
S

S
s

T
D

a

A
R
R
A
A

K
P
P
S
L
I
B

1

a
t
h
(
p
a
o
p
s
g
t
t
a
e
c
b
p
a
w
b

0
d

Journal of Power Sources 189 (2009) 531–535

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

hort communication

olid polymer electrolytes composed of polyanionic lithium
alts and polyethers

akahito Itoh ∗, Yukihiro Mitsuda, Takayuki Ebina, Takahiro Uno, Masataka Kubo
ivision of Chemistry for Materials, Graduate School of Engineering, Mie University, 1577 Kurima Machiya-cho, Tsu, Mie 514-8507, Japan

r t i c l e i n f o

rticle history:
eceived 20 June 2008
eceived in revised form 23 October 2008
ccepted 29 October 2008
vailable online 7 November 2008

a b s t r a c t

Solid polymer electrolytes are prepared by the combination of a polyether, poly(ethylene oxide) (PEO)
or poly(ethylene oxide-co-propylene oxide) (P(EO/PO)), and a polyanionic lithium salt, (poly(lithium sor-
bate) (Poly(Li-Sorb)) or poly(lithium muconate) (Poly(Li-Muco)), and their ionic conductivities, lithium ion
transference number, electrochemical stabilities, thermal properties, and mechanical strength were inves-
tigated in the absence and presence of BF3·OEt2. The ionic conductivities of all solid polymer electrolytes
eywords:
olyanionic lithium salts
oly(lithium carboxylate)s
olid polymer electrolytes
ithium ion transference number

were enhanced by one to two orders of magnitude with addition of BF3·OEt2, because the dissociation of
lithium ion and carboxylate anion was promoted by complexation with BF3. The lithium ion transference
number in these solid polymer electrolytes showed relatively high values of 0.45–0.88, due to the suppres-
sion of the transport of the large counter polymeric anion. These solid polymer electrolytes showed good
electrochemical and thermal stabilities, and also, the mechanical strength of the solid polymer electrolytes
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was improved by the func

. Introduction

Dry polymer electrolytes have been attracting interest as safer
lternatives to liquid electrolytes in the lithium secondary bat-
eries. During the recent two decades, many kinds of polymers
ave been investigated as host polymers, and poly(ethylene oxide)
PEO)-based polymer electrolytes have been regarded as the most
romising materials. However, they show high ionic conductivity
t high temperature (>60 ◦C), but not at room temperature because
f the crystallization of PEO. Many efforts have been made to sup-
ress the crystallinity and lower the glass transition temperature,
uch as polymer structure modification, introduction of the inor-
anic fillers and plasticizers [1–7]. On the other hand, lithium ion
ransference number of the polymer electrolytes is another impor-
ant factor to be required for practical battery application as well
s the ionic conductivity. To attain the high lithium ion transfer-
nce number, polyanionic lithium salts, lithium salts with weakly
oordinating anion, and single ion-type polymer electrolytes have
een designed [8–12]. And also, recently it was reported that com-

lexation of carboxylate anion in the single-ion conductor by Lewis
cid BF3 might improve ionic conductivity [13,14]. In this work,
e prepared poly(lithium carboxylate) type salts, poly(lithium sor-
ate) (Poly(Li-Sorb)) and poly(lithium muconate) (Poly(Li-Muco))

∗ Corresponding author. Tel.: +81 59 231 9410; fax: +81 59 231 9410.
E-mail address: itoh@chem.mie-u.ac.jp (T. Itoh).
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378-7753/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2008.10.113
f crystalline poly(lithium carboxylate)s as a sort of filler.
© 2008 Elsevier B.V. All rights reserved.

Scheme 1), as crystalline polyanionic lithium salts, and investi-
ated the properties of the polymer electrolytes composed of these
olymeric salts and polyethers, PEO and a copolymer of ethylene
xide with propylene oxide (P(EO/PO)), in the absence and presence
f BF3·OEt2.

. Experimental

.1. Materials

Poly(ethylene oxide) (PEO) (Aldrich, Mw = 73 × 104),
oly(ethylene oxide-co-propylene oxide) (P(EO/PO)) (Meisei
hemical Works, Ltd., EO/PO ratio of 85/15, Mn = 6 × 104), and

ithium bis(trifluoromethanesulfonimide) [LiN(CF3SO2)2] (Fluka)
ere dried under vacuum at 120 ◦C prior to use and kept inside an

rgon-filled glove box. Methanol (Wako, bp 64.7 ◦C) was purified
y distillation over metal magnesium, and acetonitrile (Sigma,
2O < 0.005%) and boron trifluoride etherate (Nacalai Tesque) were
sed as received.

.2. Preparation of Poly(Li-Sorb) and Poly(Li-Muco)
Poly(1-naphthylmethylammonium sorbate) and poly(1-
aphthylmethylammonium muconate) as precursors for the
oly(Li-Sorb) and the Poly(Li-Muco) were synthesized in
2% and 56% yields by the solid-state polymerizations under
hoto-irradiation of 1-naphthylmethylammonium sorbate,

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:itoh@chem.mie-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2008.10.113
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Muco), and P(EO/PO)–Poly(Li-Muco) electrolytes was investigated
in the temperature range of 0–130 ◦C, and the effect of BF3·OEt2 as
an additive on the ionic conductivity of these polymer electrolytes
was also investigated. Figs. 1 and 2 show the temperature depen-
dence of the ionic conductivities for the PEO–Poly(Li-Sorb) and
Scheme 1.

repared in 70% yield by the reaction of sorbic acid with 1-
aphthylmethylamine, and of 1-naphthylmethylammonium
uconate, prepared in 94% yield by the reaction of muconic

cid and 1-naphthylmethylamine, respectively [15–17]. Poly(1-
aphthylmethylammonium sorbate) (1.90 g, 7.05 mmol) and

ithium hydroxide (0.84 g, 35.3 mmol) were added into 50 mL of
ethanol, and the resulting suspension was refluxed with stirring

or 24 h, and then filtered off. The formed insoluble ion-exchanged
roduct was washed repeatedly with hot methanol, and dried
nder reduced pressure at 100 ◦C for 24 h. Poly(Li-Sorb) was
btained as white crystals: Yield 0.84 g (98%), IR (KBr): �CH 2970,
C O 1597 cm−1.

Poly(Li-Muco) was obtained as pale beige crystals from poly(1-
aphthylmethylammonium muconate) (545.6 mg, 1.20 mmol) and

ithium hydroxide (286.9 mg, 12.0 mmol) by the same procedure
or the Poly(Li-Sorb): Yield 175 mg (95%), IR (KBr): �CH 2980, �C O
586 cm−1; 1H NMR (D2O): ı 6.94 (d, J = 2.5 Hz, 2H), 5.94 (dd,
= 2.5 Hz, 2H); 13C NMR (D2O): ı 176.7 (C O), 131.4 (–CH CH–),
30.3 (–CH<). Both Poly(Li-Sorb) and Poly(Li-Muco) were broken
nto fine particles by grinding them in a mortar for 20–30 min
efore use. The particle sizes of the grinded polyanionic lithium
alts were determined from SEM images to be 0.2–0.4 �m.

.3. Preparation of solid polymer electrolytes

All preparation procedure carried out inside a dry argon-filled
love box kept at dew point of −85 ◦C to avoid moisture contamina-
ion. Given amounts of a poly(lithium carboxylate) (Poly(Li-Sorb)
r Poly(Li-Muco)), a polyether (PEO or Poly(EO/PO)), and BF3·OEt2
equivalent amount of polyanionic lithium salt) if necessary, were
issolved in a acetonitrile, and then stirred for 24 h. The resulting
uspension was poured on a Teflon Petri dish and acetonitrile was
vaporated very slowly at room temperature to prepare a casting
lm. Finally, the film was dried by heating at 90 ◦C for 24 h using
he electric furnace equipped in the glove box. The obtained solid
olymer electrolyte was peeled from the Teflon laboratory dish and
tored inside the glove box.

.4. Measurements

The ionic conductivities of the solid polymer electrolytes were
easured by a two probe method after the samples were fixed

nside a Teflon O-ring spacer with known thickness and sand-
iched between two stainless steel (SS) electrode discs acting

s ion-blocking electrodes and set in a thermostat oven cham-
er. Poly(Li-Sorb) and Poly(Li-Muco) are measured in pellets. The
easurements were carried out using Solartron 1260 frequency

esponse analyzer over a frequency range of 1 Hz to 1 MHz and in
he temperature range of 0–130 ◦C with an amplitude of 100 mV.

◦
ll samples were first kept at 130 C for at least 12 h and then mea-
ured by cooling cycle. The measurements were carried out after
eeping the samples for 1 h at each temperature to attain thermal
quilibration. The data were processed by using an appropriate fit-
ing program. Measurement was also carried out in heating cycle,

F
e
B

urces 189 (2009) 531–535

ut no significant difference between the cooling cycle and heat-
ng cycle was observed. Multiple samples (three or four) were used
or the measurements and their average values were shown in the
gures and tables.

The electrochemical stability window of the solid polymer
lectrolytes was evaluated using Solartron 1287 electrochemical
nterface by running a linear sweep voltammetry (10 mV s−1) at
0 ◦C in a Li/solid polymer electrolyte/SS cell, where Li and SS
ere used as a counter electrode and a blocking working electrode,

espectively.
Lithium ion transference number (t+) was determined at 80 ◦C by

he two-impedance polarization coupling technique developed by
ruce and co-workers, where cells with symmetrical non-blocking

ithium metal electrode were used [18,19].
Mechanical properties of the polymer electrolytes were mea-

ured by use of a TP-101 tension tester (Senteck, Japan) at
0 cm min−1 stretching speed at 30 ◦C. These measurements were
arried out in a dry argon-filled glove box.

The thermal stability of the solid polymer electrolyte was
nvestigated with thermogravimetry-differential thermal analysis
nstrument TG-DTA 6200 (Seiko Instruments) in the temperature
ange 20 to 400 ◦C at a heating rate of 5 ◦C min−1. The glass tran-
ition temperature (Tg) of the solid polymer electrolytes were
etermined by the differential scanning calorimetry (DSC) using
he EXSTER6000 thermal analysis instrument DSC 6200 (Seiko
nstruments Inc.) in a nitrogen gas flow. About 10 mg amount of
ample was weighted, loaded in an aluminum pan, and then sealed.
he measurement was carried out in the temperature range −100
o 150 ◦C at a heating rate of 10 ◦C min−1.

. Results and discussion

.1. Ionic conductivities and lithium ion transference numbers of
he polymer electrolytes

The ionic conductivities of Poly(Li-Sorb) and Poly(Li-Muco)
re as low as <10−10 S cm−1 even at 130 ◦C. The effect of the
olyanionic lithium salt concentrations on the ionic conductivities
or the PEO–Poly(Li-Sorb), P(EO/PO)–Poly(Li-Sorb), PEO–Poly(Li-
ig. 1. Temperature dependence of ionic conductivity for the PEO–Poly(Li-Sorb)
lectrolyte at three different [Li]/[O] ratios of 1/8 (�), 1/16 (�), and 1/24 (�) without
F3·OEt2 and of 1/8 (©), 1/16 (�), and 1/24 (�) with BF3·OEt2. PEO: Mn = 60 × 104.
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ig. 2. Temperature dependence of ionic conductivity for the P(EO/PO)–Poly(Li-
orb) electrolyte at three different [Li]/[O] ratios of 1/8 (�), 1/16 (�), and 1/24 (�)
ithout BF3·OEt2 and of 1/8 (©), 1/16 (�), and 1/24 (�) with BF3·OEt2. P(EO/PO):
w = 73 × 104.

(EO/PO)–Poly(Li-Sorb) electrolytes with and without BF3·OEt2,
espectively, in three different molar ratios of lithium ion to
he ether oxygen (CH2CH2O or 0.85CH2CH2O/0.15CH2CH(CH3)O
roups) of the matrix polymer ([Li]/[O] ratio) of 1/8, 1/16, and 1/24.
igs. 3 and 4 show the temperature dependence of the ionic con-
uctivities for the PEO–Poly(Li-Muco) and P(EO/PO)–Poly(Li-Muco)
lectrolytes with and without BF3·OEt2, respectively, at three dif-
erent [Li]/[O] ratios of 1/8, 1/16, and 1/24.

The ionic conductivities of these polymer electrolytes signif-
cantly decrease at around 50 ◦C, especially in the PEO-based
lectrolytes (Figs. 1 and 3). Crystallization temperature of PEO is
eported to be around 50 ◦C, and it is considered, therefore, that the
ignificant decrease of the ionic conductivities for these polymer
lectrolytes is due to the recrystallization of PEO. On the other hand,
or the P(EO/PO)-based polymer electrolytes (Figs. 2 and 4), signif-
cant decrease of the ionic conductivity was not observed below
0 ◦C because of lower crystallinity of the P(EO/PO) as compared
o PEO. This is strongly supported by the presence of the melting

ransitions and the difference in the heat of fusion observed for
he all polymer electrolytes as will be mentioned later. The ionic
onductivity of the solid polymer electrolytes without BF3·OEt2
ecreased with an increase in the poly(lithium carboxylate)s con-
entrations at higher temperature than 50 ◦C, but the polymer

ig. 3. Temperature dependence of ionic conductivity for the PEO–Poly(Li-Muco)
lectrolyte at three different [Li]/[O] ratios of 1/8 (�), 1/16 (�), and 1/24 (�) without
F3·OEt2 and of 1/8 (©), 1/16 (�), and 1/24 (�) with BF3·OEt2. PEO: Mn = 60 × 104.
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ig. 4. Temperature dependence of ionic conductivity for the P(EO/PO)–Poly(Li-
uco) electrolyte at three different [Li]/[O] ratios of 1/8 (�), 1/16 (�), and 1/24 (�)
ithout BF3·OEt2 and of 1/8 (©), 1/16 (�), and 1/24 (�) with BF3·OEt2. P(EO/PO):
w = 73 × 104.

lectrolyte at the [Li]/[O] ratio of 1/16 exhibited higher ionic con-
uctivity than other two polymer electrolytes at the [Li]/[O] ratios
f 1/8 and 1/24 at the temperature below 50 ◦C. Similar behav-
or is observed for the polymer electrolytes with BF3·OEt2. The
ifference in the structures of the polyanionic lithium salts does
ot significantly affect the ionic conductivities of their polymer
lectrolytes. In this study, it is interesting that when BF3·OEt2
as added to the polymer electrolytes, the ionic conductivity of

he all polymer electrolytes increased by one to two orders of
agnitude. Sadoway et al. reported that in the single-ion graft

opolymer electrolyte of poly[(oxyethylene)9 methacrylate-ran-
ithium methacrylate]-graft-poly(dimethyl-siloxane), conversion
f lithium methacrylate units via addition of BF3, Lewis acid, that
s, a large increase in the number of mobile cations and an effective
elocalization of the carboxylate anion charge through complexa-
ion with BF3 (COOBF3

−) enhanced the ionic conductivity by two
rders of magnitude [12,13]. In order to obtain the evidence of this
ffect in the poly(lithium carboxylate)-based polymer electrolytes,
e measured the infrared spectra for the Poly(Li-Sorb) and the

EO–Poly(Li-Sorb) ([Li]/[O] = 1/16) electrolytes without and with
F3·OEt2. Their infrared spectra are shown in Fig. 5a–c.

The asymmetric stretching vibration of the carboxylate ion,
easured in KBr disc, is observed at 1566 cm−1 for the Poly(Li-

orb). In the PEO–Poly(Li-Sorb) electrolyte, the asymmetric
tretching vibration of the carboxylate ion is observed at 1654 cm−1.
his shift to higher frequency can be linked to an enhanced dis-
ociation of lithium cation and carboxylate anion, that is, a shift
f the carboxylate anion stretch to higher wave numbers due to
on-dipole interactions between the lithium cation and oxygen
n PEO. Addition of the BF3·OEt2 into the PEO–Poly(Li-Sorb) elec-
rolyte induced the shift to higher frequency, which is observed
t 1670 cm−1, for the asymmetric stretching vibration of the car-
oxylate ion. BF3·OEt2 strongly associates with the carboxylate
nion to form a complex such as COOBF3

−, where OEt2 in the
F3·OEt2 is exchanged to more basic COO−, and induces further

on dissociation of poly(lithium carboxylate). And also, in the
EO–Poly(Li-Muco) electrolytes with and without BF3·OEt2, a shift
rom 1583 cm−1 in the case without BF3·OEt2 to 1705 cm−1 in the
ase with BF3·OEt2 was observed for the asymmetric stretching

ibration of the carboxylate ion. It is considered, therefore, that the
nhancement of the ionic conductivity observed in these polymer
lectrolyte systems is due to the increased dissociation of lithium
on and carboxylate anion complexed with BF3. Moreover, when
he large polymeric anion was used instead of small anion such
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ig. 5. Infrared spectra of (a) Poly(Li-Sorb) salt, (b) PEO–Poly(Li-Sorb) electrolyte,
nd (c) PEO–Poly(Li-Sorb) electrolyte with BF3·OEt2, respectively.

s LiN(CF3SO2)2, the lithium ion transference number would be
xpected to increase because the transport of the polymeric anion
s greatly restricted in the solid polymer electrolytes. So, the lithium
on transference numbers were measured at 80 ◦C for the solid poly-

er electrolytes with BF3·OEt2 at two [Li]/[O] ratios of 1/16 and
/24, and the results are summarized in Table 1, together with
hose of the PEO–LiN(CF3SO2)2 at the [Li]/[O] ratio of 1/20 and
he P(EO/PO)–LiN(CF3SO2)2 electrolytes at the [Li]/[O] ratio of 1/15,
espectively.

These solid polymer electrolytes showed the lithium ion
ransference number of 0.45–0.88, and they have much
arger values than the PEO–LiN(CF3SO2)2 (t+ = 0.1) and
he P(EO/PO)–LiN(CF3SO2)2 (t+ = 0.14) electrolytes. Watan-
be et al. reported that the usage of polymer analogs,
oly(2-oxo-1-difluoroethylene sulfonylimide lithium) and
oly(5-oxo-3-oxy-4-trifluoromethyl-1,2,4-pentafluoropentylene
ulfonylimide lithium), of the LiN(CF3SO2)2 as the lithium salt in

he polymer electrolytes might improve the lithium ion trans-
erence number to 1 and the enhancement of the lithium ion
ransference number is ascribed to the restricted mobility of the
olymeric anion [20,21]. Lithium ion transference numbers for all
hese polymer electrolytes are expected to be unity, but less than

able 1
ithium ion transference number (t+) and breakdown voltage for the solid polymer
lectrolytes with BF3·OEt2 at 80 ◦C.

olymer electrolytes Transference number,
t+, at 80 ◦C

Breakdown
voltage at
80 ◦C/V

[Li]/[O]

1/16 1/24

EO–Poly(Li-Sorb)–BF3·OEt2 0.65 0.88 4.24
(EO/PO)–Poly(Li-Sorb)–BF3·OEt2 0.75 0.83 4.13
EO–Poly(Li-Muco)–BF3·OEt2 0.45 0.48 4.36
(EO/PO)–Poly(Li-Muco)–BF3·OEt2 0.46 0.51 4.31

EO–LiN(CF3SO2)2 ([Li]/[O] = 1/20) 0.10 4.50
(EO/PO)–LiN(CF3SO2)2 ([Li]/[O] = 1/15) 0.14 4.70
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nity. This indicates that polyanionic part of both Poly(Li-Sorb)
nd Poly(Li-Muco) salts still might move in the solid polymer
lectrolytes. Probably, the molecular weight of the polyanionic
art is not enough to prevent the transport of the polyanionic
art completely. Anyway, it is concluded that the observation of
igher lithium ion transference number in this work is attributed
o the suppressed transport of polymeric anions compared with

onomeric anion in the polymer matrix.

.2. Thermal and electrochemical properties of the polymer
lectrolytes

DSC measurements were carried out in the temperature range
100 to 150 ◦C for the PEO–Poly(Li-Sorb), the P(EO/PO)–Poly(Li-
orb), the PEO–Poly(Li-Muco), and the P(EO/PO)–Poly(Li-Muco)
lectrolytes with and without BF3·OEt2 at the [Li]/[O] ratio of
/16. The glass transitions and melting transitions were observed

n all solid polymer electrolytes, and their temperatures (Tg

nd Tm) and the heat of fusion (�Hm) are summarized in
able 2.

Observation of the Tm in all solid polymer electrolytes is linked to
decrease in the ionic conductivity at the low temperature region,
specially at around 45–60 ◦C. Moreover, lower �Hm values of the
(EO/PO)-based polymer electrolytes compared to the PEO-based
olymer electrolytes might explain well the gentle decrease of the

onic conductivity below 50 ◦C. Here, the solid polymer electrolytes
ith BF3·OEt2 showed the higher glass transition temperatures

han the solid polymer electrolytes without BF3·OEt2. This indicates
hat BF3·OEt2 does not act as a plasticizer, but promotes the disso-
iation of lithium cation and carboxylate anion in the solid polymer
lectrolytes. This increased dissociation leads to the physicochem-
cal cross-linking formation of the linear chain by the formation of

ultiple ions, resulting in an increase in Tg.
The thermal stabilities of the PEO–Poly(Li-Sorb), the

(EO/PO)–Poly(Li-Sorb), the PEO–Poly(Li-Muco), and the
(EO/PO)–Poly(Li-Muco) electrolytes with BF3·OEt2 under air were
nvestigated for the solid polymer electrolytes at the [Li]/[O] ratio of
/16, and the decomposition temperatures and the 10% weight loss
emperatures for these four polymer electrolytes are summarized
n Table 2. These solid polymer electrolytes are relatively thermally
table. The electrochemical stabilities of the PEO–Poly(Li-Sorb),
he P(EO/PO)–Poly(Li-Sorb), the PEO–Poly(Li-Muco), and the
(EO/PO)–Poly(Li-Muco) electrolytes with BF3·OEt2 at the [Li]/[O]
atio of 1/16 were determined by linear sweep voltammetry
sing a lithium metal/solid polymer electrolyte/stainless steel
ell at 80 ◦C, and the breakdown voltages of these solid polymer
lectrolytes are summarized in Table 1, together with those of
he PEO–LiN(CF3SO2)2 and the P(EO/PO)–LiN(CF3SO2)2 elec-
rolytes. The electrochemical windows observed for these polymer
lectrolytes are to be 4.13–4.36 V.

.3. Mechanical property of the polymer electrolytes

The tensile strengths of the PEO–Poly(Li-Sorb), the PEO–Poly(Li-
uco) and the P(EO/PO)–Poly(Li-Sorb) electrolytes with and
ithout BF3·OEt2 were investigated at the [Li]/[O] ratio of 1/16 at 30

nd 60 ◦C, and the results are summarized in Table 3 together with
he tensile strengths of the PEO–LiN(CF3SO2)2 electrolyte at the
Li]/[O] ratio of 1/20 and the P(EO/PO)–LiN(CF3SO2)2 electrolytes
t the [Li]/[O] ratio of 1/15, respectively.
Poly(lithium carboxylate)s-based polymer electrolytes exhib-
ted much better mechanical strength than the LiN(CF3SO2)2-
ased polymer electrolytes. Better tensile strength observed
or the poly(lithium carboxylate)s-based polymer electrolytes is
ttributed to that the crystalline poly(lithium carboxylate)s with
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Table 2
Glass transition temperatures (Tg), melting temperatures (Tm), heat of fusion (�Hm), decomposition temperatures, and 10% weight loss temperatures for the solid polymer
electrolytes with and without BF3·OEt2 at the [Li]/[O] ratio of 1:16.

Polymer electrolytes Tg/◦C Tm/◦C �Hm/J g−1 Decomposition temperature/◦C 10% weight loss temperature/◦C

PEO–Poly(Li-Sorb) −47.5 61.9 38.7
PEO–Poly(Li-Sorb)–BF3·OEt2 −38.3 62.0 26.6 188 276
P(EO/PO)–Poly(Li-Sorb) −63.5 44.5 25.1
P(EO/PO)–Poly(Li-Sorb)–BF3·OEt2 −38.5 43.9 19.9 222 313

PEO–Poly(Li-Muco) −41.9 64.9 46.9
PEO–Poly(Li-Muco)–BF3·OEt2 −38.4 65.1 38.4
P(EO/PO)–Poly(Li-Muco) −58.1 46.6 20.8
P(EO/PO)–Poly(Li-Muco)–BF3·OEt2 −46.4 45.4 20.4

Table 3
Tensile strength of the solid polymer electrolytes at 30 and 60 ◦C.

Polymer electrolyte ([Li]/[O]) Tensile strength/MPa

At 30 ◦C At 60 ◦C

PEO–Poly(Li-Sorb) (1/16) 12.89 6.98
PEO–Poly(Li-Muco) (1/16) 13.10 7.09
PEO–Poly(Li-Sorb)–BF3·OEt2 (1/16) 15.54 9.06
P

P
P

fi
s

4

t
o
P
M
c
o
t
m
n
v
t
w
t

c
p

R

[
[

[

[

[

[
[
[17] A. Matsumoto, T. Ishikawa, T. Odani, Polym. Preprints Jpn. 53 (1) (2004)
(EO/PO)–Poly(Li-Sorb)–BF3·OEt2 (1/16) 6.47

EO–LiN(CF3SO2)2 (1/20) 3.55 1.73
(EO/PO)–LiN(CF3SO2)2 (1/15) 0.66 0.20

ne particle size might act as a sort of fillers as an inorganic filler
uch as TiO2 and SiO2 do.

. Conclusions

The ionic conductivity, lithium ion transference number, elec-
rochemical stability, thermal property, and mechanical strength
f solid polymer electrolytes composed of a polyether (PEO or
(EO/PO)) and a polyanionic lithium salts (Poly(Li-Sorb) or Poly(Li-
uco) with and without BF3·OEt2 were investigated. The ionic

onductivities of all solid polymer electrolytes were enhanced by
ne to two orders of magnitude with addition of BF3·OEt2, because
he dissociation of lithium ion and carboxylate anion was pro-

oted by complexation with BF3. The lithium ion transference

umber in these solid polymer electrolytes showed relatively high
alues of 0.45–0.88, due to the suppression of the transport of
he large counter polymeric anion. The solid polymer electrolytes
ith BF3·OEt2 showed good electrochemical and thermal stabili-

ies. And also, the solid polymer electrolytes based on poly(lithium

[
[
[
[
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arboxylate)s showed high mechanical strength because crystalline
oly(lithium carboxylate)s act as a sort of filler.
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