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bstract

The thermal stability of electrochemically lithiated disordered carbon with a poly(vinylidene difluoride) binder and 1 mol dm−3 LiPF6 dissolved in
mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) was investigated by differential scanning calorimetry (DSC) using a hermetically
ealed pan. The disordered carbon used was prepared by pyrolyzing peanut shells with porogen at temperatures above 500 ◦C. The disordered
arbon gave much larger charge and discharge capacities than graphite when a weight ratio of porogen to peanut shells was set at 5. In DSC curves,
everal exothermic peaks were observed at temperatures ranging from 120 to 310 ◦C. This behavior was similar to that for electrochemically
ithiated graphite, except for an exothermic peak at around 250 ◦C. However, the lithiated disordered carbon had a higher heat value, which was
valuated by integrating a DSC curve, compared to lithiated graphite. The heat values increased with an increase in accumulated irreversible
apacities. These results suggest that heat generation at elevated temperatures should increase as an amount of irreversibly trapped lithium-ion

ncreases. On the other hand, heat values per reversible capacities for disordered carbon, which showed larger capacities than graphite, were almost
omparable to that for graphite. These results indicate that several types of disordered carbon showed larger capacity than graphite, while their
hermal stability was lowered accordingly.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Lithium-ion batteries have been extensively studied because
f their high performance and potential. Due to their high energy
ensities, lithium-ion batteries have been considered as possible
ower sources in hybrid electric vehicles and electric vehicles.
owever, before lithium-ion batteries can be used in high-power

pplications, their performance still needs to improve in terms
f battery cycle life, rate capability, and safety. The safety of
ithium-ion batteries is closely related to the thermal stability
f their constituent materials at elevated temperatures. Several
xothermic reactions are known to occur in lithium-ion batteries

t elevated temperatures [1]. If a safety vent on a cell can open to
elease high-pressure gas to the outside of lithium-ion batteries,
balance between heat evolution and thermal diffusion should
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ive electrode

e achieved even at high temperatures. On the other hand, it is
enerally accepted that “thermal runaway” could occur if heat
volution exceeds thermal diffusion. Thermal radiation waves
re then sometimes visible as flames when constituent materials
f lithium-ion batteries are heated to unusually high tempera-
ures. A number of studies have been done to clarify the thermal
unaway mechanism and/or to improve the thermal stability of
ithium-ion batteries [2–12]. Some of them focused on the ther-
al stability of negative-electrode materials [3–12]. The thermal

tability of a graphite negative-electrode in an electrolyte is con-
rolled by solid electrolyte interphase (SEI) that is formed on the
raphite electrode during initial charging [3,4,6,9,11]. Our group
reviously reported that SEI on lithiated graphite in EC + DMC-
ased electrolyte should break down thermally at around 280 ◦C
12]. In addition, the breakdown of SEI could be improved by

10 ◦C by using methyl difluoroacetate-based electrolyte com-
ared to EC + DMC-based electrolyte [13]. Thus, there have
een vast studies on the thermal stability of graphitic carbon
lectrodes.

mailto:doi@cm.kyushu-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2007.10.087
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ever, the irreversible capacity in the initial cycle, which was
evaluated to 1395 mA h g−1, was also very large. This is likely
due to trapped lithium-ions within nano-sized pores of the car-
bonaceous materials, irreversible reactions of lithium-ions with
48 I. Watanabe et al. / Journal of

Various kinds of carbonaceous materials have been studied
or use as a negative electrode in lithium-ion batteries [14].
raphite, which shows an acceptably high capacity and a very
at potential close to lithium metal in charge/discharge pro-
esses, has been generally used for commercial applications
15]. However, other carbonaceous materials have also been
tudied as alternatives to enhance the performance of lithium-
on batteries. Among them, some types of non-graphitizable
arbon show relatively higher capacity than graphite, which
akes non-graphitizable carbon a possible candidate for use

s a negative electrode in lithium-ion batteries for hybrid elec-
ric vehicles [16–25]. Non-graphitizable carbon shows different
lectrochemical properties depending on the nature of the pre-
ursor. Dahn et al. studied the electrochemical behavior of
ome types of non-graphitizable carbon in a liquid electrolyte,
nd reported that they showed higher reversible capacity than
raphitic carbon (∼372 mA h g−1) [16]. A lithium-ion insertion
nd extraction mechanism at a non-graphitizable carbon elec-
rode has also been reported [19–24]. However, little attention
as been paid to the thermal stability of non-graphitizable car-
on electrode. In this work, the thermal stability of a disordered
arbon electrode with EC + DMC-based electrolyte containing
iPF6 was investigated by DSC.

. Experimental

Disordered carbon was prepared by pyrolyzing peanut shells
ith proprietary porogenic agents at temperatures between 500

nd 800 ◦C. A weight ratio of porogen to peanut shells was set at
rom 1 to 5. The preparation method has been described in detail
reviously [18]. The composition of the product materials was
nvestigated by an elemental analyzer (CHN 2000, PerkinElmer
nc.).

Disordered carbon used here is hereafter referred to as C-
-500, C-3-500, C-5-500, C-5-700, and C-5-800; where the
umbers to the right of “C-” represent the weight ratio of poro-
en/peanut shells and preparation temperature.

The electrochemical properties of the resultant disordered
arbon were investigated by charge and discharge measurements
BTS-2004W, Nagano Co. Ltd.) using a coin cell. The work-
ng electrode was prepared by coating a slurry of the resultant
isordered carbon and poly(vinylidene difluoride) (PVdF) in N-
ethyl-2-pyrrolidone on copper foil. The weight ratio of PVdF

o disordered carbon was set at 5/95 for C-1-500 and C-3-500,
nd 14/86 for C-5-500, C-5-700, and C-5-800. The electrodes
ere then dried for 12 h at 70 ◦C in a vacuum oven, which was

bout 100 �m thick. A coin cell was assembled using a disor-
ered carbon electrode of 15 mm in diameter, a Li foil of 15 mm
n diameter as a counter electrode, a polypropylene separator
Celgard 3501), and a liquid electrolyte of 1 mol dm−3 LiPF6
issolved in EC + DMC (1:1 by volume, Tomiyama Pure chem-
cal Industries Ltd.). The cell was cycled between 0.01 and 3 V at
constant current rate of 0.2 mA cm−2 with a relaxation period

f 60 min at the end of discharging.

After the 5th cycle, a cell was charged to 0.01 V to obtain a
harged disordered carbon electrode. The cell was then disas-
embled in an Ar-filled glove box to take it out. About 5 mg
Sources 176 (2008) 347–352

f the electrode containing some amount of electrolyte was
acked in a hermetically sealed pan made of stainless 304. The
hermal stability was investigated by DSC combined with ther-

ogravimetric analysis (Thermo plus TG8110, Rigaku Corp.) at
heating rate of 5 ◦C min−1 from room temperature to 400 ◦C.
o leakage occurred during measurements, which was con-
rmed by the absence of weight loss in TG curves that had
een obtained concurrently with DSC. All experiments were
onducted under an Ar atmosphere with a dew point below
70 ◦C.

. Results and discussion

Fig. 1 shows H/C ratios of resultant carbonaceous materials.
he carbonaceous materials prepared at 500 ◦C had H/C ratios
f about 0.25 regardless of the weight ratio of porogen to peanut
hells. The H/C ratio gradually decreased with an increase in
eaction temperature: C-5-700 and C-5-800 exhibited 0.14 and
.10, respectively. These values were consistently less than those
eported in previous work even though the carbonaceous mate-
ials were prepared in the same way [18]. These differences
re probably due to the dehydrogenation and/or dehydration of
he carbonaceous materials upon storage; remnants of the poro-
en may abstract hydrogen from the carbonaceous materials
dehydrogenation).

Fig. 2 shows the charge and discharge characteristics at
he 1st, 2nd, and 10th cycles of C-5-800. A large divergence
etween insertion and extraction potentials, which is commonly
eferred to as hysteresis, was seen and could be attributed to
he high H/C ratio above 0.1 [25]. A very large capacity of
260 mA h g−1 was obtained during the initial charge. How-
Fig. 1. H/C ratios of C-1-500, C-3-500, C-5-500, C-5-700, and C-5-800.
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ig. 2. Charge and discharge curves of C-5-800 in 1 mol dm−3 LiPF6 dissolved
n EC + DMC at the 1st, 2nd, and 10th cycles.

urface functional groups such as hydroxyls and carboxyls,
nd/or formation of the surface film on the electrode [26,27]. The
rreversible capacity significantly decreased after the 2nd cycle
nd the reversible capacity of around 700 mA h g−1 was obtained
ven after the 10th cycle, as shown in Fig. 2. Almost identical
endencies were observed in the charge and discharge curves for
-1-500, C-3-500, C-5-500, and C-5-700. Fig. 3 shows variation
f charge and discharge capacities with cycle number for C-5-
00, together with the Coulombic efficiency of it. Irreversible
apacities gradually decreased with increasing cycle number
fter the 2nd cycle. Charge/discharge efficiency reached more

han 95% after the 5th cycle. The reversible capacity was still
67 mA h g−1 at the 25th cycle.

Fig. 4 shows charge and discharge capacities at the 5th
ycle, and accumulated irreversible capacities from the 1st

ig. 3. Variation of charge and discharge capacity with cycle number for C-5-800
lectrode, together with the Coulombic efficiency of it.
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ig. 4. Charge and discharge capacities at the 5th cycle, and accumulated irre-
ersible capacities from the 1st to 5th cycles for C-1-500, C-3-500, C-5-500,
-5-700, and C-5-800.

o 5th cycles for C-1-500, C-3-500, C-5-500, C-5-700, and
-5-800. C-1-500, C-3-500, and C-5-500 gave reversible capac-

ties of 119, 247, and 598 mA h g−1, and irreversible capacities
f 853, 1811, and 2170 mA h g−1, respectively. These results
ndicate that the charge and discharge capacities for the car-
onaceous materials prepared at 500 ◦C increased as the ratio
f porogen to peanut shells increased. The H/C ratio remained
nchanged at around 0.25 regardless of the porogen/peanut
hells ratio at 500 ◦C, as shown in Fig. 1. On the other hand,
he number of nano-sized pores in resultant carbonaceous mate-
ials should increase proportionally with the porogen/peanut
hells ratio [18]. Some of the pores would accommodate and
elease lithium-ions reversibly, but others trap them irreversibly
28–31]. Hence, both the reversible and the irreversible capaci-
ies increased with an increase in a porogen/peanut shells ratio
n this work. Another mechanism involves the carbonization of
eanut shells containing porogen during heat treatment up to
00 ◦C. The decomposition of porogen should be accompanied
y exothermic heat, which is likely to promote the organization
f carbonaceous materials. In fact, in XRD patterns shown in
ef. [18], diffraction peaks at around 26 and 43◦ in 2θ of car-
onaceous materials became more noticeable with an increase
n a porogen/peanut shells ratio. These results suggest that the
esultant carbonaceous materials should be crystallized with
n increase in a porogen/peanut shells ratio, which seems to
ead to an increase in the discharge capacities as well as the
harge capacities. C-5-700 and C-5-800 exhibited much larger
ischarge and charge capacities than C-5-500. In particular,
he largest values of reversible (779 mA h g−1) and irreversible
apacities (828 mA h g−1) were obtained for C-5-700 in this

ork. In addition, C-5-700 gave the smallest value of accumu-

ated irreversible capacity of 1510 mA h g−1.
Fig. 5 shows DSC curves of fully lithiated C-1-500, C-3-500,

-5-500, C-5-700, and C-5-800. The heat flow is based on the
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250 ◦C.

The total amount of heat generation was evaluated by inte-
grating the DSC curves shown in Fig. 5: C-1-500, C-3-500,
C-5-500, C-5-700, and C-5-800 gave 1499, 1566, 2050, 2085,
ig. 5. DSC curves of fully lithiated C-1-500, C-3-500, C-5-500, C-5-700, and
-5-800 ith 1 mol dm−3 LiPF6/EC + DMC.

otal weight of the sample. All the DSC curves in Fig. 5 showed
ild heat generation starting from about 120 ◦C with a small

xothermic peak at around 140 ◦C. Almost the same behav-
or was observed for lithiated graphite electrode [12]. Based
n discussion in the literature, the small peak at 140 ◦C seems
o be caused by the reaction between the electrolyte and lithi-
ted graphite where the surface is not covered with SEI but with
VdF-binder. Since the binder should be swollen by an elec-

rolyte at elevated temperatures, surface film seems to be newly
ormed on the carbon surface that had been covered with the
inder [12]. In addition, the exothermic peak at 140 ◦C is also
ikely due to conversion of surface film into a more stable one
nd/or further growth of surface film accompanied by electrolyte
ecomposition [6].

Mild heat generation occurred from about 120 ◦C and it con-
inued until a broad exothermic peak appeared at around 250 ◦C
or all the DSC curves. Similar continuous heat generation was
lso seen for a lithiated graphite electrode in our previous work
12]. Based on the results, it is likely due to a heterogeneous
eaction in which an electrolyte permeates through the existing
urface film onto the lithiated carbon surface to form a new sur-
ace film. A significant amount of heat generation occurred at
emperatures ranging from 270 to 310 ◦C for all the DSC curves
n Fig. 5. A very sharp exothermic peak was observed at around
95 ◦C for C-1-500, C-3-500, and C-5-500, together with a small
houlder peak at about 280 ◦C. The shoulder peak became more
ignificant with an increase in a porogen/peanut shells ratio, and
as more obvious for C-5-700 and C-5-800. In contrast to a

harp peak at about 295 ◦C for the carbonaceous materials pre-
ared at 500 ◦C, the corresponding peak appeared as two peaks
or C-5-700 and C-5-800; a sharp peak at about 305 ◦C with a

mall shoulder peak at around 295 ◦C was observed. Our group
reviously showed that lithiated graphite gave a very sharp peak
t temperatures ranging from 270 to 310 ◦C, which is due to

F
i
C
T
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direct reaction between lithiated graphite and the electrolyte
ccompanied by a breakdown of SEI [12]. On the other hand,
hree exothermic peaks appeared around 300 ◦C for C-5-700 and
-5-800, as described above. The structure of the crystallites in
isordered carbon is known to be crystallized with an increase
n preparation temperature. In addition, several types of disor-
ered carbon show higher reversible capacities than graphitic
arbon. Several models have been proposed to explain these
igh specific capacities, including lithium storage in nano-sized
ores and adsorption of lithium-ion on both sides of a sin-
le graphite-like sheet [20,21]. Based on the findings that the
harge and discharge characteristics for C-5-700 and C-5-800
ere different from C-5-500, the structure and/or crystallinity of
isordered carbon should be significantly developed at around
00 ◦C. In other words, several kinds of reversible insertion
ites for lithium-ion with different energy states are likely to
e formed at temperatures above 700 ◦C. Accordingly, C-5-700
nd C-5-800 would show the multiple peaks around 300 ◦C
n DSC curves depending on chemical potentials of inserted
ithium-ion within disordered carbon. On the other hand, the
xothermic peak at around 250 ◦C was characteristic of lithiated
isordered carbon since it was not observed for the lithiated
raphite. There is an obvious difference in charge and discharge
haracteristics between graphitic carbon and disordered carbon
lectrodes; a considerable amount of lithium-ion is known to
e trapped within the disordered carbon, as shown in Fig. 2.
ince the amount of heat generation at around 250 ◦C tended

o increase with accumulated irreversible capacities from the
st to the 5th cycle, such trapped lithium-ion may be activated
t elevated temperatures to react with an electrolyte at around
ig. 6. Total amount of heat generation against accumulated irreversible capac-
ties from the 1st to 5th cycle for C-1-500, C-3-500, C-5-500, C-5-700, and
-5-800, together with that for a fully lithiated graphite derived from Ref. [12].
he total amount of heat generation was evaluated from DSC curves in Fig. 5.
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nd 1671 J g−1, respectively. At a preparation temperature of
00 ◦C, the total amount of heat generation increased with an
ncreasing ratio of porogen to peanut shells. The largest value
as obtained for C-5-700. The heat values against accumulated

rreversible capacities from the 1st to 5th cycle are shown in
ig. 6, together with that for lithiated graphite obtained in pre-
ious work [12]. The lithiated graphite generated much smaller
eat of 800 J g−1 than lithiated disordered carbon used in this
ork. Total amount of heat generation increased with an increase
f accumulated irreversible capacities, as is evident from Fig. 6.
hese results indicate that heat generation should increase

epending on the amount of irreversibly consumed lithium-ion;
ctive lithium-ion was consumed by irreversible reactions with
urface functional groups such as hydroxyls and carboxyls, for-

ig. 7. (a) Heat values and (b) the heat values per reversible capacities at the
th cycle against the reversible capacities.
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ation of the surface film on the electrode, and/or being trapped
ithin nano-sized pores in disordered carbon. Among them,

ithium-ion trapped within the disordered carbon should be very
eactive, in particular, at elevated temperatures. Hence, such
ithium-ion seems to be mainly related to the heat generation
hough the detailed mechanism of the exothermic reactions is not
et clear. More quantitative discussion would be possible if we
an evaluate the amount of trapped lithium-ions. The heat gener-
tion at elevated temperatures should be suppressed to enhance
he safety of lithium-ion batteries. The disordered carbon used
ere seems to possess lower thermal stability as active materials
n the batteries than graphitic carbon. Therefore, an irreversible
apacity should be reduced to enhance thermal stability of a dis-
rdered carbon electrode. The heat values and the heat values per
eversible capacities at the 5th cycle versus reversible capacities
re shown in Fig. 7a and b, respectively, together with that for
ithiated graphite obtained in previous work [12]. C-1-500 and
-3-500, which gave smaller reversible capacities than graphite,
xhibited 12.6 and 6.3 J mA h−1, respectively. These values are
uch larger than 2.7 J mA h−1 for graphite. On the other hand,
-5-500, C-5-700, and C-5-800, which showed larger capaci-

ies than graphite, gave 3.4, 2.7, and 2.2 J mA h−1, respectively.
hese values are almost comparable to that for graphite. Based
n the present results, several types of disordered carbon showed
arger capacity than graphite, while their thermal stability low-
red accordingly.

. Conclusion

Thermal stability of lithiated disordered carbon was inves-
igated by DSC. The disordered carbon was prepared by
yrolyzing peanut shells containing porogen at temperatures
bove 500 ◦C. Although a large hysteresis in voltage was seen
uring charge and discharge, C-5-500, C-5-700, and C-5-800
xhibited higher charge and discharge capacities than graphite.
he DSC curves showed mild heat generation that started from
bout 120 ◦C with a small exothermic peak at around 140 ◦C. In
ddition, a broad exothermic peak appeared at around 250 ◦C,
hich was characteristic of lithiated disordered carbon. A signif-

cant amount of heat generation was observed at temperatures
anging from 270 to 310 ◦C, which is due to a direct reaction
etween lithiated disordered carbon and electrolyte accompa-
ied by a breakdown of the surface film. The total amount
f heat generation were much larger than those obtained for
ithiated graphite in the previous work. In addition, the total
mount of heat generation tended to increase with an increase in
ccumulated irreversible capacities. These results suggest that
eat generation at elevated temperatures should increase as the
mount of irreversibly trapped lithium-ion increases. Therefore,
n irreversible capacity should be reduced to enhance the thermal
tability of a disordered carbon electrode in lithium-ion batter-
es. On the other hand, the heat values per reversible capacities
or C-5-500, C-5-700, and C-5-800, which showed larger capac-

ties than graphite, were almost comparable to that for graphite.
lthough several types of disordered carbon possessed larger

apacity than graphite, their thermal stability lowered accord-
ngly.
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