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Abstract For solving the safety issue of lithium ion bat-
teries, the choice of all-solid polymer electrolyte is one of
the possible solutions. However, usual polyethylene oxide
including lithium supporting agent has not enough lithium
ion conductivity as electrolyte for practical use. Some of our
research group (M. W. and H. M.) have tried the addition of
plasticizer such as borate ester or aluminate ester (AlI-PEG)
into monomer mixture containing lithium salt for increasing
the ionic conductivity resulting in polymer electrolyte after
polymerization. For such all-solid polymer electrolyte
(SPE), the ionic conductivity, a value of 10> S/cm has been
attained at 60 °C and the value will be acceptable for
practical use. Since the SPE also has nonflammable proper-
ty, the combination of the SPE with suitable cathode and
anode may produce a new all-solid polymer battery with
safety. In the present study, the SPE containing AlI-PEG and
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dimethoxy ethylene glycol mixture as the plasticizer was
newly combined with spinel Li4TisO;, anode and olivine
LiFePO, cathode objecting for developing stationary bat-
tery. The cell performance of the new combination will be
reported at 30 °C and 50 °C.
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Introduction

The rechargeable lithium ion battery has crucial demands of
our modern society, such as power source of various porta-
ble devices, and in the near future is expected for large-scale
use, for example, as energy storage systems in mobile elec-
tric vehicle and in stationary day-to-night power shifts.
However, conventional lithium ion batteries suffer from
safety problems because they contain volatile and flamma-
ble organic solvents in the electrolyte solution. In order to
improve the safety, alternative material systems for the
electrolyte are urgently desired today. In this respect, there
are many studies for developing (1) inorganic solid oxide
electrolytes [1—4], (2) ionic liquid electrolytes [5, 6], and (3)
poly(ethylene oxide) (PEO) by Wright et al. [7] and Armand
et al. [8] at early stage. PEO and its derivatives have been
known to be typically representative of the polymer matrix
for the all-solid polymer electrolytes (SPEs). The PEO-
based polymer dissolves lithium salt, i.e., the polymer plays
the role of a solvent, since heteroatoms (oxygen atom, —O—)
of polymer chains acting as electron donners coordinate
lithium ions. Lithium ions are more likely to be coordinated
by the heteroatoms on the same chain with the possibility of
some coordination by neighboring atoms, and the chain
must wrap around the lithium ion without excessive strain.
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It is found that EO chain, —-(CH,CH,0),— provides just the
right space for maximum solvation [9]. Molecular design of
lithium salts with low lattice energy as well as matrix
polymers is also important for obtaining higher ionic con-
ductivity. Lithium bis-trifluoromethenesulfonimide (LiN
(CF380,),, LiTFSI) with its low lattice energy (with high
solubility) has been the most popular lithium salts from the
time it was first reported by Armand et al. [10]. We thought
that the selection of the PEO-based SPEs would be the
fastest way for the realization of large-scale lithium ion
battery with nonflammable property. The production cost
also would be acceptable. However, since PEO-based SPEs
have relatively low ionic conductivity (1077 to 10> S cm ™)
at room temperature, we have tried to add tris(methoxy poly
(ethylene glycol)) borate ester (B-PEG) [11-13], tris
(methoxy poly(ethylene glycol)) aluminate ester (Al-PEG)
[14] and dimethoxy ethylene glycol (DMTG) with a smaller
viscosity value in monomer mixture as plasticizers before
polymerization for increasing the lithium ion conductivity in
PEO-based SPEs. It is also expected that a group of 13
elements in B-PEG and AIl-PEG may work as Lewis acid
and interact with counter anion of lithium salt in the monomer
mixture which leads to the easier diffusion of lithium ion in the
polymer electrolyte. Actually, the ionic conductivity in the
PEO-based SPEs after polymerization has been successfully
increased by the addition of B-PEG or Al-PEG and showed a
value of 10 S cm™' at 30 °C and 10 S em™" at 60 °C,
while that in SPE without these plasticizers was less than
10° S ecm ! at 30 °C [11-14].

Usually in B-PEG, small amount of impurity in water
remains along with the synthesis reaction (see Fig. 1a). The
residual amount of water easily causes a hydrolysis reaction
with the B-PEG plasticizer. In the present study, we mixed two
kind of plasticizers, AI-PEG and dimethoxy ethylene glycol
(see Fig. 1c), in the SPE. Basic electrochemical properties
such as ionic conductivity, voltage window, transport number
of lithium ion etc., of the PEO-based SPE already have been
examined [14—16], and the viscosity of the monomer mixture
before polymerization in the previous studies was higher than
130 mPa s. For easier penetration of the monomer mixture
into the porous electrode, the viscosity was adjusted to about
75 mPa s by adding DMTG with a smaller viscosity to Al-
PEG with a higher value as the plasticizer in the present study.
The polymerization process of the monomer mixture was
analyzed by DSC, and the electrochemical properties of the
present SPE film showed almost similar behavior to the films
in our previous studies [11-14]. Using the PEO-based SPE, a
newly combined cell, LiyTisO,(LTO)|PEO-based SPE con-
taining Al-PEG + DMTG (=SPE)|LiFePO4(LFP) has been
constructed because both of LTO anode with spinel structure
and LFP cathode with olivine structure accompany each stable
phase change without serious heat evolution during lithium
intercalation/deintercalation based on charge/discharge
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reactions. The electrochemical behavior of the cell will be
reported at temperatures 30 °C and 50 °C.

Experimental
Preparation of PEO-based SPE films and cell make

The plasticizers, B-PEG and AI-PEG, were synthesized by
the reaction of methoxy poly(ethylene glycol) CH5;0
(CH,CH;0),H and boric acid anhydride (B,O3) or alumi-
num isopropoxide at 100 °C under inert atmosphere as
shown in Fig. la, b. DMTG with n=3 was supplied by
Nippon Nyukazai Co. Ltd. Since the prepared liquid B-
PEG simultaneously contains small amount of impurity
water (Fig. 1a) which may lead to the cause of swelling of
a laminate cell after cycling, we newly used a liquid mixture
of AI-PEG with EO chain n=9 and DMTG with EO chain
n=3 as the plasticizer in order to reduce the total viscosity of
monomer mixture. The total viscosity was adjusted to about
75 mPa s in the present study by putting DMTG with a
smaller viscosity, 3.8 mPa s to AI-PEG with a higher vis-
cosity, >130 mPa s. However, the amount of added DMTG
was almost limited to less than 15 wt.% of the total mono-
mer weight for maintaining nonflammable property. The
details of the preparation are described previously [11, 14].
The matrix for the polymer electrolytes was a copolymer of
two types of poly(ethylene glycol) methacrylate, one was
PEG-monomethacrylate (abbreviated to PME400 (MPG-
130MA), Nippon Nyukazai Co. Ltd) and the other PEG-
dimetacrylate (PDE600) (Fig. 1d, e), with a molar ratio of
5:1 (=PME400:PDE600). The mixture of plasticizers, Al-
PEG (n=9) + DMTG (n=3), (AI-PEG/DMTG ratio=1.5 in
weight), was mixed to the matrix component (PME400 +
PDEG600), in almost equal amounts in weight. LiTFSI
(Fluka) was dissolved in the above solution to give a molar
ratio of lithium and ethylene oxide (EO) units in polymer
electrolyte of 1/20. Benzoyl peroxide (0.5% of monomer
mixture in weight) was also added into the monomer mix-
ture solution as an initiator for polymerization. The radical
polymerization is usually carried out by heating or UV
irradiation. In the present study, a heating system was cho-
sen for the polymerization from the cost performance and
easier manipulation. Before the polymerization, the mono-
mer mixtures were painted on the cathode film (LFP/AB/
binder=83:10:7 in weight and cathode thickness, about
50 um, prepared by Enax Inc.) by controlling the thickness
of the monomer under vacuum and then heated to about
120 °C followed by keeping for several hours to complete
the polymerization. The two types of thickness of the poly-
mer electrolyte film (SPE), about 25 and 50 um were
prepared. The combination of the SPE with LTO anode
and LFP cathode was selected. The anode film (LTO/AB/
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binder=90:5:5 in weight; anode thickness, about 20 pum,
prepared by Enax Co. Ltd) was set on the polymer film.
Some of laminate-type single cell (68 x 68 mm) were assem-
bled by using aluminum foil (thickness, 15 pm) for both
electrodes under vacuum condition. The molar ratio of the
anode/cathode active materials (A/C ratio) was set at 0.9 in
the present study. The new laminate cell LTO|SPE|LFP was
galvanostatically charge/discharged on the multichannel
battery tester (Hokuto Denko, HDJ501 SM8A) between

1.7-2.05 V vs. Li"/Li for 0.1 °C at temperatures 30 °C and
50 °C, respectively. The cross-section of the cell after the
50th cycle was observed by SEM photograph for evaluating
the electrode/electrolyte interface after cycling.

Thermal and electrochemical studies and NMR measurement

Before assembling the cell, thermal behavior of the poly-
merization of the monomer and the electrochemical
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properties of the prepared PEO-based SPE film were exam-
ined. The polymerization process of the monomer mixture
was analyzed by DSC (Bruker AXS 3100SA) from a room
temperature to about 120 °C at heating rate 10 °C/min under
N, atmosphere putting a small amount of monomer mixture
in a small aluminum-made sealed container with a very
small hole in the top of the center part. CV measurement
and AC impedance experiments besides NMR measurement
were examined using similar techniques previously reported
[11-17]. The SPE film (thickness, about 1 mm) was newly
prepared for the measurements. CV measurement was car-
ried out by using potentiostat/galvanostat (Bio-Logic VSP)
in the voltage range 2—5 V with a sweep rate 1 mV/s using
two electrode cell, Li|SPE|SUS (stainless uses steel,
SUS304 ) at 30 °C and 50 °C [14]. The temperature depen-
dence of the ionic conductivity of the SPE was determined
through AC impedance experiments using a Hewllet-
Packard 4192A LF impedance analyzer over the frequency
range from 5 Hz to 13 MHz [17]. The "Li and '°F NMR
experiments were carried out using a Bruker Avance DSX
300 NMR spectrometer operating at 300.11 MHz for 'H
with a field-gradient generator system (PGStE-NMR) for
estimating transport number of lithium in the SPE [16,
17]. The details of the PGStE-NMR method are described
in our previous papers [16, 17]. For evaluating the effect of
Lewis acidity of AI-PEG in the present SPE, the data of the
previous NMR will be shown in this paper.

Results and discussion

Figure 2 shows the DSC curve of the polymerization of the
monomer mixture in the present study. The heating was
carried out from a room temperature to 120 °C at a heating
rate of 10 °C/min. From the curve, it seems that the poly-
merization starts at about 80 °C and finishes after 12 min.
The exothermic heat, 22.6 cal/g (=94.5 J/g) was evaluated
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Fig. 2 DSC curve of polymerization of monomer mixture. Heating
rate is 10 °C/min
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from the curve although the baseline was deviated from the
original line. Even so, the heating of the monomer mixture
at 120 °C for several hours would be sufficient enough for
complete polymerization. From the IR measurement (not
shown) of the prepared SPE film, C=C double bond peak
at 1,640—1,650 cm™ ' disappeared. This also supports the
complete polymerization.

Figure 3 shows the Arrhenius plot of the ionic conduc-
tivity of the SPE. Open symbols correspond to the conduc-
tivity of the SPE containing both AI-PEG + DMTG
plasticizers, while solid symbols reveal that of SPE without
any plasticizer. As can be seen, the addition of plasticizers in
the SPE enhances the conductivity by about one order of
magnitude and the conductivity value reached 10> S cm ™'
at 60 °C. A value of 10>° S em ™! could be obtained even at
room temperature. These values suggest the possibility of
practical use of the SPE, if suitable thin film manipulation of
the SPE is attainable. CV curves of the present SPE are
shown in Fig. 4. Five cycles were carried out between 2.0—
5.0 V vs. Li"/Li at a scan rate, 1 mV/s, using two electrode
cell, Li|SPE|SUS. The oxidation of the SPE seems to start
over 4.3 V at room temperature (Fig. 4a), while at 50 °C it
may begin at lower than 4.0 V or so on (Fig. 4b). In the
reduction range, some of decomposition reaction of the SPE
may proceed at lower than 3.0 V, although each extent for
the cycle is tiny. The decomposition reaction gradually
seems to accelerate at higher temperature. The voltage win-
dow of the SPE seems to be existing in the range between
4.0 and 3.0 V vs. Li"/Li. From these curves, it is implied that
one of the suitable combination of cathodes with the present
SPE will be olivine-type LiFePO, (LFP), first proposed by
Goodenough et al. [18], which has a flat discharge voltage at
3.4 V vs. Li'/Li alternative to layered LiCoO, (space group
R-3m) and cubic LiMn,0y4 (space group Fd-3m) spinel with
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Fig. 3 Arrhenius plots of ionic conductivity. Open symbols correspond
to the present SPE containing AI-PEG n=9 and DMTG n=11 plasticizer.
Solid symbols mean the SPE without plasticizer
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Fig. 4 CV measurement of the present SPE in the voltage range
between 2.0 and 5.0 V vs. Li*/Li at 30 °C (a) and 50 °C (b) at scan
rate 1 mV/s

charge/discharge voltage higher than 4.0 V vs. Li*/Li. In the
present study, the LFP was selected for the cathode active
material. From the ecological, safe, and economical point of
view, the LFP (space group Pnma) also seems to be one of
the most attractive candidates. In the LFP structure, small
tetrahedral POy, is isolated and has strong covalency, while
octahedrally coordinated lithium and iron ions show strong
ionic character. This leads to a favorable high redox poten-
tial (~3.4 V) for Fe*'/Fe*" at the expense of low electronic
conductivity (~107° S cm ™' at room temperature). However,
the further efforts to increase its conductivity through
intimate carbon coating have improved the early problem
[19]. Usually lithium ion in the LFP diffuses one-
dimensionally in the [010] direction channel with a curved
trajectory between adjacent sites accompanying the phase
change (LFP-FePO,) [20, 21], and the theoretical energy
capacity reaches about 170 mAh/g. The heat flow due to

the insertion of lithium into the electrode material can be
written [22, 23] as

p = —IT(AS)/0F) — I(Eeq — E;)
= IT(dE/dT) — I (Eeq — E;) (1)

where p is heat flow, [ is current, n is number of electron,
F means the Faraday constant, £ means open circuit
voltage (OCV), E.q and E; correspond to electrode poten-
tial at equilibrium and at experimental state, respectively.
In order to estimate the heat flow, charge/discharge exper-
iment usually is carried out at very low current density.
Accordingly, E.q and E; approximately are equal value.
Therefore, Eq. 1 is approximated as follows,

p= IT(AS)/nF) = IT(dE/dT) 2)

From Eq. 2, no heat flow would be expected at the phase
transformation range during charge/discharge reaction theo-
retically because dE/dT term draw a flat at the OCV curve
which means zero. Miyashiro [24] actually measured the
heat flow of LFP—FePO, phase transformation range by
making use of modified Calvet-type of twin calorimeter
(Tokyo Riko Co. Ltd) and recognized almost no heat flow
effect during the phase change, LFP-FePO,, accompanying
lithium intercalation/deintercalation. This suggests that the
LFP will be one of excellent candidates of the cathode for
large-scale lithium ion batteries for lasting. These are main
reasons why the LFP was used as the cathode in the present
study.

PGStE-NMR measurements can give the diffusion coeffi-
cients of lithium- and fluorine-containing species separately.
The diffusion attenuation of the spin-echo, from which the
diffusion coefficient of the Li and F nuclei, Dy ; and Dy, were
estimated, is given by Eq. 3.

A(g) = 4(0) exp[—y’ 8¢’ D(A — §/3)] (3)

The details related to Eq. 3 are described elsewhere [25].
However, the values of the diffusion coefficients obtained
mean the total of charged and non-charged species such as
dissolved ions and non-dissolved salt, i.e., the Dy; value in
the present SPEs may contain simultaneous contribution
both from the diffusion of dissolved Li" and associated
LiTFSI molecules. The diffusion coefficients of Dy; and
Dr. of the polymer electrolyte containing B-PEG, Al-PEG,
and/or DMTG as plasticizers and the transport numbers, # ;,
ti;', and #p in the SPEs have been already measured in our
research group for estimating the extent of the effect of
Lewis acidity in the SPES [16, 17]. For estimating ¢ ;, the
equation, t; ;=Dy;/(Dy; + Dr), presented by Watanabe et al.
[26] was used. In the equation, they assumed a small inter-
action between the cation and the anion, such as in the
condition of the dilute system for lithium salt concentration,
and/or almost unity for the dissociation ratio. Using the

@ Springer



852

J Solid State Electrochem (2012) 16:847-855

equation of 7, the Arrhenius plot of #; of the polymer
electrolyte SPE containing AI-PEG and DMTG as plasticiz-
ers is shown at the temperature range between 40 °C and
70 °C in Fig. 5a. From the data of #;, it is seen that the
diffusion of the anion part is less than the cation part
suggesting no remarkable Lewis acidity of AI-PEG in the
SPE, even if some of hypothesis are included in the equation
of #;. We thought that some of interaction between Al and
ether oxygen within the AI-PEG plasticizer may cause a
self-neutralization of the Lewis acidity [17]. The diffusion
coefficients Dy; and Dg obtained by PGStE-NMR can be
linked to the molar conductivity Axmr by the Nernst—Einstein
equation. On the other hand, the molar conductivity obtained
from the impedance measurements, Ajy,, is estimated by
assuming that the dissociation ratio is nearly equal to unity.
From the both Anwr and A, the apparent dissociation ratio,
0, can be expressed by Eq. 4 [17, 26]

b = Ajmp/ Avr (4)

The apparent dissociation values 3 in the SPE containing
Al-PEG (n=9) are plotted in Fig. 5b. The precise discussion
on the [ values is not able to develop here because of the
hypothesis in the Eq. 4, whatever the dissociation of LiTFSI
in the SPE containing AI-PEG is less than that in the SPE
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Fig. 5 f; values in the SPE (a) and the apparent dissociation ratio 3 of
LiTFSI in the SPE (b) using equations in [26]
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Size: 6.8 cm x 6.8 cm

Fig. 6 Picture of laminate-type single cell in the present study. The
size of the electrodes and the electrolyte is 68 %68 mm

with B-PEG [17]. While the diffusion coefficient of the SPE

with Al-PEG is higher than that with B-PEG [17]. Some
indices are desirable for developing suitable nonflammable
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Fig. 7 Charge/discharge curves for cycling at 0.1 C (30 C) (a) and
cycle performance of the cell up to the 100th cycle at 30 C (b)
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safe SPEs with plasticizers. The development of new ana-
lytical equation of the transport numbers, #; and #;", con-
sidering the concentration of plasticizers also will be
required for expanding more precise analysis on the behav-
ior of lithium ion in the SPEs in the near future.

The combination of usual carbon anode with the SPE
containing Al-PEG electrolyte never has given a long-life
cycling performance as far as we are concerned. According-
ly, Li4TisOq, (LTO, Li[Li;;3Tis;3]04) with spinel structure
(space group Fd-3m) was adopted for the anode in the
present study. In the LTO structure, the lithium ions migrate
from 8a tetrahedral sites to vacant 16¢ octahedral sites, like
—8a—16c—8a—. The lithium insertion into the LTO accompa-
nies the phase transformation to ordered rock-salt-type
structure, Liy[Li;/3Tis;3]04 [27-31] without any remarkable
volume change [30, 31], although it shows 1.5 V vs. Li"/Li
higher operation voltage than the graphite-negative elec-
trode widely used in current lithium ion batteries. Ohzuku
et al. [31] reported the lattice parameter change from LTO to
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Fig. 8 Charge/discharge curves for cycling at 0.1 C (50 C) (a) and
cycle performance of the cell up to the 50th cycle at 50 C (b)

Li,y[Liy/3Tis;3]04 only from a=8.357 A to a=8.356 A. It is
pointed out by many researchers [27-31] that such an al-
most zero-strain is an ideal electrode for long-life lithium
ion batteries, even if the total cell voltage falls below around
2.5~1.8 V vs. Li'"/Li depending on the combination with the
cathode material.

Figure 6 shows the photograph of a laminate-type single
cell of LTO|SPE|LFP in the present study. The net size of the
electrode and the electrolyte is 6.8x6.8 cm. We prepared
two types of single cell in which the thickness of the elec-
trolyte is 25 and 50 pm. Since the charge/discharge proper-
ties of both cells showed similar cyclic behavior, it seems
that the rate determining step will exist in the electrode/
electrolyte interface. The charge/discharge curves from the
first to the 100th cycle operated at a current density of 0.1 C
in voltage range of 1.7-2.05 V at 30 °C are shown in Fig. 7a
and the cycling performance up to the 100th cycle is illus-
trated in Fig. 7b, respectively. The thickness of the polymer
electrolyte in the cell was 50 um. Although the polarization
of the charge and the discharge seems to be relatively high,
the cell shows rather smooth curves with average discharge
voltage, 1.8 V vs. Li'/Li and about 140 mhA/g of recharge-
able capacity (cathode capacity). As can be seen in Fig. 7,
coulombic efficiency is ca. 100% except for the irreversibility
at the first several cycles. Sufficient penetration of monomer
mixture into porous components in the cathode seems to
be attained before the polymerization through such a
higher capacity density. Figure 8 also shows the charge/
discharge cycle performance under the current density,
0.1 C, at 50 °C. The polarization during the charge/discharge

Negative electrode Positive electrode

(LiyTisO,5) (LiFePO,)
Al foil Polymer electrolyte Al foil .
| Epoxy resin | | | | | [Epoxy resin

. IWATE
WD 10.

Fig. 9 Photograph of the cross-section of the present cell after 50th
cycle
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reaction decreased in comparison with that at 30 °C, and a
higher average discharge voltage, about 1.83 V vs. Li'/Li, was
observed as shown in Fig. 8a. However, gradual capacity fade
happened as the cycling proceeded (Fig. 8b). The decline of
coulombic efficiency at each cycle was about 0.1% after the
tenth cycle. For further understanding of the decay mechanism
of the capacity retention, AC impedance measurements are
useful and serve as a diagnostic tool for LPBs. In our previous
studies [15, 16], the AC impedance of the cell, Li|SPE|LFP,
was measured at the first cycle and after the 60th cycle. The
charge transfer resistance at the cathode/polymer electrolyte
interface increased after cycling. In order to observe the aspect
of the interface, SEM/EDX analysis also was carried out.
Actually, the amount of fluorine on the surface of the LFP
cathode increased after cycling. The fluorine can be supplied
only from lithium salt, LiTFSI, in the SPE, and some of TFSI
ions may be decomposed on the surface of the LFP cathode
[17] leading to the formation of SEI. From these facts and the
assumption, the capacity fade at higher temperature may be
caused by the accumulation of very thin SEI after cycling. To
maintain stable capacity retention, suitable treatment on the
surface of the LFP cathode will be necessary. The addition of
inorganic compound, AIPO,, to polymer electrolyte contain-
ing B-PEG as a plasticizer improved cycle performance of the
cell in our previous study [32]. However, the chemistry of the
electrode surface processes in lithium polymer batteries
is not well understood because of thin nanolayer. A
simple model of the surface modification considering
the space charge was proposed in our previous study
[15]. The surface modification may make an improved
high-rate performance even if it covers only limited area
on the surface of the cathode [32].

Figure 9 shows the photograph of cross-section of the
present single cell after the 50th cycle. The thickness of the
polymer electrolyte is 50 um. Epoxy resin in both sides in
the photo works as supporter of the cell for taking the SEM
photograph. Even after the 50th cycle, the present SPE
seems to maintain stable feature working also as separator
besides the conductor of lithium ions. Al foil current collec-
tor of both the cathode and the anode almost kept the
original state. According to the literature [33], it is reported
that LiTFSI in electrolyte causes Al foil corrosion at higher
voltage. However, no such corrosion was seen from the
SEM observation (Fig. 9). It is also reported that CV curve
for Li|SPE|ALI foil did not show any anodic current even at
>3.85 V vs. Li"/Li after cycled at 60 °C [34]. Hence, we can
disregard anodic corrosion in the present cell.

For evaluating the safety of the present cell, nail test and
overcharge test (2 V—6 V) to the cell were carried out
using the facility of Enax Inc. No smoke and no fire of the
cell during the experiment were observed under air atmo-
sphere at a room temperature, although some extent of
swelling was observed in the overcharge test. The present
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SPE containing AI-PEG and DMTG also did not have any
fire even if ignition was tried by a torch. Thus, we believe
that the nonflammable property in the present cell is main-
tained even at 120 °C. The DSC experiment also supports
the behavior (Fig. 2).

It is desirable that the development of the large-scale
lithium ion batteries by accumulating the single cell in the
present study in the near future.

Conclusions

All-solid polymer electrolyte with nonflammable property
was prepared from monomer mixture which contains two
matrix components, PME400 and PDE600, and two plasti-
cizers, AI-PEG with n=9 and DMTG with n=3, and dis-
solved lithium salt LiTFSI. Radical polymerization of the
monomer was carried out by heating at 120 °C. The suitable
polymerization temperature was estimated from the data of
DSC. The ionic conductivity of the polymer electrolyte,
SPE, was measured by making use of AC impedance tech-
niques, and a rather higher value of 107 S cm ™', which
suggests the possibility of practical use, was observed at
60 °C. CV measurement of the SPE showed right voltage
window between 4.0 and 3.0 V vs. Li"/Li. The present SPE
had some of undesirable sub-reaction with usual graphite-
anode. Therefore, the LTO anode and the LFP cathode were
selected for constructing a new single cell. Nonflammable
LTOISPE|LFP cell was laminated, and the charge/discharge
properties of the cell were examined at a room temperature
and 50 °C. Since sufficient cycle performance was obtained,
the development of large-scale lithium ion batteries would
be desirable by accumulating present single cell in the near
future.
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