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Abstract

Cross-linkable hyperbranched polymer capped with acryloyl groups (poly-1b) was prepared, and the ionic conductivities and mechanical
properties of the composite polymer electrolytes composed of PEO, poly-1b, Baf®LIN(CRS0,), were investigated in comparison
with those of the corresponding composite polymer electrolyte of the non cross-linkable hyperbranched polymer (poly-1a). The cross-linked
composite polymer electrolytes of poly-1b showed lower ionic conductivities, but higher tensile strength than the non cross-linked composite
polymer electrolyte of poly-1a. This indicates that the cross-linking might improve significantly mechanical property of the composite polymer
electrolytes. Addition of tris[2-[2-(2-methoxyethoxy)ethoxy]ethoxy]boroxine (Bx(3)) to the cross-linked composite polymer electrolyte of
poly-1b improved ionic conductivity, transport number, and also interfacial stability between a lithium metal electrode and the composite
polymer electrolyte.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ductivity at around room temperature because of the effective
suppression of crystallization of PEO by addition of poly-1a
Poly(ethylene oxide) (PEO)-based polymer electrolytes [7]. However, this composite polymer electrolyte had poor
have attracted much attention as electrolyte materials for mechanical property and less interfacial stability between a
all solid-state rechargeable lithium batteries, but they have lithium metal electrode and the polymer electrolj@g Me-
disadvantages of low ionic conductivity at room tempera- chanical property of polymer electrolyte and interfacial sta-
ture. Considerable research effort has been made to lowebility are important factors to be required for practical battery
the operating temperature of the polymer electrolytes to the application. Fujinami et al. reported that boroxine compound
room temperature regidi—6]. Recently, we have reported and boroxine ring containing polymer electrolytes might en-
that the composite polymer electrolytes composed of PEO, hance the transport number of lithium ion and improve the
BaTiOs as aninorganic filler, LIN(CES Q)2 as a lithium salt interfacial stability with the lithium met4®,10]. In this work,
and poly[bis(triethylene glycol)benzoate] capped with acetyl composite polymer electrolytes based on cross-linkable hy-
groups (poly-1a) as a plasticizer show very high ionic con- perbranched polymer, poly[bis(triethylene glycol)benzoate]
capped with acryloyl groups (poly-1b), PEO, Batj@nd
mponding author. Tel.: +81 59 231 9410; .L.iN(CF3SOZ)2’ We.re prepareq, and their ionic condgctiv—
fax: +81 59 231 9410. ities and mechanical properties and also the addition ef-
E-mail addressitoh@chem.mie-u.ac.jp (T. Itoh). fect of tris[2-[2-(2-methoxyethoxy)ethoxy]ethoxy]boroxine
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(Bx(3)) to the composite polymer electrolytes were investi- (CHy), 69.5(Ch), 69.1 (Ch), 67.6 (CH), 63.5(CH), 20.9
gated. (CHg3).

Poly-1b: Yield 73%.M,=3700. IR (NaCl):.vc—y 2878,

ve=o 1723, ve—c 1597, vc—o—c 1125cmtl. 1H NMR

2. Experimenta| (CDCIg, ) (ppm)) 719 (Ar), 668 (Ar), 6.39t(anS'CH2=),
6.09 ECH), 5.84 €is-CH,=), 4.44 (benzoyl-OCH), 4.31
2 1. Materials (acryloyl-OCH), 4.13 (CH—O-Ar), 3.86-3.64 (CH). 13C

NMR (CDCls, § (ppm)): 166.5 (&0), 165.9 (G-0), 159.0
Poly[bis(triethylene glycol)]oenzoate] capped with acetyl (Ar), 132.0 (Ar), 130.3 (CH=), 128.6 £CH), 107.0 (Ar),
groups (poly-1a) and with acryloyl groups (poly-1b) were 104.2(Ar), 72.9 (CH), 70.9 (Ch), 69.0 (CH), 68.2 (Chp),
prepared according to the route as showSdaheme 1 67.7 (Chp), 64.4 (CH).
Poly[bis(triethylene glycol)]benzoate] (poly-1) was pre-
pared according to the method reported previo{isl} and 2.2. Preparation of composite polymer electrolytes
the number-average molecular weigij of the poly-
mer was determined to be 3600 by gel permeation chro- All preparation procedure carried out inside a dry argon-
matography (GPC). Tris[2-[2-(2-methoxyethoxy)ethoxy] filled glove box. Given amount of poly-1a or poly-1b and
ethoxy]boroxine (Bx(3)) was prepared according to the if necessary, benzoyl peroxide (BPO, 10wt.% of hyper-
method reported previous|9]. branched polymer), were dissolved in a purified acetonitrile.
The poly-1 (2.70g, 6.75mmol) and an acetyl chloride And then, given amount of PE®/, =60 x 10%) and if nec-
(1.609, 20.4 mmol) or acryloyl chloride (1.80 g, 20.0 mmol) essary, Bx(3) were added to the solution and stirred for 12 h.
were dissolved in 25mL of dichloromethane at room tem- BaTiOs (particle size: 0.5um, 10 wt.% of sum of polymers
perature, a triethylamine (1.78¢g, 17.5mmol) added, and and lithium salt) was added to the solution and vigorously
stirred for 24h at room temperature. The reaction mix- Stirred for 12 h. Subsequently, to the homogeneous slurry was
ture was washed well with water and dried over anhydrous added an appropriate amount of lithium salt (LINgS®)>)
magnesium sulfate. The filtrate was concentrated and thenand further stirred for 24 h. The resulting viscous suspension
poured into an excess of isopropyl ether to precipitate the was poured on a Teflon Petri dish and acetonitrile was evap-
polymer, poly[bis(triethylene glycol)]benzoate] with acetyl orated very slowly at room temperature to prepare a casting
groups (poly-1a) or with acryloyl groups (poly-1b) at ter- film. Finally, the film was dried and cross-linked by heating
minals, which was purified in three or more cycles of a at90°C for 24 h.
redissolution—reprecipitation method. Dichloromethane and
isopropyl ether were used as solvent and precipitant, re-2.3. Measurement
spectively. The polymers obtained were dried under reduced
pressure at room temperature until a constant weight was The ionic conductivities of the composite polymer elec-
reached. trolytes were measured by a two probe method after the sam-
Poly-1a: Yield 81%M;=3700. IR (NaCl):vc—H 2846, ples were fixed inside a Teflon O-ring spacer with known
ve=0 1689,vc—o0—c 1105 cnt . 'H NMR (CDCl3, § (ppm)): thickness and sandwiched between two stainless steel (SS)
7.19 (Ar), 6.73 (Ar), 4.45 (benzoyl-OCH, 4.25 (acetyl- electrode discs acting as ion-blocking electrodes and set in
OCHp), 4.18 (CH-OAr), 3.89-3.64 (CH), 2.07 (CH). 13C a thermostat oven chamber. The measurements were carried
NMR (CDClg, § (ppm)): 170.9 (&0), 166.1 (G-O), 159.6 out using Solartron 1260 frequency response analyzer over a
(Ar), 131.8 (Ar), 108.1 (Ar), 106.6 (Ar), 70.7 (CHl, 70.5 frequency range of 1 Hz to 1 MHz and in temperature range
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Scheme 1.
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0-80°C with amplitude of 10 mV. All samples were first kept
at 80°C for at least 24 h and then measured by cooling cycle.

The measurements were carried out after keeping the samples

for 3 hateach temperature to attain thermal equilibration. The
data were processed by using an appropriate fitting program
The electrochemical stability window of the composite

polymer electrolyte was evaluated using Solartron 1287 elec-

trochemical interface by running a linear sweep voltamme-
try (10mVs1) at room temperature in Li/polymer elec-

trolyte/SS cell, where Li and SS were used as a counter elec-

trode and a blocking working electrode, respectively.
Lithium ion transport number was determined by the two-
impedance polarization coupling technique developed by
Evans et al[12].
Mechanical properties of the composite polymer elec-
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trolytes were measured by use of a TP-101 tension testerFig. 1. Temperature dependence of the ionic conductivity for the 90 wt.%

(Senteck, Japan) at 10 cm mihstretching speed at 30, 50,
and 80°C. These measurements were carried out in a dry
argon-filled glove box.

3. Results and discussion

3.1. Effect of the cross-linking on ionic conductivity and
mechanical property

Previously, we reported that the 90 wt.% [(80% PEO-20%
poly-1a)>(LIN(CF3S(O,)2)]-10wt.% BaTiQy electrolyte,
where PEO withM,, of 60 x 10%, poly-1a withMp, of 15,000,
and BaTiQ with a particle size of 0..m were used, is a
promising polymer electrolyte material for lithium secondary
batterieg7]. In order to evaluate the effect of the cross-linking
on the ionic conductivity of the polymer electrolyte, the tem-
perature dependence of the ionic conductivity of the compos-
ite polymer electrolyte of poly-1b, 90 wt.% [(80% PEO-20%
poly-1b)(LIN(CF3SO)2)]1-10wt.% BaTiQ, was investi-
gated at 0—80C at four different [Li}/[O] ratios of 1/16, 1/12,
1/8, and 1/3, and the results are showfrig. 1

The composite polymer electrolyte of poly-1b showed
the best ionic conductivity at the [Li]/[O] ratio of 1/12,
but at lower and higher [Li]/[O] ratios than that of 1/12
their ionic conductivities were lower. This ratio at the
highest ionic conductivity is the same to that of non
cross-linked composite polymer electrolyte of poly-la.
The highest ionic conductivity of the composite polymer
electrolyte of poly-1b was to be 2:410~>Scni ! at 30°C
and 4.8<104Scnt! at 80°C, which are lower than
those of the optimized composite polymer electrolyte of
poly-la. Introduction of the cross-linking to the polymer
electrolytes induces to decrease the ionic conductivity. On
the other hand, the cross-linking is expected to improve the
mechanical property of the polymer electrolytes. Therefore,
the tensile strength of the 90wt.% [(80% PEO-20% poly-
1b)2(LIN(CF3SQ)2)]-10 wt.% BaTiGy and the 90wt.%
[(B0% PEO-20% poly-1a}(LiN(CF3SOy)2)]-10 wt.%
BaTiOs electrolytes, where PEO wittM, of 60x 10%,

[(80% PEO-20% poly-1RJLIN(CF3S0;)2)]-10 wt.% BaTiQ at [Li)/[O]
ratios of 1/16 (), 1/12 ), 1/8 (), and 1/3 ). PEO:M,=60x 10%,
poly-1b:M,, = 3700; BaTi@=0.5um.

poly-1a and poly-1b withiM, of 3700, and BaTi@ with
a particle size of 0.pm were used, was investigated at
the temperatures of 30, 50 and €D The results are
summarized irmable 1

The composite polymer electrolyte of poly-1b showed
more than 10 times higher tensile strength than that of poly-
la (non cross-linked composite polymer electrolyte) at three
temperatures. This indicates that the cross-linking apparently
contributes to an improvement of the mechanical property,
though the ionic conductivity decreased slightly.

3.2. Effect of Bx(3) on the electrical and interfacial
properties

The effect of Bx(3) on the ionic conductivity, transport
number of lithium ion, and interfacial stability between a
lithium metal electrode and the polymer electrolyte was
investigated.Fig. 2 showed the temperature dependence
of the ionic conductivity of the 90 wt.% [(80% PEO-20%
poly-1b)2(LIN(CF3S(O,)2)]-10 wt.% BaTiQ electrolyte at
0-80°C at five different [LiJ/[Bx(3)] ratios of 1/0, 1/0.25,
1/0.5, 1/1, and 1/1.5.

Addition of Bx(3) to the composite polymer electrolyte
improved the ionic conductivity of the polymer electrolytes
until the [Li)/[Bx(3)] ratios of 1/1, and the highest ionic con-
ductivity was observed at the [Li])/[Bx(3)] ratio of 1/0.5, prob-
ably due to the plasticizing effect of Bx(3). However, as the

Table 1

Tensile strength of the composite polymer electrolytes of poly-la and
of poly-1b for the 90wt.% [(80% PEO-20% HBRBJLIN(CF3SO,)2)]—
10wt.% BaTiQ electrolytes

HBP Tensile strength (MPa)

30°C 50°C 80°C
Poly-1a (Acetyl) 0.37 0.22 0.07
Poly-1b (Acryloyl) 3.71 3.02 0.95
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Fig. 2. Temperature dependence of the ionic conductivity for the Fig. 3. The changes in the interfacial resistance with time &C8By us-
90 wt.% [(80% PEO—20% poly-1p)LiN(CF3S0,)2)]-10 wt.% BaTiQ at ing Li/polymer electrolyte/Li cell for the 90 wt.% [(80% PEO-20% poly-
[Li}V[Bx(3)] ratios of 1/0 (@), 1/0.25 (1), 1/0.5 (O), 1/1 (v), and 1/1.5[)). 1b)2(LIN(CF3S0y)2)]-10 wt.% BaTiQ at [LiJ/[Bx(3)] ratios of 1/0 (O),
PEO:Mn =60x 104’ pOly-lb: Mn =3700; BaT|O_, - OS}.Lm 1/0.25 @), 1/0.5 D), and 1/1 V) PEOMn =60x 104, pOIy-lb:Mn = 3700,
BaTiOz =0.5um.

ionic conductivity of Bx(3) itself is relatively low, addition
of a larger amount of Bx(3) to the composite polymer elec- amount of Bx(3) such as the [Li]/[Bx(3)] ratio of 1/0.25 is
trolyte like the [Li]/[Bx(3)] ratio of 1/1.5 induced to decrease More effective for suppressing an increase in the interfacial
the ionic conductivity. The transport numbers of lithium ion resistance between the electrode and the polymer electrolyte.
(T+) and the breakdown voltages (V) of the cross-linked com-
posite polymer electrolytes at different [Li]/[Bx(3)] ratios are
summarized iffable 2 4. Conclusion

Addition of Bx(3) improved the transport number in the
composite polymer electrolytes, and the composite polymer  Cross-linkable hyperbranched polymer capped with acry-
electrolyte showed the highest Talue at the [LiJ/[Bx(3)] loyl groups (poly-1b) was prepared, and the ionic con-
ratio of 1/1, due to the strong interaction between Bx(3) and ductivities and mechanical properties of the composite
(CF3SOy)2N anion as reported in the Bx(3)/LiGBO; sys- polymer electrolytes composed of PEO, poly-1b, BaliO
tem[9]. And also, addition of the Bx(3) lowered the break- and LIN(CFSQ;), were investigated in comparison with
down voltage slightly though it is kept over 4.3 V. The effect those of the corresponding composite polymer electrolyte
of Bx(3) on the interfacial stability between a lithium metal of the non cross-linkable hyperbranched polymer (poly-
electrode and the composite polymer electrolytes was mea-1a). The cross-linked composite polymer electrolytes of
sured by using the Li metal/polymer electrolyte/Li metal cells poly-1b showed lower ionic conductivities, but higher ten-
at80°C atthe four different [Li]/[Bx(3)] ratios and monitored ~ sile strength than the non cross-linked composite poly-
for 15 days. The results are showrFiig. 3. mer electrolyte of poly-la. This indicates that the cross-

When the composite polymer electrolyte without Bx(3) linking might improve significantly mechanical property
was used as an electrolyte, the interfacial resistance betwee®f the composite polymer electrolytes. Addition of tris[2-
electrode and the electrolyte increases rapidly and reacheg2-(2-methoxyethoxy)ethoxy]ethoxy]boroxine (Bx(3)) to the
to 10* times larger interfacial resistance in 15 days. How- cross-linked composite polymer electrolyte of poly-1b im-
ever, when the Bx(3)-added composite polymer electrolytes proved ionic conductivity, transport number of lithium ion,
were used, the interfacial resistance does not increase signifiand also interfacial stability between a lithium metal elec-
cantly even in 15 days. It was found that the addition of small trode and the composite polymer electrolyte.
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