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a  b  s  t  r  a  c  t

The  structural  and  thermal  stabilities  of  the  layered  Li(Ni1/3Co1/3Mn1/3)O2 cathode  materials
under  high  rate  cycling  and  abusive  conditions  are  investigated  using  the  commercial  18650
Li(Ni1/3Co1/3Mn1/3)O2/graphite  high  power  batteries.  The  Li(Ni1/3Co1/3Mn1/3)O2 materials  maintain  their
layered  structure  even  when  the  power  batteries  are  subjected  to 200  cycles  with  10  C  discharge  rate
at temperatures  of  25  and  50 ◦C,  whereas  their  microstructure  undergoes  obvious  distortion,  which
leads  to  the  relatively  poor  cycling  performance  of  power  batteries  at high  charge/discharge  rates  and
working  temperature.  Under  abusive  conditions,  the  increase  in the  battery  temperature  during  over-
xides
igh power batteries
tability
busive conditions

charge  is  attributed  to both  the  reactions  of electrolyte  solvents  with  overcharged  graphite  anode  and
Li(Ni1/3Co1/3Mn1/3)O2 cathode  and  the  Joule  heat  that  results  from  the  great  increase  in the  total  resistance
(Rcell)  of  batteries.  The  reactions  of fully  charged  Li(Ni1/3Co1/3Mn1/3)O2 cathodes  and  graphite  anodes  with
electrolyte  cannot  be  activated  during  short  current  test  in the  fully  charged  batteries.  However,  these
reactions  occur  at around  140 ◦C  in the  fully  charged  batteries  during  oven  test,  which  is  much  lower
than  the  temperature  of  about  240 ◦C  required  for  the  reactions  outside  batteries.
. Introduction

Layered Li(Ni1/3Co1/3Mn1/3)O2 materials, with a theoretical
apacity of 278 mAh  g−1, possess specific capacity of 150 mAh  g−1

ithin the voltage range of 2.5–4.2 V, which is higher than that
f LiCoO2 materials. In addition, the layered Li(Ni1/3Co1/3Mn1/3)O2
aterials show better thermal stability than LiCoO2 and

i(Ni0.8Co0.15Al0.05)O2 materials [1–4]. Liu et al. [5] reported
hat the batteries using the mixture of Li(Ni1/3Co1/3Mn1/3)O2
nd LiCoO2 as the cathode materials showed better safety
erformance than that of the LiCoO2 batteries. The layered
i(Ni1/3Co1/3Mn1/3)O2 materials with good electrochemical perfor-
ance can be synthesized by various methods, such as solid-state

eaction [6,7], hydroxide co-precipitation [8–10], sol–gel [11],
pray-drying [12], and spray-microwave [13]. Therefore, the lay-
red Li(Ni1/3Co1/3Mn1/3)O2 materials are very promising for use as

he positive electrode in lithium-ion high power batteries.

So far, the electrochemical performance of Li(Ni1/3Co1/3Mn1/3)
2 materials has been mainly investigated using coin cells, and their

∗ Corresponding author. Tel.: +86 755 26036419; fax: +86 755 26036419.
E-mail address: libh@mail.sz.tsinghua.edu.cn (B. Li).
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© 2011 Elsevier B.V. All rights reserved.

thermal stability has been mainly analyzed by examining the reac-
tivity of Li(Ni1/3Co1/3Mn1/3)O2 materials with electrolyte at high
temperatures using differential scanning calorimetry (DSC) and
accelerating rate calorimetry (ARC) [1,14].  In fact, the reaction of
Li(Ni1/3Co1/3Mn1/3)O2 materials with electrolyte, which occurs at
high temperatures inside batteries, is quite different with that out-
side batteries. The decomposition temperature of electrolyte on the
fully charged Li(Ni1/3Co1/3Mn1/3)O2 electrode inside batteries may
be significantly lower than that outside batteries. Thus, it is very
important to investigate the structural and thermal stabilities of
Li(Ni1/3Co1/3Mn1/3)O2 materials inside the power batteries.

In our previous work [15], we  prepared commercial 18650
Li(Ni1/3Co1/3Mn1/3)O2/graphite high power batteries using the syn-
thesized Li(Ni1/3Co1/3Mn1/3)O2 materials and investigated their
electrochemical performance at 25 and 50 ◦C. It was  found that
the high power batteries showed excellent high rate discharge
and cycling performance. In this paper, we further investigated
the structural and thermal stability of Li(Ni1/3Co1/3Mn1/3)O2 cath-
ode materials under high rate cycling and abusive conditions in

18650 Li(Ni1/3Co1/3Mn1/3)O2/graphite high power batteries. The
structural stability of the Li(Ni1/3Co1/3Mn1/3)O2 materials was ana-
lyzed after 200 cycles with different charge and discharge rate at 25
and 50 ◦C. The high power batteries were subjected to abusive tests,

dx.doi.org/10.1016/j.jpowsour.2011.08.042
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Fig. 1. Cycling performance of 18650 Li(Ni1/3Co1/3Mn1/3)O2/graphite high power
batteries with charge rates of 1 and 5 C and discharge rate of 10 C at 25 ◦C (a),
Y.-B. He et al. / Journal of Powe

ncluding overcharge, short current and oven test to examine the
hermal stability of Li(Ni1/3Co1/3Mn1/3)O2 cathode materials in the
lectrolyte and reveal the heating mechanism of the commercial
igh power batteries.

. Experimental

The layered Li(Ni1/3Co1/3Mn1/3)O2 materials and 18650
i(Ni1/3Co1/3Mn1/3)O2/graphite high power batteries with a
apacity of 1300 mAh  were prepared using the same method as
escribed in our previous report [15]. The cycling performance
f batteries was examined between 2.75 and 4.20 V at tem-
eratures of 25 and 50 ◦C with different charge and discharge
ates. The fully discharged high power batteries before and after
ycling were transferred to a glove box and then dissembled.
he Li(Ni1/3Co1/3Mn1/3)O2 cathode was rinsed using dimethyl
arbonate (DMC) to remove the electrolyte from the cathode
urface. Then, the Li(Ni1/3Co1/3Mn1/3)O2 samples were taken
rom the cathode and dried in the glove box antechamber to
emove the residual DMC. X-ray diffraction (XRD) patterns of
he Li(Ni1/3Co1/3Mn1/3)O2 samples before and after cycling were
btained by a PANAlytical X’Pert powder diffractometer using
o K� radiation in an angular range of 15–90◦ (2�) with a 0.02◦

2�)  step. The structural parameters were calculated by using the
DI  Jade 5.0 profile matching refinement method for the XRD

iagrams.
The electrochemical working station (Gamry PCI 4–750) was

sed to measure the electrochemical impedance spectrum (EIS)
f the 18650 Li(Ni1/3Co1/3Mn1/3)O2/graphite high power bat-
eries at fully discharged state before and after cycling. The
i(Ni1/3Co1/3Mn1/3)O2 cathode was used as the working electrode,
nd the graphite anode as counter electrode. The impedance was
easured by applying a 5 mV  of ac oscillation with the frequency

anging from 100 kHz to 0.01 Hz.
The abusive tests of batteries included overcharge, short current

nd oven tests. The overcharge tests were conducted by further
harging the batteries with a constant current of 1.3 A (1 C) using a
0 V power supply (1 C/10 V) after they were fully charged to 4.2 V.
he short current tests were conducted by connecting the cathode
ab with the anode tab using a low resistance lead (<5 m�)  after the
atteries were fully charged to 4.2 V. The oven tests were conducted

n the way that the batteries were fully charged to 4.2 V and then
aid in an oven, and the oven temperature was then raised from
nvironment temperature and kept stable at 150 ◦C. A multimeter
as also connected to the cathode and anode tab to measure the

attery voltage in the short circuit and oven experiments. A type-K
hermal couple was attached to the surface of batteries to record the
emperature change during the abusive tests. The EIS of batteries
efore and after the overcharge test were measured.

. Results and discussion

.1. Structural stability of layered Li(Ni1/3Co1/3Mn1/3)O2
aterials during cycling

Structural stability of Li(Ni1/3Co1/3Mn1/3)O2 materials dur-
ng cycling at 25 ◦C was investigated by cycling the 18650
i(Ni1/3Co1/3Mn1/3)O2/graphite high power batteries for up to 200
imes with charge rates of 1 and 5 C and discharge rate of 10 C at
5 ◦C. From Fig. 1a, the capacity of power batteries at the 200th
ycle is found to be 1161.03 and 1095.76 mAh  for the charge rate

f 1 and 5 C, which corresponds to the capacity retention of 92.94
nd 88.32%, respectively. This indicates that the high power batter-
es show excellent high rate cycling performance, which slightly
eteriorates at a high charge rate of 5 C.
XRD  patterns of Li(Ni1/3Co1/3Mn1/3)O2 materials before and after 200 cycles at 25 ◦C
within the 2� angles in the range of 15–90◦ (b) and 42–54◦ (c).

XRD patterns of Li(Ni1/3Co1/3Mn1/3)O2 materials before and
after cycling at fully discharged state are shown in Fig. 1b. It can
be seen that the Li(Ni1/3Co1/3Mn1/3)O2 materials maintain their
layered structure even having been subjected to 200 cycles with
charge rate of 5 C and discharge rate of 10 C. From Fig. 1c, it can

be seen that the XRD peaks of Li(Ni1/3Co1/3Mn1/3)O2 cycled with
charge rate of 1 C are shifted toward the lower 2� angles, while the
XRD peaks of Li(Ni1/3Co1/3Mn1/3)O2 cycled with charge rate of 5 C
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Table 1
Lattice constants of fully discharged Li(Ni1/3Co1/3Mn1/3)O2 materials before and after
cycling at 25 ◦C.
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Fig. 2. Cycling performance of 18650 Li(Ni1/3Co1/3Mn1/3)O2/graphite high power
Before cycling 2.8624 14.3125
200  cycles with 1 C charge and 10 C discharge at 25 ◦C 2.8685 14.3242
200  cycles with 5 C charge and 10 C discharge at 25 ◦C 2.8648 14.2769

re shifted toward the higher 2� angles. In addition, the XRD peaks
f Li(Ni1/3Co1/3Mn1/3)O2 after cycling become wider as compared
ith those of the material before cycling. Table 1 shows the lattice

onstant of Li(Ni1/3Co1/3Mn1/3)O2 before and after cycling. It can be
een that the parameter a slightly increases for both charge rates of

 and 5 C. The parameter c has a slight increase for the charge rate
f 1 C and an obvious decrease for the charge rate of 5 C. Thus, for
i(Ni1/3Co1/3Mn1/3)O2 cycled with charge rate of 1 C and discharge
ate of 10 C, the slight increase in parameters a and c leads to the
hift of XRD peaks to lower 2� angles and the crystal expansion of
he material. For Li(Ni1/3Co1/3Mn1/3)O2 cycled with charge rate of

 C and discharge rate of 10 C, the obvious decrease in parameter c
esults in the shift of XRD peaks to higher 2� angles and the crystal
hrinkage of the material. This indicates that the microstructure of
i(Ni1/3Co1/3Mn1/3)O2 materials undergoes some distortion during
ycling with high charge and discharge rates at 25 ◦C.

It is easily understood that the crystal expansion of
i(Ni1/3Co1/3Mn1/3)O2 after cycling is due to the structural
atigue caused by repeated contraction and expansion during
ycling and the temperature increase resulted from the high
ischarge current. But the crystal shrinkage is also observed for
i(Ni1/3Co1/3Mn1/3)O2 after cycling with high charge rate of 5 C
nd discharge rate of 10 C. The obvious decrease in parameter c
uggests a decrease in the layers distance of oxygen, Li and ordered
i–Mn–Co. When the batteries are charged at a high current, the
i(Ni1/3Co1/3Mn1/3)O2 electrodes are in an environment of high
olarization and Li ions are pulled out rapidly from the interior
f Li(Ni1/3Co1/3Mn1/3)O2. This may  induce a slight collapse of
he layered structure of Li(Ni1/3Co1/3Mn1/3)O2 materials after
hey are subjected to many times of charging with high current,
hich can result in the decrease of the parameter c. In addi-

ion, the Ni and Mn  ions may  also be depleted from the interior
f Li(Ni1/3Co1/3Mn1/3)O2 at high polarization during charging.
he relatively poor cycling performance of the batteries at high
harge rate may  be partly attributed to the slight collapse of the
icrostructure of Li(Ni1/3Co1/3Mn1/3)O2 materials during cycling.
The high power batteries were cycled 200 times with charge rate

f 1 C and discharge rates of 5 and 10 C at 50 ◦C to investigate the
tructural stability of Li(Ni1/3Co1/3Mn1/3)O2 during cycling. Fig. 2a
hows that the capacity retention of power batteries is 87.73 and
5.89% for the discharge rate of 5 and 10 C, respectively. It can be
een that the power batteries show inferior cycling performance at
0 ◦C as compared with that at 25 ◦C. XRD patterns in Fig. 2b indi-
ate that the Li(Ni1/3Co1/3Mn1/3)O2 materials also maintain their
ayered structure after 200 cycles with discharge rates of 5 and 10 C

t 50 ◦C. However, the XRD peaks of Li(Ni1/3Co1/3Mn1/3)O2 after
ycling become wider and the XRD peaks for the discharge rate of
0 C are shifted toward lower 2� angles. From the lattice constant

n Table 2, it can be seen that the parameter a has little change after

able 2
attice constants of fully discharged Li(Ni1/3Co1/3Mn1/3)O2 materials before and after
ycling at 50 ◦C.

Lattice constant a (Å) c (Å)

Before cycling 2.8624 14.3125
200  cycles with 1 C charge and 5 C discharge at 50 ◦C 2.8626 14.3247
200  cycles with 1 C charge and 10 C discharge at 50 ◦C 2.8617 14.3571

batteries with charge rate of 1 C and discharge rates of 5 and 10 C at 50 ◦C (a), XRD pat-

terns of Li(Ni1/3Co1/3Mn1/3)O2 materials before and after 200 cycles at 50 ◦C within
the  2� angles in the range of 15–90◦ (b) and 42–54◦ (c).

200 cycles, whereas the parameter c increases obviously with the
increase in the discharge rate, which results in the widening and
shift of XRD peaks. In addition, for Li(Ni1/3Co1/3Mn1/3)O2 cycled
with charge rate of 1 C and discharge rate of 10 C, it can be seen
that the parameter c increases greatly with the increase in work-

ing temperature, which suggests an increase in the layers distance
of oxygen, Li and ordered Ni–Mn–Co. It is well-known that the
delithiation of Li(Ni1/3Co1/3Mn1/3)O2 leads to an expansion in the
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arameter c due to the increase of the repulsive force between the
xygen layers [15]. In this work, the batteries are fully discharged
efore disassembling. Thus, the relatively large value of parameter

 indicates that the fully discharged Li(Ni1/3Co1/3Mn1/3)O2 mate-
ials subjected to 200 cycles with discharge rate of 10 C at 50 ◦C
ontain small amount of lithium ions, suggesting that the lithiation
erformance of Li(Ni1/3Co1/3Mn1/3)O2 becomes deteriorated after
ycling at high temperature.

The EIS of 18650 Li(Ni1/3Co1/3Mn1/3)O2/graphite high power
atteries at fully discharged state before and after 200 cycles with

 C charge and 10 C discharge at 50 ◦C are plotted in Fig. 3a. Fig. 3b
lso shows the EIS which were simulated by ZSimpWin 3.0 soft-
are using the equivalent circuit. According to the equivalent
ircuit, the EIS are composed of two partially overlapped semicir-
les at high to middle frequency and a straight slope line at low
requency end. Table 3 shows the individual values of the bulk

able 3
alues of the Rb, Rsei and Rct obtained by simulating the data of Fig. 3a.

Resistance Rb (m�)  Rsei (m�)  Rct (m�)

Before cycling 24.12 5.46 7.82
200 cycles with 1 C charge
and 10 C discharge at 50 ◦C

26.04 5.73 10.44
ces 196 (2011) 10322– 10327 10325

resistance (Rb), resistance of the solid electrolyte interface (Rsei),
and charge-transfer resistance (Rct). It can be seen that the Rb
increases after cycling due to the consumption of electolyte
at high temperature. However, there is no significant increase
observed for the Rsei after cycling. The change in Rsei observed
in a Li-ion battery can be ascribed to the combined effect of
two  reverse changes in the respective Rsei value of the graphite
anode and Li(Ni1/3Co1/3Mn1/3)O2 cathode [16,17].  The Rsei of
Li(Ni1/3Co1/3Mn1/3)O2 cathode is much larger than that of the
graphite anode when the Li(Ni1/3Co1/3Mn1/3)O2/graphite batter-
ies are at fully discharged state [16]. This suggests that more SEI
formation on the graphite due to the instable electrolyte at high
temperature may  lead to an obvious increase in Rsei of graphite
anode, which does not result in a great increase in Rsei of fully dis-
charged Li(Ni1/3Co1/3Mn1/3)O2/graphite batteries. However, it can
be seen that the Rct of the batteries after cycling shows a greater
increase than the Rsei, which can be attributed to the microstruc-
ture distortion of Li(Ni1/3Co1/3Mn1/3)O2 materials during cycling
at high temperature. Thus, the consumption of electrolyte and the
microstructure distortion of Li(Ni1/3Co1/3Mn1/3)O2 materials result
in the relatively poor cycling performance of batteries at high tem-
perature.

3.2. Thermal stability of layered Li(Ni1/3Co1/3Mn1/3)O2 materials
under abusive conditions

18650 Li(Ni1/3Co1/3Mn1/3)O2/graphite high power batteries
were overcharged by 1 C/10 V to investigate the thermal stability
and reveal the heating mechanism of the batteries. It can be seen
from Fig. 4a that the Li(Ni1/3Co1/3Mn1/3)O2/graphite high power
batteries show similar overcharge characteristics with those of the
LiCoO2/graphite batteries [18–20].  The battery voltage increases
gradually during the overcharge. The battery temperature starts to
increase when the batteries are overcharged to 4.6 V. At this stage,
the exothermic reactions, such as the electrolyte decomposition,
the reaction between the delithiated cathode and the electrolyte,
and the violent reaction between the overcharged anode and the
electrolyte do not occur.

The EIS of high power batteries at 4.2 (before overcharge)
and 4.8 V (after overcharge) are plotted in Fig. 4b. It can be
seen that the total resistance Rcell, which is composed of Rb, Rsei
and Rct, increases greatly after overcharge due to the significant
increase in Rsei and Rct. Fig. 4a shows that the battery voltage
increases from 4.2 to 4.8 V after the batteries are overcharged
for about 30 min. At this stage, the delithiation of overcharged
Li(Ni1/3Co1/3Mn1/3)O2 materials becomes very difficult due to
a much lower lithium ion concentration in the overcharged
Li(Ni1/3Co1/3Mn1/3)O2 materials, which results in the great increase
in the electrochemical reaction resistance. In addition, the lithium
ions cannot be inserted into the fully lithiated graphite anode
and they will be deposited on the surface of graphite anode
to form lithium metal, which leads to the great increase of
Rsei. Our previous work also showed that the Rcell increased signifi-
cantly with increases of 80 to 100% in the state of charge (SOC) [15].
The increase of Rcell makes the batteries generate some Joule heat
during overcharge, which can be described as Q = i2Rcellt, where Q
represents the heat generated, i is charge current and t is over-
charge time. However, the heat dissipation also occurs during the
battery overcharge, which is related to the size and shape of batter-
ies. If the heat generation and dissipation are in balance, the battery
temperature will not change. This occurs only when the batteries

are overcharged to below 4.6 V. When the batteries are overcharged
to above 4.6 V and the rate of heat generation is higher than that of
heat dissipation, this balance will be broken and the battery tem-
perature will rise. Thus, the increase in the battery temperature
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Fig. 5. Voltage and temperature profiles of fully charged 18650

i(Ni1/3Co1/3Mn1/3)O2/graphite high power batteries during 1 C/10 V over-
harge test (a); EIS of high power batteries at 4.2 (before overcharge) and 4.8 V
after overcharge) (b).

uring overcharge from 4.6 to 4.8 V is attributed to the Joule heat
hich is generated from the great increase of Rcell.

The battery temperature goes up quickly when the battery
oltage reaches 4.90 V. It also can be observed from Fig. 4a that
he voltage shows some complicated changes, where it increases
lowly from 4.90 to 4.97 V and subsequently shows a short plateau
or about 5 min, then decreases gradually to 4.78 V and increases
gain. The voltage change starting at 4.9 V (i.e. in the period from
bout 40 to 80 min) is a typical symbol of electrolyte decomposi-
ion, caused by reactions of electrolyte solvents with overcharged
node and cathode, respectively. Study results have shown that
he SEI decomposition reaction occurs at around 120 ◦C and the

ain exothermic reactions of the lithiated graphite with solvents
utside the battery occur at above 240 ◦C [21–23].  In addition, the
iolent reactions between the overcharged anode (with deposited
ithium) and the electrolyte solvents at high temperature are acti-
ated by the rapid exothermic reaction of the delithiated cathode
nd the electrolyte [19]. Therefore, when the batteries are over-
harged to 4.9 V, the electrolyte is first oxidized on the overcharged
i(Ni1/3Co1/3Mn1/3)O2 cathode and the reaction between the elec-
rolyte and overcharged cathode generates much gases and heat
19]. Moreover, the reaction consumes overcharge current. When
he battery voltage reaches 4.97 V, the amount of the charge con-
umed by the reaction of the electrolyte and overcharged cathode

s equal to that supplied by the overcharge. Thus, the voltage of the
vercharged batteries shows a short plateau at the overcharging
ime of 39–44 min. The reaction rate of the overcharged cathode
nd electrolyte will increase along with the rise of the battery
Li(Ni1/3Co1/3Mn1/3)O2/graphite batteries during short current (a) and oven
test at 150 ◦C (b).

temperature, and the reactions of overcharged graphite anode
(with deposited lithium) and the electrolyte solvents are also acti-
vated. In this period most of the applied electric energies are
converted to heat, resulting in a rapid increase in the tempera-
ture. When the charge consumption exceeds the charge supply
from overcharge, and where the anode and cathode materials are
destroyed severely, the battery voltage would gradually decrease.
The quantity of the electrolyte gradually decreases with the elec-
trolyte decomposition. The amount of the charge consumed by
the electrolyte decomposition is less than that supplied by the
overcharge, which leads to the rise of the battery voltage again.
Meanwhile, gases are produced in the overcharge reactions, which
make the pressure inside the battery build up quickly, and then the
overcharge current falls to zero because the battery vents works
and the battery loses most of electrolytes, which results in the
failure of passing any currents across the battery. In this case, the
batteries cannot be charged again, which ensures no explosion of
the batteries. In the overcharge process, the battery temperature
increases to about 84 ◦C, which is attributed to the heat generated
from the exothermic reactions of electrolyte solvents with over-
charged anode and cathode and the Joule heat generated from the
great increase of the total resistance (Rcell) of batteries.

The short current testing is similar to the huge current dis-
charge testing. It can be seen from Fig. 5a that the voltage decreases

to about 1.5 V and subsequently shows a short plateau, and then
rapidly decreases to 0 V. The battery temperature rises greatly
to the maximum value of about 120 ◦C. The batteries are heated
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uch rapidly by the irreversible heat generation from the current
assing through the electrodes. This rapid heating process produces

 steep temperature profile with the highest temperature at the
attery core. It can be seen that the batteries are not runaway and
he battery temperature starts to decrease at the end of discharge
lateau. Thus, the reactions of the Li(Ni1/3Co1/3Mn1/3)O2 cathode
nd graphite anode with the electrolyte cannot be activated during
he short current test of the batteries. However, the SEI film on the
raphite anode may  be destroyed.

For the oven test, it can be observed from Fig. 5b that the voltage
f fully charged batteries decreases gradually with the increase in
he battery temperature, which indicates that the self-discharge of
atteries becomes significant at high temperature. When the bat-
ery temperature increases to around 130 ◦C, the battery voltage
ecreases quickly, which is mainly attributed to the SEI decom-
osition. The maximum value of the battery temperature during
ven test reaches 166 ◦C, which is much higher than the oven
emperature of 150 ◦C. In fact, the energy released from the SEI
ecomposition is low and is not enough to lead to a great increase in
he battery temperature [24]. Fig. 5b also indicates that the battery
emperature increases greatly and the battery voltage decreases
apidly when the battery temperature reaches 140 ◦C. The sep-
rator of polyethylene membrane may  shrink when the battery
emperature is higher than 140 ◦C, which may  lead to physical con-
act (circuit shorting) of cathode and anode. From Fig. 5a, it is seen
hat the battery voltage decreases rapidly to about 0 V within 1 min
hen the battery is under fully short current. Whereas, Fig. 5b

hows that the battery voltage decreases from 4.17 to 3.98 V dur-
ng 30 min  oven test, which suggests that the fully short current of
attery does not occur, and only micro-circuit shorting may  occur
uring oven test due to the separator shrinkage or partial/local
elting. The micro-circuit shorting does not generate much heat,
hich can not make the battery temperature increase greatly. This

uggests that the reactions of the lithiated graphite anode and
elithiated Li(Ni1/3Co1/3Mn1/3)O2 cathode with the electrolyte take
lace at around 140 ◦C in the fully charged batteries, and the bat-
ery voltage is about 4.12 V at this point, which make the battery
emperature exceed 150 ◦C. Thus, the reactivity of the delithiated
i(Ni1/3Co1/3Mn1/3)O2 cathode and lithiated graphite anode with
he electrolyte depends on whether the reactions are inside or
utside batteries, and can be very different under these two  sit-
ations. The reactions of the Li(Ni1/3Co1/3Mn1/3)O2 cathode and
raphite anode with the electrolyte inside batteries can be activated
y the thermal and electric potential energies. Therefore, the tem-
erature required for the reactions inside batteries is much lower
han the temperature of about 240 ◦C required for the reactions
utside batteries. The results in this work also indicate that the
8650 Li(Ni1/3Co1/3Mn1/3)O2/graphite high power batteries do not
xplode during oven test at 150 ◦C, showing good safety perfor-
ance.
. Conclusions

The Li(Ni1/3Co1/3Mn1/3)O2 materials maintain their layered
tructure even after 200 cycles with 10 C discharge rate at 25 and
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50 ◦C, respectively. The microstructure of Li(Ni1/3Co1/3Mn1/3)O2
has some kind of distortion, especially for the material subjected
to cycling with high charge rate and high working temperature.
During overcharge process, the electrolyte is oxidized on the
Li(Ni1/3Co1/3Mn1/3)O2 electrode when the battery voltage increases
to 4.9 V, and the reactions of overcharge graphite anode with elec-
trolyte are activated, and moreover, the total resistance (Rcell) of
battery also increases greatly, which result in the rapid increase in
the battery temperature. The fully charged battery is heated much
rapidly to 120 ◦C by the irreversible heat generation from the cur-
rent passing through the electrodes during short current test, which
can not activate the reactions of the Li(Ni1/3Co1/3Mn1/3)O2 cathode
and graphite anode with the electrolyte. However, these reactions
occur at around 140 ◦C inside the fully charged battery during oven
test, which is much lower than the temperature of about 240 ◦C
required for the reactions outside the battery. The fact that the
reactions inside the battery can be activated by the thermal and
electric potential energies makes the reactions occur easily inside
the battery.
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