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Abstract

Solid polymer electrolytes composed of poly(ethylene oxide)(PEO), poly(oligo[oxyethylene]oxyterephthaloyl) and lithium perchlorate have been
prepared and characterized. Addition of poly(oligo[oxyethylene]oxyterephthaloyl) to PEO/LiClO, reduced the degree of crystallinity and improved
the ambient temperature ionic conductivity. The blend polymer electrolyte containing 40 wt.% of poly(oligo[oxyethylene]oxyterephthaloyl) showed
anionic conductivity of 2.0 x 107> S cm~! at room temperature and a sufficient electrochemical stability to allow application in the lithium batteries.
By using the blend polymer electrolytes, the lithium metal polymer cells composed of lithium anode and LiCoO, cathode were assembled and

their cycling performances were evaluated at 40 °C.
© 2006 Elsevier B.V. All rights reserved.

Keywords: lonic conductivity; Lithium polymer battery; Polymer blend; Poly(oligo[oxyethylene]oxyterephthaloyl); Solid polymer electrolyte

1. Introduction

Solid polymer electrolytes have received considerable atten-
tion as solid electrolyte materials in the rechargeable lithium
batteries, because the use of a solid polymer electrolyte makes
the fabrication of safe batteries possible and permits the devel-
opment of thin batteries with design flexibility [1-5]. A large
number of studies to date have been carried out on solid poly-
mer electrolytes based on poly(ethylene oxide)(PEO) containing
the alkali metal salts. However, these materials have a major
drawback that the ionic conductivity for the practical applica-
tions can only be reached at around 100 °C, due to the high
degree of crystallinity inherent in these complexes at room tem-
perature. Because of the inherent drawback of PEO-based solid
polymer electrolytes, various attempts such as grafting [6,7],
block copolymerization [8,9], interpenetration polymer network
[10,11] have been tried to incorporate PEO into a macromolec-
ular sequence which inhibits crystallization, while maintaining
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a low value of the glass transition temperature. Although these
novel approaches are promising, the fact that their preparation
requires nontrivial synthetic processes is a drawback for practi-
cal application. Therefore, it is of considerable importance to
develop easier method for preparing the solid polymer elec-
trolytes with higher ionic conductivities and dimensional stabil-
ity. In this regard, previous works on the preparation of polymer
electrolytes by blending polymers are of interest [12-16]. The
main advantages of these blend-based polymer electrolytes are
simplicity of preparation and easy control of physical proper-
ties by compositional changes. Thus, the detailed studies of the
blend-based polymer electrolytes can furnish valuable informa-
tion on the relative importance of various factors which affect
the electrical, thermal and mechanical properties of the solid
polymer electrolytes.

With the aim of developing highly conductive solid
polymer electrolytes, we synthesized poly(oligo[oxyethylene]
oxyterephthaloyl) as a matrix polymer. It has ethylene oxide
units for dissolving lithium salt in the polymer backbone and
lower crystallinity than PEO. The solid polymer electrolytes
based on poly(oligo[oxyethylene]oxyterephthaloyl) showed
high ionic conductivity at room temperature. However, their
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poor mechanical property prevented the preparation of dimen-
sional stable thin films necessary for practical use in the
electrochemical devices. In order to overcome this problem,
we blended it with a high molecular weight PEO, enabling
the fabrication of thin film with acceptable ionic conduc-
tivity. In this work, we present the ionic conductivity and
thermal properties of the blended polymer electrolytes com-
posed of PEO, poly(oligo[oxyethylene]oxyterephtaloyl) and
lithium salt. By using the blend polymer electrolytes, lithium
metal polymer cells composed of lithium anode and LiCoO,
cathode are assembled and their cycling performances are
evaluated.

2. Experimental
2.1. Polymer synthesis and characterization

Poly(oligo[oxyethylene]oxyterephthaloyl) was synthesized
in benzene with triethylamine as a catalyst via solution poly-
condensation in a glass reactor equipped with a nitrogen inlet,
reflux condenser, an additional funnel and a mechanical stirrer.
Poly(ethylene glycol)(PEG, MW =1000) dissolved in benzene
with a catalytic amount of triethylamine was fed into a glass
reactor. A solution of slight molar excess of terephthaloyl chlo-
ride in benzene was added to the reactor dropwise over a period
of 1h with vigorous agitation at room temperature. After the
terephthaloyl chloride solution was completely added, the reac-
tion temperature was raised to 60 °C, and the reaction solution
was stirred for a further 10 h. After the end of the reaction,
the triethylamine salt (TEA-HCI) was filtered off, and the poly-
mer was recovered by precipitating the filtrate into an excess of
diethyl ether under mechanical agitation. The obtained polymer
was then dried in a vacuum oven at room temperature for 24 h.
White waxy powder was obtained as a product. 'H NMR spec-
tra were obtained in DMSO-dg solvent on a Bruker-DRX-300
NMR spectrometer with tetramethylsilane (TMS) as an internal
standard reference.

2.2. Preparation of blend polymer electrolyte

Appropriate amounts of poly(oligo[oxyethylene]oxytereph-
thaloyl), PEO(MW: 1,000,000) and LiClO4 were dissolved
together in anhydrous acetonitrile. The solution was well stirred
and cast on a Teflon plate, then left to evaporate the solvent at
room temperature. The resulting film was dried in a vacuum
oven at 60 °C for at least 24 h. The polymer electrolyte film was
sandwiched between two stainless steel (SS) electrodes for con-
ductivity measurements. The ac impedance measurements were
performed using a Zahner Elektrik IM6 impedance analyzer at
25 °C, over the frequency range 10 Hz—100 kHz. The ionic con-
ductivity (o) was calculated from the impedance data, using the
relation o =1#/RA, where t and A are the thickness and area of
the polymer electrolyte, and R was bulk resistance derived from
the ac impedance spectrum. A linear sweep voltammetry was
performed on a SS working electrode at 25 °C, with counter and
reference electrodes of lithium, at a scanning rate of 1.0mV s~ L
DSC thermal analysis was carried out to measure the Tg, T,

AHp, values of the polymer electrolytes with a heating rate of
10°Cmin~! from —100 to 100 °C.

2.3. Cell assembly and electrical measurements

Lithium metal polymer cell was assembled by sandwich-
ing the polymer electrolyte between lithium anode and LiCoO»,
cathode. The anode consisted of 50 wm thick Li foil (Cyprus
Foote Mineral Co.) pressed onto copper current collector. The
cathode was composed of LiCoO, (Japan Chemical), polymer
electrolyte and super-P carbon on an aluminum foil. Its active
area was 4 cm? and its active mass loading corresponded to the
capacity of about 2.0 mAh cm~2. The cell was enclosed in a met-
allized plastic bag and vacuum-sealed. All assemblies of the cells
were carried out in a dry box filled with argon gas. The charge
and discharge cycling tests of lithium-metal polymer cells were
conducted in the voltage range of 3.0-4.2 V at 40 °C with Toyo
battery test equipment (TOSCAT-3000U).

3. Results and discussion

The chemical structure of poly(oligo[oxyethylene]oxytere-
phthaloyl) was characterized by '"H NMR spectra, a typical
example of which is shown in Fig. 1. The formation of ester link-
age from the condensation reaction between PEG and tereph-
thaloyl chloride causes a down-filed shift of the Hy and Hg
peaks compared with the peaks of Hy hydrogens in the inter-
nal oxyethylene units (Fig. 2), resulting in a distinct peak
for Hy (§=4.41ppm) and Hg (6 =3.75 ppm), respectively. The
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Fig. 1. 'H NMR spectrum of poly(oligo[oxyethylene]oxyterephthaloyl) in
DMSO-ds.
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Fig. 2. Chemical structure of poly(oligo[oxyethylene]oxyterephthaloyl) and nomenclature of the protons for assigning the peaks shown in "H NMR spectrum.

peaks for the aromatic hydrogens(Hs) in the terephthaloyl unit
appeared at 8.10 ppm. The intensity ratio of Hy:Hg:Hy:Hj in
Fig. 1 was approximately 1.0:1.1:22.6:1.1, which was con-
sistent with the theoretical value(1.0:1.0:20.3:1.0) calculated
from the expected polymer structure. The number average
molecular weight of poly(oligo[oxyethylene]oxyterephthaloyl)
was measured to be 27,000 by gel permeation chromatogra-
phy(GPC). Thus, the number average degree of polymeriza-
tion is estimated to 23.9. From the DSC results, the degree
of crystallinity for poly(oligo[oxyethylene]oxyterephthaloyl)
was observed to be significantly reduced compared with
that of the corresponding PEG. The values of AHp
for PEG and poly(oligo[oxyethylene]oxyterephthaloyl) are
157.7 and 68.3Jg~!, respectively. Poly(oligo[oxyethylene]
oxyterephthaloyl) has also lower Ti, (31.2 °C) than that (37.7 °C)
of the PEG. The reduction of crystallinity and melting tem-
perature may be attributed to the alternating introduction of
terephthaloyl units between ethylene oxide units in the polymer
backbone.

When the lithium perchlorate was incorporated into
poly(oligo[oxyethylene]oxyterephthaloyl) for making the poly-
mer electrolyte, the resulting film was sticky and glutinous, and
thus was difficult to handle. In order to improve the dimen-
sional stability of the film, we blended it with a high molecular
weight PEO. All the films prepared with different blend com-
position were very stable and did not phase separate, which
suggests that homogeneous polymer electrolytes are formed
over all the blend compositions. The addition of lithium per-
chlorate probably facilitates uniform film formation, because
the lithium cation can interact simultaneously with the oxygen
atoms of both polymers. Fig. 3 shows the ionic conductiv-
ity measured at 25°C and crystallinity of the solid polymer
electrolytes as a function of the blend composition. The crys-
tallinity was estimated from the ratio of the experimentally
determined AHy, to the value of 203 ] g_1 reported in the liter-
ature [17] for the heat of fusion for 100% crystalline PEO. It is
found that the crystallinity of the polymer electrolyte decreases
with increasing poly(oligo[oxyethylene]oxyterephthaloyl) con-
tent. It can be attributed to the formation of less per-
fect crystalline lamellae, resulting from the dispersion of
poly(oligo[oxyethylene]oxyterephthaloyl) having the crystal
defects. Ionic conductivity increases with an increase of
the poly(oligo[oxyethylene]oxyterephthaloyl) content, which
is due to the increase of amorphous character stemming
from the presence of poly(oligo[oxyethylene]oxyterephthaloyl).
However, the polymer electrolytes containing high amount
of poly(oligo[oxyethylene]oxyterephthaloyl) exhibited poor
mechanical property. Thus, it can be concluded that 40 wt.% of

poly(oligo[oxyethylene]oxyterephthaloyl) is an optimum com-
position in consideration of both the ionic conductivity and the
mechanical stability. The ionic conductivity of the optimized
solid polymer electrolyte was 2.0 x 1075 Scm™!, and it is a
rubbery film with dimensional stability. In further experiments,
the composition of poly(oligo [oxyethylene]oxyterephthaloyl)
in the blended polymer electrolyte will be restricted to 40 wt.%.
The electrochemical stability of blended polymer electrolyte was
evaluated by linear sweep voltammetric measurement at 25 °C.
It was performed by applying an anodic voltage to a cell consist-
ing of the solid polymer electrolyte (SPE) sandwiched between
a lithium electrode and an inert SS electrode. Fig. 4 shows a
typical linear sweep voltammetry curve of the Li/SPE/SS cell.
From the figure, the decomposition voltage is found to be high,
which is acceptable for high voltage cathode materials, such as
LiCOOz, LiNi02 and LiMn204.

We investigated the interfacial behavior of the lithium elec-
trode in contact with the polymer electrolyte under a prolonged
timescale. Fig. 5 shows the time evolution of ac impedance
response of the Li/SPE/Li cell under open circuit potential con-
ditions at 25°C. As shown in figure, a progressive extension
of the low-frequency semicircle can be easily noticed initially,
indicating an increase of the interfacial resistance, which may be
associated with the growth of a passivation layer on the lithium
electrode. A large interfacial resistance observed in this figure
may be attributed to the formation of thick passive layer on
the lithium electrode. It may contain the product of the corro-
sion reaction between the lithium electrode and the polymer, the
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Fig. 3. Ionic conductivity and crystallinity of the blended polymer electrolytes
as a function of the blend composition. Ionic conductivity is measured one at
25°C.
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Fig. 4. Current—voltage curve of the Li/SPE/SS cell, which is measured at 25 °C.
Scan rate is 1.0mV s~

salt, the residual solvent and other impurities. To demonstrate
the usefulness of the blend polymer electrolyte in rechargeable
lithium metal cells, we fabricated the Li/SPE/LiCoO; cell. Fig. 6
shows the charge—discharge curves of the cell with number of
cycles at 40 °C, which are obtained at a constant current density
of 0. mAhcm™2. Ambient temperature conductivity of solid
polymer electrolyte in the cell is too low to test the cell perfor-
mance at room temperature. Thus, the cycling performances of
the cell assembled with solid polymer electrolyte were evaluated
at 40 °C. Ionic conductivity of the solid polymer electrolyte is
6.0 x 1073 Scm™! at 40°C. As shown in Fig. 6, the cell ini-
tially delivered a discharge capacity of 123 mAhg~! based on
LiCoO; active material in the cathode. The coulombic efficiency,
which is defined as a ratio of the discharge capacity to the charge
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Fig. 5. AC impedance spectra of the Li/SPE/Li cell as a function of a storage
time, which are measured at 25 °C.
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Fig. 6. Charge and discharge curves of the Li/SPE/LiCoO; cell at a constant
current density of 0.1 mAh cm~2, which are measured at 40 °C.

capacity, is 93% in the first cycle. The low coulombic efficiency
observed at the initial cycle may be caused by the formation of
a passivating film, often called the solid electrolyte interphase
(SEI) on the surface of lithium electrode. The discharge capacity
reached a maximum value (128 mAh g~!) at the second cycle,
and then slowly decreased with further cycling. The coulom-
bic efficiency of the cell is maintained to be higher than 98.5%
through cycling after the initial few cycles. Further research is
being conducted in the authors’ laboratories improve the cycling
performances of the rechargeable lithium metal cells using the
solid polymer electrolytes.

4. Conclusions

Blend-based solid polymer electrolytes composed of
PEO, poly(oligo[oxyethylene]oxyterephthaloyl) and lithium
salt have been prepared and characterized. Addition of
poly(oligo[oxyethylene]oxyterephthaloyl) to PEO/LiClO4
reduced the degree of crystallinity and improved the
ionic conductivity at room temperature. The ionic con-
ductivity of the blended polymer electrolyte containing
40wt.% of poly(oligo[oxyethylene]oxyterephthaloyl) was
2.0x1075Sem™! at 25°C, and it is a rubbery film with
dimensional stability. Lithium metal cell consisted of lithium
anode, solid polymer electrolyte and LiCoO, cathode gave a
specific discharge capacity of 128 mAhg~! at 40°C.
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