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a  b  s  t  r  a  c  t

The  electrochemical  properties  of  solvent-free,  quaternary  polymer  electrolytes  based  on  a  novel  poly-
meric  ionic  liquid  (PIL)  as polymer  host  and  incorporating  1g13TFSI  ionic  liquid,  LiTFSI  salt  and  nano-scale
silica  are  reported.  The  PIL–LiTFSI–1g13TFSI–SiO2 electrolyte  membranes  are  found  to  be  chemically
stable  even  at  80 ◦C in  contact  with  lithium  anode  and  thermally  stable  up  to 320 ◦C. Particularly,  the
vailable online 23 June 2011

eywords:
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onic conductivity
ithium metal polymer batteries

quaternary  polymer  electrolytes  exhibit  high  lithium  ion  conductivity  at high  temperature,  wide  electro-
chemical  stability  window,  time-stable  interfacial  resistance  values  and  good  lithium  stripping/plating
performance.  Batteries  assembled  with  the  quaternary  polymer  electrolyte  at 80 ◦C are  capable  to  deliver
140  mAh  g−1 at  0.1C  rates  with  very  good  capacity  retention.

© 2011 Elsevier B.V. All rights reserved.

uanidinium-based ionic liquids

. Introduction

Rechargeable lithium metal polymer batteries (LMPBs) are con-
idered to be the most probable next generation of power sources
or portable electronic devices and electronic vehicles because of
heir high energy density and flexible characteristics [1].  However,
he performance of LMPBs is still limited by low ionic conductivities
f solid polymer electrolytes (SPEs) and bad interfacial proper-
ies between SPEs and electrodes. Thus, many different approaches
ave been pursued to enhance the ionic conductivity of the Li+-
ation-conducting SPEs and their interfacial properties [2–4].

Recently, the incorporation of non-volatile, non-flammable
onic liquids (ILs) into polymer electrolytes has been a very
romising approach to improve the ionic conductivity and the

nterfacial property [5–11]. Most of the research work focused
n ILs based upon imidazolium and pyrrolidinium cations and
is(trifluoromethanesulfonyl)imide anions. The imidazolium

Ls have been widely studied because of their low viscosity,
igh ionic conductivity, and high anodic stability [7,12–14].

he pyrrolidinium ILs have been found to have a high cathodic
tability and relatively high ionic conductivity [6,8,11,15–17].

 nanocomposite polymer electrolyte incorporating an IL [n-

∗ Corresponding author at: School of Chemistry and Chemical Technology, Shang-
ai  Jiaotong University, Shanghai 200240, China. Tel.: +86 21 54748917;

ax: +86 21 54741297.
E-mail address: liyangce@sjtu.edu.cn (L. Yang).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.06.059
butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
(BMITFSI)] and poly(vinylidene fluoride-co-hexafluoropropylene)
[PVdF-HFP] has been reported [13]. The addition of BMITFSI in
polymer electrolytes results in high ionic conductivity at room tem-
perature. The cells with BMITFSI show good interfacial stability and
oxidation stability over 5.5 V. With respect to unsaturated cyclic
and non-cyclic ammonium quaternary cations, pyrrolidinium
cations show a much wider cathodic decomposition potential. The
cycle behavior and rate performance of solid-state Li/LiFePO4
polymer electrolyte batteries incorporating the N-methyl-
N-propylpyrrolidinium bis(trifluoromethanesulfonyl)imide
(PYR13TFSI) room temperature IL into the P(EO)20 LiTFSI elec-
trolyte and the cathode have been investigated at 40 ◦C [10].
The battery shows excellent reversible cycling stability with a
capacity fade lower than 0.06% per cycle over about 500 cycles at
various current densities. To our knowledge, the hosts of polymer
electrolytes incorporating IL are mostly focused on the traditional
polymer such as PEO and PVdF-HFP.

Polymeric ionic liquids (PILs) to be used as hosts for poly-
mer  electrolytes have been attracting much attention because of
their high ionic conductivity and chemical compatibility toward
ILs [18–20].  In general, PILs are obtained through polymerization
of ionic liquid monomers. In comparison with other polymers, PILs
used as hosts in ionic liquids based polymer electrolytes exhibit

unique features. PILs and corresponding ILs have good chemi-
cal affinity. A completely compatible combination between PILs
and ILs makes the polymer electrolytes rather stable, which min-
imizes phase separation and leakage phenomena. When the PILs

dx.doi.org/10.1016/j.jpowsour.2011.06.059
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:liyangce@sjtu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2011.06.059
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proportions (Table 1). The solution was casted onto PTFE slides to
prepare the electrolyte films. Then the film was  dried in the air at
room temperature for 12 h and subsequently dried at 80 ◦C under
vacuum for another 12 h.

Table 1
Composition of PIL–LiTFSI–1g13TFSI–SiO2 quaternary polymer electrolytes.

Sample name Weight (g) 1g13TFSI/PIL ratio

PIL LiTFSI Nano-scale 1g13TFSI wt/wt
M.  Li et al. / Journal of Powe

ere used in the electronic devices, the significant enhancement
n cycling stability and durability has been observed [18].

In a previous work, a series of PILs based on guanidinium
ations combining different anions, such as BF4

−, PF6
−, ClO4

−

nd N(CF3SO2)2
−, have been synthesized by our group [21], and

heir thermal properties, electrochemical stabilities and ionic con-
uctivity were characterized. With the aim of developing highly
onductively polymer electrolytes, we continue to synthesize new
ILs. Herein, we present another guanidinium-based PIL with TFSI−

nions, which was synthesized by copolymerization of a guani-
inium ionic liquid monomer with methyl acrylate. Comparing
ith the reported PILs, the new PIL has a longer alkyl chain in

he structure of guanidinium cations, which increases the rigid
f the PIL chains, and results in sufficient mechanical strength
nd good ionic liquid retention for the PIL membrane [22,23].
n addition, to the applications of lithium batteries, a quaternary
olymer electrolyte based on the PIL as polymer host in combi-
ation with a guanidinium ionic liquid, LiTFSI salt and nano-size
iO2 were prepared. Various quaternary electrolytes having dif-
erent weight compositions were physicochemical characterized.
he performance of LMPBs with the quaternary electrolytes was
easured at 80 ◦C.

. Experimental

.1. Reagents and materials

2,2′-azobisisobutyronitrile (AIBN) methyl acrylate and allyl
romide (98%) were purchased from Alfa Aesar. Lithium hexafluo-
ophosphate (LiPF6) and lithium bis(trifluoromethylsulfonyl)imide
LiTFSI) was kindly provided by Morita Chemical Industries Co., Ltd.
nd used as received. All the other chemicals used in this work were
f A.R. grade.

.2. Synthesis of the IL, 1g13TFSI and monomers, guanidinium
romides

The IL of 1g13TFSI and monomers of guanidinium
romides were synthesized by our reported papers
24,25]. The produced guanidinium bromides and lithium
is(trifluoromethylsulfonyl)imide (LiTFSI) were dissolved in deion-

zed water and mixed for 24 h at ambient temperature. The crude
Ls were dissolved with dichloromethane, and washed with deion-
zed water until no residual halide anions, which were detected

ith the saturated solution of AgNO3. The dichloromethane was
emoved by rotating evaporation. The product was dried under
igh vacuum for more than 24 h at 100 ◦C. The structure of synthe-
ized monomers, guanidinium bromides (1g3), was confirmed by
H NMR  and 13C NMR.

1g3, 1H NMR  (400 MHz, CDCl3), ı (TMS, ppm): 5.69
NCH2CHCH2), 5.32 (NCH2CHCH2), 3.72 (NCH2CHCH2), 2.93
m,  12H), 1.64 (NCH2CH2CH3), 1.43 (NCH2CH2CH3), 0.87
NCH2CH2CH3). 13C NMR: (400 M Hz, CDCl3), ı (TMS, ppm):
63.4, 131.5, 121.1, 52.7, 51.5, 40.1, 20.8, 10.9.

.3. Polymerization of the IL monomers and preparation of PILs
ith TFSI− anions

The PILs were synthesized by a bulk polymerization method. The
uanidinium bromide, methyl acrylate, acetonitrile and AIBN, at a
atio of 1.0 mol% to the amount of methacryl groups present in the

olution, were mixed until they became homogeneous. The mixture
as degassed in vacuum at 50 ◦C, and kept standing at 70 ◦C for 40 h.
fter polymerization, the obtained polymer, denoted as 1g3-MA-
r, was dried under vacuum at 60 ◦C for 24 h and 80 ◦C for 6 h. And
Scheme 1. The main components of the quaternary polymer electrolytes: the chem-
ical  structure of PIL, 1g3-MA-TFSI and IL, 1g3TFSI.

the structure of 1g3-MA-Br (depicted in Scheme 1) was confirmed
by 1H NMR  and FT-IR.

1g3-MA-Br, 1H NMR, (400 MHz, CDCl3), ı (TMS, ppm):
3.65 (CHCOOCH3), 3.14 (NCH2CH), 3.10 (NCH2CH2CH3), 2.88
[CN(CH3)2]2, 2.35 (CHCOOCH3), 1.89 (NCH2CH), 1.72 (CH2CHCOO),
1.56 (NCH2CH2CH3) 1.29 (NCH2CHCH2), 0.90 (NCH2CH2CH3).

1g3-MA-Br, FT-IR (KBr), � (cm−1): 3450 (H2O),  2923, 2859, 2819
(CH3, CH2, CH), 1725 (C O), 1606 (C N), 1547 (C–N), 1158 (C–O).

To prepare PILs with TFSI− anions by a simple ion-exchange
method, 1.2 g of 1g3-MA-Br was dissolved in 5 mL  acetone, stirred
for 2 h and then lithium salt (LiTFSI) at a molar ratio of 1.2 to the feed
of guanidinium cations present in 1g3-MA-Br was added into the
solution, and then stirred for another 4 h. After the ion-exchange
reaction finished, the solution was  poured into Teflon dishes and
air-dried at 80 ◦C for 4 h. Then the obtained PILs were immersed in
deionized water at 40 ◦C for 1 h, and rinsed with large amounts of
deionized water. The process of immersion and rinse was  repeated
twice so as to remove the superfluous lithium salts. After that, the
polymer was dried in vacuum at 80 ◦C for 24 h and the pure 1g3-
MA-TFSI were obtained, whose chemical structure was  confirmed
by FT-IR.

FT-IR (KBr), 1g3-MA-TFSI, � (cm−1): 2992, 2956, 2846 (CH3, CH2,
CH), 1735 (C O), 1605 (C N), 1560 (C–N), 1169 (C–O), (TFSI−):
1349, 1199, 1159, 1064, 848 and 558.

Mn = 23570, Mw/Mn = 2.86, (GPC, polystyrene). Anal. Calcd. for
1g3-MA-TFSI: C 48.6, N 1.56. Found: C 48.7; N 1.57.

2.4. Preparation of the quaternary polymer electrolytes

The quaternary polymer electrolytes were prepared by sepa-
rately dissolving the 1g3-MA-TFSI, 1g13TFSI, LiTFSI and nano-scale
SiO2 in acetone at 40 ◦C for 5 h and, then, mixed in three different
SiO2

Sample A 0.6 0.12 0.06 0.3 0.5
Sample B 0.6 0.12 0.06 0.27 0.45
Sample C 0.6 0.12 0.06 0.24 0.4
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Fig. 2 presents the FT IR spectra of 1g3-MA-TFSI having TFSI−

counter-anion. In Fig. 2 the polymer show characteristic bands at
1735 and 1169 cm−1 for the C O and C–O stretching vibration from
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.5. Preparation of batteries

Lithium foil (battery grade) was used as a negative electrode.
nd positive electrode was fabricated by spreading the mix-

ure of LiFePO4, acetylene black and PVdF (initially dissolved in
-methyl-2-pyrrolidone) with a weight ratio of 8:1:1 onto Al
urrent collector (battery use). Loading of active material was
bout 2.5 mg  cm−2 corresponding to 0.4 mAh  cm−2 and this thinner
lectrode was directly used without pressing. Li/LiFePO4 polymer
atteries were fabricated (in dry-room) by laminating the lithium
oil, a PIL–LiTFSI–1g13TFSI–SiO2 quaternary polymer electrolyte

embrane and a LiFePO4 cathode tape.

.6. Characterization methods

Structures of the synthesized ionic liquid monomer and the PILs
ere confirmed by 1H NMR  and 13C NMR  spectroscopy (Avance

II 400) and tetramethylsilane was used as the internal reference
or the analysis. The FT IR spectroscopic measurements were per-
ormed on a Bruker IFS-28 FT-IR spectrometer. Thermal analyses
f the polymers were performed on a Perkin-Elmer TGA (Ther-
ogravimetric analysis) from room temperature to 500 ◦C under

itrogen at a heating rate of 20 ◦C min−1. Molecular weights of
he polymers were estimated by Waters associates gel perme-
tion chromatography (GPC) using 12 monodisperse polystyrenes
molecular weight range 102–107) as calibration standards. Ele-

ental composition (C and N) was determined by an elemental
nalyzer (Perkin–Elmer 2400 II).

The ionic conductivity of the PILs was measured by the complex
mpedance method using a CHI660B Electrochemical Workstation.
he electrolytes were placed between a pair of blocking electrodes.
he data were collected over a frequency range 0.1–105 Hz with
he amplitude of 5 mV  for an open circuit potential. The ionic con-
uctivity (�) was calculated from the bulk electrolyte resistance
alue (R) found in the complex impedance diagram according to
he following equation:

 = L

R · S

here L is the thickness of the polymer electrolyte film and S is the
rea of the polymer electrolyte film.

The electrochemical stability of the PILs electrolytes was deter-
ined on the CHI660B Electrochemical Workstation by linear

weep voltammetry (LSV) using the cell Li/PILs electrolyte/SS, in
hich the SS was used as working electrode, the lithium as the

eference and the counter electrodes. The scanning rate is 1 mV  s−1.
Preliminary cycling tests on Li/LiFePO4 polymer batteries were

erformed at 80 ◦C using a CT2001A cell test instrument (LAND
lectronic Co., Ltd.). The discharge current rates were ranged from
/10 (0.04) to 1C (0.4 mA  cm−2) while the charge rate was  fixed to
/10. The voltage cut-offs were fixed at 4.0 V (charge step) and 2.0 V
discharge step), respectively.

. Results and discussion

.1. Characterization of the PILs, 1g3-MA-TFSI

Fig. 1 shows the 1H NMR  spectra of the monomer 1g3 and
he PILs 1g3-MA-TFSI. For 1g3, the assignments of corresponding
rotons are shown in Fig. 1(a). The characteristic proton absorp-
ions in double bonds locate at ı 5.69 (CH2CHCH2) and 5.32 ppm
CH2CHCH2) in the structure of 1g3, and the absorptions com-

letely disappear after polymerization as shown in Fig. 1(b), which

ndicates the polymerization carries out entirely and the product
s relatively pure. The proton absorptions of ı 3.72 (NCH2CHCH2)
nd 2.93 ppm [CN(CH3)2 in Fig. 1(a) resulting from the character-
Fig. 1. 1H NMR  spectra of (a) the monomer, 1g3 and (b) the PIL, 1g3-MA-TFSI.

istic absorptions of guanidinium group still exist in the spectra of
1g3-MA-TFSI after the polymerization. Additionally, in Fig. 1(b), the
peak at 3.65 (COOCH3) results from methacrylate and the other
assignments of protons are also marked.
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm -1)

Fig. 2. IR spectra of 1g3-MA-TFSI.
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tivity [29]. Additionally, it was also obvious from Fig. 4 that the
ionic conductivity enhanced markedly with increasing the IL con-
tent, which was attributed to the increase of amorphous content
by the plasticization of 1g13TFSI. This phenomenon was  in good
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2

er electrolytes with different 1g13TFSI amounts.

he ester group, respectively. The neighbored bands centered near
605 cm−1 and 1560 cm−1 most likely arise from the C N and C–N
tretching from the guanidinium cations. In addition, the charac-
eristic bands [20,26,27] of the TFSI− anion, such as 1349, 1199,
159, 1064, 848 and 558 cm−1, have been also observed in the fig-
re. Combining the assignments of 1H NMR  and FT IR spectra, it

ndicated that 1g3-MA-TFSI had the expected chemical structure
nd moreover its purity was desirable.

For the 1g3-MA-TFSI used in lithium batteries, a quaternary
olymer electrolyte based on 1g3-MA-TFSI as polymer host in com-
ination with a guanidinium ionic liquid (1g13TFSI), LiTFSI salt and
ano-size SiO2 was prepared. The addition of ILs into the polymer
lectrolyte can improve the interfacial property toward the elec-
rode material and increase the lithium ionic conductivity [16,19].
g13TFSI is used here because of its good electrochemical proper-
ies and exceptional battery performance as electrolytes. Nano-size
iO2 is also added in this gel polymer electrolyte because it can
nhance the mechanical strength and Lithium ion transference
umber [6].

.2. Thermal properties of the PIL and PIL-based polymer
lectrolyte

The thermal stability of the pure PIL and PIL-based electrolytes
as characterized by TGA, as shown in Fig. 3. It was  obvious that

oth the pure PIL and PIL–1g13TFSI–LiTFSI–SiO2 electrolyte sam-
les showed similar thermal decomposition behaviors and they all
ecomposed in two steps. The decomposition temperature of the
lectrolyte samples were not obviously affected by the contents
f 1g13TFSI, whose decomposition temperature was 415.4 ◦C [28].
urthermore, the PIL-based electrolyte samples were found to be
hermal stable up to 320 ◦C.

Fig. 4 shows the DSC profiles of the pure 1g3-MA-TFSI and
he PIL–1g13TFSI–LiTFSI–SiO2 electrolyte samples at different
g13TFSI amounts. The pure 1g3-MA-TFSI presented a glass tran-
ition feature (Tg) around 15 ◦C. The amount of 1g13TFSI distinctly
ffected the glass phase transition. With the increase of 1g13TFSI, Tg

f the PILs-based electrolyte samples decreased drastically. When
he amount of 1g13TFSI reached 45 wt%, Tg of the electrolyte sam-
les dropped below −60 ◦C. This decrease in Tg may  be attributed to
g13TFSI served as a plasticizer in the electrolyte samples, which

romotes the distancing of the PIL chains and changes the crys-
alline structure leading to a considerable increase of amorphous
hase, as already observed by Pawlicka et al. [29]. At higher IL
mounts, it did not appear any endothermic peaks in the DCS
Fig. 4. DSC profiles of pure 1g3-MA-TFSI and PIL–1g13TFSI–LiTFSI–SiO2 electrolyte
samples with different 1g13TFSI contents.

profiles. This result was different when compared with the result
of pyrrolidinium-based PIL electrolytes containing pyrrolidinium-
based ILs and reported by Appetecchi et al. [19], who found a small
endothermic peak at higher IL amounts. They suggested that it was
a lithium salt/ionic liquid phase separation within the PIL-based
electrolytes above an IL content equal to 44 wt%.

3.3. Electrochemical stability and ionic conductivity

Electrochemical stabilities of the PIL-based electrolyte samples
at 80 ◦C were characterized by linear sweep voltammetry, as shown
in Fig. 5. The IL content did not affect the electrochemical stability
of the PIL-based electrolytes. They decomposed at about 4.0 V vs.
Li/Li+, which was suitable for the application in Li/LiFePO4 battery
as a polymer electrolyte at 80 ◦C.

Fig. 6 shows the temperature dependence of the ionic con-
ductivity of PIL–1g13TFSI–LiTFSI–SiO2 electrolyte samples. For the
samples, a linear increase was  observed in the conductivity val-
ues with temperature, which fitted an Arrehenius-type behavior,
typically obtained in completely amorphous phase ionic conduc-
Voltage (V)

Fig. 5. Electrochemical stability of PIL–1g13TFSI–LiTFSI–SiO2 electrolyte samples
with different 1g13TFSI contents at 80 ◦C. (Li/PIL electrolyte/SS cell, 10 mV s−1,
2.5∼6.0 V.)
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greement with the thermal measurements of Fig. 2. The sam-
le C presented a higher ionic conductivity at 80 ◦C, and it was
.17 × 10−4 S cm−1.

.4. Lithium redox in the PIL-based polymer electrolyte

Lithium redox in the PIL-based polymer electrolyte was  char-
cterized by cyclic voltammograms (CVs), as seen in Fig. 7. The
lating of lithium on the nickel electrode can be clearly observed

ike 1g13TFSI IL electrolytes [24]. In the first cycle for the PIL-based
olymer electrolyte, the cathodic peak corresponding to the plat-

ng of lithium was about −0.18 V vs. Li/Li+, and in the returning
can the anodic peak corresponding to the stripping of lithium was
round 0.19 V vs. Li/Li+. The lithium redox in the PIL-based poly-
er  electrolyte might be caused by the generation of a certain

urface film (SEI) on the Ni electrode. The cathodic peak currents
ecreased gradually with the cycle number. This suggested that the
EI film turned thicker so that the lithium reduction was  restrained
arkedly. The broad cathodic peak, ranging from 0.95 V to −0.16 V

s. Li/Li+, might be assigned to the electrochemical reduction of
he electrolyte, and at the same time it could be presumed that this
eduction might generate the SEI film on Ni electrode. Furthermore,
he extension of this peak significantly decreased in the following
cans, so it could mean that SEI film generating in the first cycle

lso restrained the reduction of the electrolyte. Additionally, one
athodic peak in the range from 1.8 V to 1.0 V vs. Li/Li+ was found
n the first cycle, which might be caused by the reactions of the
race water or oxygen in the PIL-based electrolyte on the Ni elec-
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Fig. 8. Time evolution of the impedance spectra of symmetrical Li/(PIL–1g13T
Fig. 7. Cyclic voltammograms for PIL–1g13TFSI–LiTFSI–SiO2 electrolyte (sample C).
Working electrode: Ni; counter electrode and reference electrode: lithium; scan
rate: 10 mV s−1.

trode [30], and this peak disappeared in the third and eighth cycles
due to the SEI film forming.

3.5. Interfacial property with lithium electrode

The interfacial property between anode and electrolyte in a
lithium secondary battery is one of important factors that deter-
mined the safety and cyclic stability of the battery [31]. Interfacial
stability of the PIL-based polymer electrolyte with the lithium
metal electrode was estimated by electrochemical impedance
spectroscopy. Fig. 8 shows the time evolution of the impedance
spectra of a symmetrical Li/PIL–1g13TFSI–LiTFSI–SiO2/Li cell
at 80 ◦C under open-circuit conditions. The intercept with real
axis of the spectra at high frequency was assigned to the elec-
trolyte bulk resistance (Rb), and the diameter of the semicircle was
assigned to the interfacial resistance (Ri) of the quaternary polymer
electrolyte/lithium metal. For the PIL-based polymer electrolyte,
its Rb was almost unchangeable during 6 days. But a marked
increase of Ri was observed during the initial period of storage
and then it started to decrease after 2 days. In the following test Ri
was  found to be constant, leveling at 1800 � after 5 days storage.
This behavior, commonly also observed in other IL-based polymer
electrolytes [13,16],  is due to the reaction between the lithium

electrode and the polymer electrolyte forming a passivation layer
(SEI) onto the lithium anode that protects the electrode from
further reaction. Furthermore, the passivation layer restricted the
reaction between the electrolyte and lithium metal gradually,
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Fig. 9. Discharge capacity and coulombic efficiency as functions of cycle number
for Li/(PIL–1g13TFSI–LiTFSI–SiO2)/LiFePO4 cells at 80 ◦C. Charge–discharge current
rate is 0.1 C.
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.6. Charge-discharge performance of batteries

The charge–discharge (C–D) performance of Li/PIL-based poly-
er  electrolytes/LiFePO4 batteries had been characterized at 80 ◦C,

nd their cycling properties were presented in Fig. 9. The discharge
apacity and the coulombic efficiency of the battery were found to
e 144 mAh  g−1 and 90% in the first cycle, respectively. During the

nitial 5 cycles, the discharge capacity and the culombic efficiency
ncreased gradually, perhaps as a result of generation of improved
enetration and contact of the IL component from the electrolyte

nto the electrode material [32]. After an increasing step, the cell
elivered a maximum capacity of about 156 mAh  g−1 (correspond-

ng to 92% of theoretical capacity) at 0.1C. The cell was  cycled for
00 cycles with a capacity fading of approximately 0.17 mAh  g−1

ercycle. After 100 cycles, the discharge capacity of the battery was
till higher and it retained 140 mAh  g−1.

Additionally, the performance of Li/PIL-based polymer

lectrolyte/LiFePO4 cell at different current rates was  also deter-
ined, as seen in Fig. 10.  Discharge capacity of the cell was found

o decrease obviously as the discharge rates increased. The fall
f discharge capacity at elevated current rates is associated with

[

[

[

ces 196 (2011) 8662– 8668 8667

low lithium ion transference number of the polymer electrolyte
[15]. Next, we  will take some measures to improve lithium ion
transference number of the PIL-based polymer electrolyte. For
example, the amounts of ionic liquid groups in polymer chains
are increased by polymerization, which is favorable for dissoci-
ating lithium salts. As a result, lithium ion transference number
and ionic conductivity will be improved, and, consequently,
high discharge capacity of batteries might be obtained at higher
current rates.

4. Conclusions

The electrochemical properties of solvent-free, quaternary poly-
mer electrolytes based on a novel polymeric ionic liquid (PIL),
1g3-MA-TFSI as polymer host and incorporating 1g13TFSI ionic
liquid and LiTFSI salt are reported. The properties of PILs contain-
ing different amount of 1g13TFSI ionic liquid were characterized.
The PILs have good thermal stability and electrochemical stability,
and they both start to decompose over 300 ◦C and 4.0 V. Particu-
larly, the quaternary polymer electrolytes exhibit high lithium ion
conductivity at high temperature, wide electrochemical stability
window, time-stable interfacial resistance values and good lithium
stripping/plating performance. The batteries assembled with the
quaternary polymer electrolyte have good cycling stability at 80 ◦C,
and they are capable to deliver 140 mAh  g−1 at 0.1C rates with very
good capacity retention.
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