-
ied out using a Li-ion battery analyzing system (NF corporation,
s-510-B60) and Servo analyzer (NF corporation, FRA5014), and the
C amplitude and frequency range were 5 mV–rms and 10 kHz to
0 mHz, respectively. The EIS spectra were analyzed using an equiv-
lent circuit, and fitted by ZView software; and then the activation
nergy of charge/discharge was determined from electrochemical
arameters.

. Results and discussion

.1. Mapping of thermal runaway characteristics

Fig. 3 shows a plot of the cell and ARC cavity temperature
hanges as a function of the time during the thermal runaway test.
s the temperature of cell is higher than the temperature inside

he ARC and the self-heating rate is greater than 0.05 ◦C min−1, it
an be affirmed that at the temperature of 110 ◦C, an exothermic
eaction takes place, and also the ARC cavity temperature followed
he cell temperature, so it was observed that the temperatures of
he cell and ARC were the same above 110 ◦C. A temperature drop
ccurred at 133 ◦C. Inside the cell, a gas is generated as a product
f the reaction between an electrode and the electrolyte; this gas
hanged the internal pressure of the cell causing it to explode and
he electrolyte exited the cell, which suggested that the temper-

ture drop is due to the heat of vaporization. After leakage of the
lectrolyte, the cell surface temperature again increased accompa-
ied by a high exothermic reaction that occurred at around 135 ◦C.
Fig. 4. The internal resistance at 1 kHz and the open circuit voltage profile of a cell
during thermal runaway experiment as a function of temperature at SOC = 87%.

The reaction between the solid electrolyte interface (SEI) and the
anode and cathode materials has already been reported [11,12].

Fig. 4 shows the plot of the internal resistance and the open
circuit voltage as a function of the cell surface temperature. An
increase in the internal resistance and a decrease in the open cir-
cuit voltage were observed when the temperature increased, and at
the temperature of 118 ◦C, a sudden increase in the internal resis-
tance and decrease in the open circuit voltage were observed. It is
believed that a safety mechanism to shut down the cell is activated,
and this occurs when the separator of the cell melts [13,14].

Thermal runaway tests were carried out at different SOCs. Fig. 5
shows the non-self heating, self-heating and thermal runaway
regions at the different SOCs. The white bar represents the non-
self heating domain, the gray is the self-heating and the black is
the thermal runaway; (�) indicates the temperature at which the
internal resistance increases and the open circuit voltage decreases
and (�) indicates the temperature at which the electrolyte
Fig. 5. Thermal runaway map. White is non-self-heat area, gray is self-heat area and
black is thermal runaway area. (�) indicates the increase in internal resistance and
decrease in open circuit voltage. (�) indicates the electrolyte leakage.
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tion energy and the frequency factor is obtained by the intercept
of the straight line. Fig. 8 shows a plot that was made from the
charge/discharge results after the high temperature storage test
at the SOC of 87%. From the line slop, the activation energy that

Table 1
Discharge capacity before and after the storage test at SOC  = 87% of lithium-ion
secondary cells at various temperatures.

Storage
temperature (◦C)

Storage
time (h)

Capacity
(mAh)

C/C0

Before
storage (C0)

After
storage (C)
ig. 6. Time dependent open circuit voltage (OCV) change in cell stored at 100 ◦C.

elf-heating and thermal runaway cell regions by making thermal
unaway mapping tests.

.2. The thermal deterioration activation energy

.2.1. High temperature storage test
The activation energy that causes the cell degradation was

alculated by focusing on the non-self heating domain in the ther-
al  runaway map, and analyzing the deterioration reactions that

appen in this temperature domain. In order to calculate the dete-
ioration activation energy, high temperature storage tests were
arried out at the temperature of 100 ◦C. Fig. 6 shows the OCV
hange as a function of the time when the cells were stored at
00 ◦C. At high temperatures, the OCV slowly decreased, and at
he SOC of 87% after 18 h, it was observed that the OCV suddenly
ecreased. A similar tendency was observed in the cells with the
OC of 22, 44 and 66%, and a suddenly OCV drop was noticed after
8, 62 and 144 h. This sudden OCV drop, considering that 90% of the
apacity cell is reduced, is not likely due to the deterioration of the
lectrodes; rather, it is likely due to the gas that is generated by the
eaction between the electrodes and electrolyte because of being
xposed for a long time at a high temperature and activates the
afety mechanism of the cells due to the increased internal pres-
ure [13]. On the other hand, for the cell with an SOC of 0%, the OCV
ecrease was slow and no sudden OCV drop was observed. The slow
CV drop is likely due to the irreversible degradation reaction that
roceeds in the cell [15]. In addition, we hypothesize that at the SOC
f 0%, a sudden OCV drop does not occur, because the electrodes
emain stable and only a small quantity of gas is generated.

.2.2. Calculation of the thermal deterioration activation
Fig. 7 shows a comparison of the discharge curves of the cell at

7% SOC before and after recording the high temperature storage
est at 100 ◦C for 7.5 h. The capacity of the cell was  measured after
he storage test; the cells were taken out of the temperature cham-
er before reaching the deterioration point. After the storage test,
he cell had a capacity of 2286.5 mAh, while before the storage, the
apacity of the cell was 2380.0 mAh, indicating that the capacity of
he cell decreased which is shown in Fig. 7. Temperature storage
ests were subsequently carried out at 70 ◦C, 80 ◦C and 90 ◦C, and

he results are summarized in Table 1. An OCV drop was  noticed
n all the cases when the cells were stored at high temperatures.
rom Table 1, it is noted that the deterioration of cells’ capacity
Capacity / mAh

Fig. 7. Discharge curves before and after storage test for 7.5 h at SOC = 87%.

occurred under all conditions. Therefore, by storing the cells at high
temperatures, a type of deterioration is generated.

The reaction rate at the electrode is expressed by (2)

v = kcm (2)

where v is the reaction rate, k is the reaction rate constant, c is the
lithium-ion concentration, m is the order of reaction. Generally, m is
believed to be 1. The relationship between k and activation energy
is expressed by the Arrhenius equation as

k = k0 exp
(−Ea1

RT

)
(3)

where k0 is the frequency factor, Ea1 is the deterioration activation
energy, R is the gas constant and T is the absolute temperature.

When we  define the lithium-ion concentration before and after
the degradation as C0 and C, respectively, the following expression
(4) can be derived from expressions (2) and (3).

ln
C

C0
= −k0 exp

(−Ea1

RT

)
t (4)

where C is the electric discharge capacity, C0 is the initial electric
discharge capacity, and t is the high temperature storage test time.

Focusing on the activation energy that produces the cell degra-
dation as a method to analyze the behavior of this phenomenon,
this can be then obtained using expression (4).

Substituting the values of Table 1 into expression (2) and plot-
ting ln[−(lnC/C0)/t] vs. 1/T, a straight line is generated. The slope
of this line represents the magnitude of the degradation activa-
70 672 2429.1 2222.4 0.915
80 144 2423.2 2269.1 0.936
90  34 2425.9 2276.2 0.938
100 7.5 2380.0 2286.5 0.961
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Fig. 10. Impedance spectra of lithium-ion secondary cells at SOC = 87%. Z′ is real
part and Z′′ is imaginary part of impedance. The upper is measured at 20 ◦C and
lower is measured at 30, 45, and 60 ◦C. The solid line represents the simulation
result. Inset: equivalent circuit used for impedance fitting. Rs:  ohmic resistance, R1
Fig. 8. Capacity-deterioration-based Arrhenius plot measured at SOC = 87%.
ata are taken from Table 1.

roduces deterioration during this period of time is 133.1 kJ mol−1.
he frequency factor is 6.28 × 1012 s−1.

Furthermore, following the same method mentioned above, the
eterioration activation energy and frequency factor calculations
ere carried out at SOCs of 0%, 22%, 44%, 66%. These results are

ummarized in Fig. 9. The lowest values of the activation energy and
requency factor were noted at the SOC of 66%. In other words, the
ctivation energy and frequency factor increase when an unbalance
xists between the lithium electrodes, as in the case of the 0% and
7% SOCs, while the minimum deflection was found at the 66% SOC.

As the deterioration reaction progresses very slowly under
ormal conditions, the data collection would take a long time.
herefore, in order to obtain data about the deterioration reac-
ions in a short period of time, high temperature storage tests and
ischarge capacity measurement tests were carried out. We  think
hat the deterioration reaction is continuous and the same reaction
ccurs from normal conditions to 100 ◦C.

.3. Calculation of the charge/discharge activation energy
Fig. 10 shows the temperature dependence of the impedance
easurements at 87% SOC. The impedance measurements were

arried out at the different temperatures of 20 ◦C, 30 ◦C, 45 ◦C,
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ig. 9. Activation energy of deterioration and frequency factor obtained from
ithium-ion secondary cell at various SOCs.
and  R2: reaction resistance, CPE1 and CPE2: constant phase element, Zw: Warburg
impedance.

and 60 ◦C. The formation of two  semicircles is noted and their
size changes with the temperature, i.e., when the temperature
increases, the size of the arcs decreases. Therefore, when the tem-
perature increases, the electric resistance decreases. The equivalent
circuit shown in the inset of Fig. 10 was  used to analyze the obtained
impedance spectra. Rs expresses the solution resistance in the cell,
R1 and CPE1 represent a resistance component and a constant phase
element at high frequency, and R2 and CPE2 represent a resistance
component and a constant phase element at low frequency, respec-
tively. The constant phase element is considered as a non-linear
parameter. Zw is the Warburg impedance element, which repre-
sents the diffusion of the lithium-ions. It is well known that the
semicircle at high frequency (R1) reflects the anode and the semi-
circle at low frequency (R2) reflects the cathode [16–18].

At the impedance fitting, the precision of the fitting was judged
by the chi-squared function (�2)[19]. When the �2 values in this
study were less than 10−4, we adopt the value. The solid lines rep-
resent the simulation results in Fig. 10.  Therefore, we confirmed
that the equivalent circuit in Fig. 10 is appropriate. The resistance
values calculated from Fig. 10 are summarized in Table 2. In this

table, by increasing the temperature, the resistance values of R1
and R2 decreases.

Table 2
Resistance components of lithium-ion secondary cell calculated from Fig. 10 at
SOC  = 87%.

Temperature (◦C) Rs (�) R1 (�) R2 (�) �2(×10−4)

20 0.065 0.019 0.026 3.7
30 0.065 0.010 0.013 2.5
45 0.067 0.004 0.004 3.3
60 0.068 0.001 0.001 2.2
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Fig. 12. Activation energies of lithium-ion secondary cells at various SOCs.

Table 3
Activation energy of charge–discharge and deterioration of lithium-ion secondary
cells at various SOCs.

SOC (%) Activation energy (kJ mol−1)

Charge/discharge Deterioration

R1 R2

0 64.2 69.9 145.9
22  47.1 57.8 134.6
H. Ishikawa et al. / Journal of 

Butler–Volmer equation for charge-transfer controlled electro-
hemical reaction is given by [20]:

ct = RT

nFI0
(5)

here Rct is the reaction resistance, n is the number of the reactive
lectrons, F is the Faraday constant, I0 is the exchange current of the
eaction. From expression (5) and Arrhenius equation, the following
xpression (6) is derived and Rct could be defined as a function of
OC.

Therefore, the charge/discharge activation energy was then cal-
ulated using expression (6) [21].

RT

nFRct
= k′

0 exp
(−Ea2

RT

)
(6)

here n is the number of the reactive electrons (n = 1) and Ea2 is
he charge/discharge activation energy. k′

0 of expression (6) is then
 fixed number and expressed by Eq. (7).

′
0 = FAk0C˛ (7)

here A is the electrode area, c is the lithium-ion concentration,
nd  ̨ is the transfer coefficient.

The obtained EIS measurements depend of the type of insertion
f the lithium-ions, so these are the charge/discharge reactions.
herefore, the charge/discharge activation energy can be calculated
y plotting ln[RT/nFRct] vs. 1/T  from expression (4),  the value of the
lope of the generated straight line represents the charge/discharge
ctivation energy. Rct represents the reaction resistance, so Rct can
e substituted by R1 and R2. In this case, the number of reactive
lectrons n is 1. Fig. 11 shows the Arrhenius plot of the cell at the
OC of 87%. According to the Arrhenius plot, the charge/discharge
ctivation energy of R1 is 54.2 kJ mol−1, and the charge/discharge
ctivation energy of R2 is 60.9 kJ mol−1. This is consistent accord-
ng to data that has already been reported [21]. In the same way,
he charge/discharge activation energy was calculated at the dif-
erent SOCs. These results are shown in Fig. 12.  The R2 activation
nergy was slightly higher than the R1 activation energy. The lowest
alue of the activation energy, for both resistances, was observed at
he 22% SOC, thus this indicates that the charge/discharge reaction
asily occurs at this SOC.

The reaction resistance on the high frequency side corresponds

o the anode and the reaction resistance on the low frequency side
orresponds to the cathode as already mentioned; the activation
nergy of R2 at all the SOCs was bigger than the activation energy
f R1. The values of the charge/discharge activation energy and
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Fig. 11. Arrhenius plots of lithium-ion secondary cell at SOC = 87%.
ata are taken from Table 2.
44  55.6 62.7 111.6
66  54.2 60.9 101.8
87  57.6 64.8 133.1

deterioration are summarized in Table 3. The deterioration acti-
vation energy in comparison to the charge/discharge activation
energy resulted was two  times greater. The deterioration reaction
and charge/discharge reaction are independent of each other. From
the results in Table 3, it can be concluded that the cell degradation
reactions are relatively difficult to occur when compared to the
charge/discharge.

4. Conclusions

Thermal runaway mapping experiments were carried out using
commercial lithium-ion secondary cells. In order to obtain the dete-
rioration activation energy in the non-self heating domain and the
deterioration in the cell capacity, electrochemical measurements
were recorded before and after running high temperature storage
tests.

1. By mapping the thermal runaway, it was  possible to clarify the
SOC dependence on the temperature in the self-heating domain.

2. The lowest deterioration activation energy value and the low-
est frequency factor value were obtained at the SOC of 66%. At
the SOCs of 0 and 87%, the values of the deterioration activa-
tion energy and frequency factor tended to increase. This occurs
when there is an unbalance of lithium-ions between the anode
and cathode.

3. The charge/discharge activation energy was  obtained from the
recorded EIS measurements. The lowest charge/discharge acti-
vation energy value was  found at the SOC of 22%.
4. The value of the resulting deterioration activation energy was
double the charge/discharge activation energy value. This sug-
gests that the deterioration reaction is difficult to produce
compared to the charge/discharge reaction.
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. Since the thermal stability of lithium-ion secondary cells is one
of the main issues for improvement them, the developed method
is a very useful technique to evaluate the cells degradation under
high temperature conditions.
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