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a b s t r a c t

A voltage-sensitive separator is prepared simply by impregnating electroactive poly(3-decylthiophene)
(P3DT) polymer into a commercial porous separator and tested for a self-actuating control of overcharge
voltage of LiFePO4/C lithium-ion batteries. The experimental results demonstrate that this type of sepa-
rator can be reversibly p-doped and dedoped to maintain the cell’s voltage at a safe value of ≤4 V even at
high rate overcharge of 3 C current, effectively protecting the batteries from voltage runaway. Since this
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P3DT-modified separator has no obvious negative impact on the normal charge–discharge performance
of the batteries, it may be adopted for practical application in commercial lithium ion batteries.

© 2010 Elsevier B.V. All rights reserved.
oly(3-decylthiophene)

. Introduction

Safety is a primary concern for commercial development of
igh-rate and high capacity lithium ion batteries for hybrid elec-
ric vehicles (HEV) and electric vehicles (EV) [1,2]. Since present
ithium ion batteries use volatile and flammable organic elec-
rolytes, irreversible decomposition of the electrolyte may occur
o produce combustible organic gases at high overcharge voltage
nd the small gaseous molecules cannot recombine again into their
arent molecules. Thus, the organic electrolyte is incapable to pro-
ide an internal voltage control during overcharging. As a result, the
vercharge voltage may go up immoderately and therefore induce
series of hazardous exothermic reactions, which eventually leads

o a thermal runaway, causing cell cracking, firing or even explosion
3–8].

In pursuit of safety and reliability, great efforts have been
ocused in recent years on developments of internal and self-
ctuating overcharge protection mechanisms for lithium ion
atteries. Various types of electrolyte additives, such as redox
huttles [9–13] and polymerizable monomers [14–18], have been
roposed as safety electrolyte additives to prevent the lithium ion
atteries from overcharging. But until now, most of the reported

huttle molecules cannot meet the requirements for practical bat-
ery applications due to either their poor stability at oxidized state
r their poor solubility in commonly used organic electrolytes [11].

∗ Corresponding author. Tel.: +86 27 68754526; fax: +86 27 87884476.
E-mail address: xpai@whu.edu.cn (X.P. Ai).
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While the polymerizable monomers, such as biphenyl [15] and
xylene [17], can function as a shutdown additive to increase the
cell’s overcharge tolerance to some extent [14–17]. Comparatively,
use of electroactive membranes that modified with electroac-
tive polymers with appropriate oxidation potential seems to be a
more attractive means to clamp down the overcharging voltage of
lithium ion batteries, because this type of separator can provide
not only reversible electrochemical on–off for the charge reaction,
but also sufficiently high shunting currents for the overcharged
batteries [19–23].

In this paper, we report the preparation method of a poly(3-
decyl thiophene) (P3DT)-modified separator and describe the
applications and overcharge protection behaviors of this separator
in the commercial LiFePO4-based lithium ion batteries.

2. Experimental

3-Decylthiophene (3DT) (purity ≥98%, Henan Wanxiang Chem-
ical Industry Co., Ltd., Zhengzhou, China) was used as received
without further purification. The electrolyte used in this study was
1 mol L−1 LiPF6 in a 1:1:1 (by vol.) mixture of ethylene carbonate
(EC), dimethyl carbonate (DMC) and ethyl-methyl carbonate (EMC),
purchased from Guotai-Huarong New Chemical Materials Co., Ltd.
(Zhangjiagang, China). The test batteries used in this study were
prismatic LiFePO4/graphite batteries with a nominal capacity of

450 mAh, friendlily donated by Fenghua Lithium Battery Co., Ltd.
(Zhaoqing, China).

P3DT used in this study was synthesized by chemically oxida-
tive polymerization of 3-decylthiophene monomer in chloroform

dx.doi.org/10.1016/j.jpowsour.2010.09.111
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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sing FeCl3 as a catalyst according to the method described in liter-
ture [24]. A typical experimental procedure is to add 8.68 g FeCl3
xidant into a three-necked 250 ml flask containing 50 ml chlo-
oform under magnetic stirring, and then slowly drop 100 ml of
chloroform solution containing 4 g monomer into the reaction

olution at a dropping rate of ∼1 ml min−1. The oxidative polymer-
zation of P3DT usually lasts twenty more hours in the solution
nder aerating of nitrogen. After completion of the polymeriza-
ion reaction, the reaction mixture was poured into methanol for
recipitating out the polymer. This polymer was then washed sev-
ral times with methanol and then added into a mixture solvent
f chloroform and monohydrate hydrazine under magnetic stir-
ing for de-doping. Finally, the de-doped polymer was extracted
ith methanol in a Soxhlet extractor for removing the residual oxi-
ant and oligomers. All the chemicals used in this synthesis process
ere obtained commercially and used as received without further
urification.

The electroactive polymer of P3DT was first dissolved in chloro-
orm to form a homogeneous polymer solution of 2 wt.% P3DT. The
3DT-modified separator was then prepared simply by immers-
ng a commercial porous PP/PE/PP membrane (UBE UP3074, 20 �m
hick, 50% porosity) into the polymer solution for 10 min, and then,
vaporating the solvents off to leave a modified separator with a
hickness of 22 �m.

The surface morphologies of the separators before and after
ncorporation of P3DT were examined using a Quanta 200 Scanning
lectron Microscope (FEI Company, Netherlands). The electro-
hemical behavior of P3DT synthesized from chemically oxidative
olymerization of 3-decylthiophene monomer was studied with
yclic voltammetry (CV). The working electrode used in this study
s a P3DT-coated Pt microelectrode, which was prepared by dipping
Pt microelectrode (diameter = 100 �m) in a chloroform solution
f P3DT, and then taking out for evaporating the solvents off to
eave a P3DT coating film on the Pt microelectrode. The voltammo-
rams were recorded on a two-electrode cell using P3DT-coated
t microelectrode as working electrode and a large lithium sheet
s both counter electrode and reference electrode on a CHI 600c
lectrochemical workstation (Shanghai, China). The charge and dis-
harge measurements of the prismatic LiFePO4/C batteries using
3DT-modified separator were performed using a programmable
omputer-controlled battery charger (Land Battery Testing System,

uhan, China).

. Results and discussion

As an electroactive material working for overcharge protec-
ion, the electroactive polymer should have appropriate oxidation
otential, which is required to be slightly higher than the terminat-

ng potential of the completely charged cathode and considerably
ower than the decomposition potential of the electrolyte. For
iFePO4-based lithium ion batteries, the potential of fully charged
athode is ca. 3.6 V.

Fig. 1 gives the CV curves of P3DT in 1 mol L−1

iPF6/EC + DMC + EMC electrolyte. It can be found that the anodic
urrent, representing the oxidative p-doping process of P3DT,
rises at the onset potential of 3.7 V, which is at least 250 mV
ositive than the charging voltage plateau of LiFePO4. On the
athodic scans, the electrochemical reduction, corresponding to
he de-doping process of the oxidized P3DT, almost completes at
.5 V, at which the cathodic reaction of the oxidized LiFePO4 just
tarts to occur. This comparison implies that the electro-oxidation

f P3DT polymer can occurs only after the complete oxidation
f LiFePO4 and the electrochemical reduction of P3DT polymer
akes place before the cathodic discharge of LiFePO4 electrode.
hese results indicate that the P3DT polymer can be suitably
Fig. 1. The CV curves obtained from a P3DT-coated Pt microelectrode in 1 mol L−1

LiPF6/EC + DMC + EMC electrolyte. Scan rate: 10 mV s−1.

used for controlling the charging voltage of LiFePO4-based lithium
ion batteries, and that the use of P3DT-modified membrane as
separator may not interfere the normal charge–discharge reac-
tions of the batteries. In addition, the anodic and cathodic current
peaks of P3DT are very symmetric and have only a slight decay
during successive 100 scans, suggesting a very reversible and
fast electrochemical kinetics of the electroactive polymer. The
reversible electrochemical p-doping/dedoping process of P3DT
with simultaneous intercalation and deintercalation of PF6

− anions
can be formulated as follows:

P3DT + nPF−
6

−ne p-doping
�

+ne p-doping
P3DTn+(PF−

6 )n

Fig. 2 compares the SEM images of the microporous separa-
tor before and after P3DT modification. It can be found in Fig. 2a
that the commercial porous separator has a clear and highly uni-
form pore distribution. In contrast, the P3DT-modified separator
(Fig. 2b) shows a smooth surface and partially blocked pore struc-
ture, suggesting that the P3DT polymer has been successfully filled
into partial pores of the separator. Since the pores of the separa-
tor substrate are only partially filled with P3DT polymer and have
plenty of remaining void pores, it is expected that the modified sep-
arator thus prepared can not only act as a normal separator allowing
electrolyte to pass through at normal cell operating voltage, but
also function as an internal self-actuating potential-sensitive mem-
brane at overcharge state to prevent cell from voltage runaway.

Fig. 3 shows the charge–discharge curves of the prismatic
LiFePO4/C batteries using P3DT-modified separator at a charging
rate of 1.0 C. It is clearly shown that at normal charge region, the
charging voltage profiles display a typical charging plateau at about
3.45 V, indicating that the P3DT-modified separator has no dis-
cernible impact on the normal charge behavior of the test cell. Once
overcharged, the charging voltages of the cells climb up steeply at
first and then gradually drop to produce a voltage plateau at ∼3.7 V,
showing an effective control of the charging voltage. In the follow-
ing discharge, the test cell can deliver a capacity of 450 mAh even
subjected to a 50% overcharge of its nominal capacity, showing no
negative impact of the P3DT-modified separator on the discharge
performance of the batteries. After 100 cycles of overcharge test-
ing, the overcharging voltage plateau is only slightly elevated and
can still be well controlled at a safe value less than 3.8 V, indicating

a very reversible and effective overcharge protection for the test
cells by the P3DT-modified separator.

As aforementioned in our previous publication [19], the sus-
tainable charge and discharge current of the modified separator is
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Fig. 4. Charge–discharge curves of prismatic LiFePO4/C batteries using a P3DT-
modified separator at various rates.
ig. 2. SEM photographs of separator before (a) and after (b) P3DT modification.

n important factor for its practical application in lithium ion bat-
eries. Fig. 4 shows the charge–discharge curves of the prismatic
iFePO4/C batteries using a P3DT-modified separator at various cur-
ent rates. As it can be seen, the overcharge voltage plateaus of the
est cell increase only slightly and still remain below 4 V, although
he charging rates are heightened from 0.5 C to 3 C. Even at a very

igh current rate of 3 C, the test cells can still deliver a capacity of
15 mAh, showing a good overcharging shunting capability and an
xcellent high rate charge–discharge capability.

ig. 3. Overcharge cycling curves of the prismatic LiFePO4/C batteries using a P3DT-
odified separator at 1 C rate.
Fig. 5. The cycling performance of prismatic LiFePO4/C battery using a P3DT-
modified separator at normal voltage interval of 2.0–3.6 V at 0.5 C rate.

As a separator feasible for practical applications, it is very
required not only to provide an effective voltage control at
overcharge, but also have no negative impacts on the normal
charge–discharge performances of the batteries. In order to evalu-
ate the influence of P3DT-modified separator on the normal cycling
performance of the batteries, the prismatic LiFePO4/C batteries
using the P3DT separator are cycled at voltage interval of 2.0–3.6 V
at 0.5 C rate. The typical cycling performance of these batteries is
shown in Fig. 5. It can be seen that the discharge capacity of the bat-
tery is still kept at 410 mAh after 300 cycles, showing a very similar
capacity retention as the commercial batteries of the same type.

The influence of the P3DT-modified separator on self-discharge
rate of LiFePO4/C batteries is also investigated. The batteries are
fully charged and then discharged at 0.2 C rate after stored at
room temperature for 30 days. The self-discharge rate is calculated
by comparing the discharge capacity of the batteries before and
after storage. The self-discharge rate of the batteries using P3DT-
modified separator is only 3.7% after 30 days storage, which is
almost the same as that of the batteries with commercial separator.

4. Conclusion

In summary, a P3DT-modified separator was prepared and

adopted for practical LiFePO4/C lithium ion batteries. The exper-
imental results demonstrated that, as a self-actuating overcharge
protection separator, this separator could transform from an elec-
tronically insulating state to a conductive state at overcharged
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oltage, leading to an internal short-circuit to prevent the cells
rom voltage run-away. In addition, this separator works reversibly
nd has no significant impact on the normal charge–discharge per-
ormance of the batteries, showing a great prospect for practical
pplication in LiFePO4-based lithium ion batteries.
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