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ABSTRACT : Solid polymer electrolytes were prepared by UV irradiation of the blends consisting
of poly(ethylene oxide)}(PEO), epoxy diacrylate(EDA) and LiClOs. Conductivities of the electrolyte
films were measured as a function of blend composition, salt concentration and temperature. The
electrolyte having the composition of poly(ethylene oxide) (70% by weight)/epoxy diacrylate (30%
by weight) with mole ratio of 10 of ethylene oxide/Li™ exhibited a high ionic conduetivity of 1.2 X 10°
S/em at 25°C. This blend is transparent and shows elastomeric properties. Morphological studies by
means of differential scanning calorimetry, X-ray diffraction and polarized optical microscopy indicated
that the cured epoxy chains in the blends inhibit the crystallization of poly(ethylene oxide) and thereby
induce the blend systems to be completely amorphous in certain compositions.
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1. Introduction

Since Wright et al. discovered a solvating ability
of a polymer toward alkali salt, there have been
considerable interests in solid polymer electrolytes
due to their wide applicability to solid-state re-
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chargeable batteries, smart windows, electrochromic
and sensors as well as the easy pro-
For the solid
polymer electrolyte to be applicable in practice, it

devices,
cessibility of plastic materials.”™

is required that they have reasonably high con-
ductivity as well as mechanical, thermal and elec-
trochemical stability under service conditions.
Poly(ethylene oxide) (PEO) has been the most
extensively studied as a matrix polymer for the
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polymer electrolytes because it has a backbone
structure which is able to be coordinated with alkali
cation very well. However, PEO/salt systems have
poor mechanical properties and low ionic con-
ductivity at room temperature due to high cry-
stallinity of PEO. One approach to overcome the
problems is the blending of PEO with other poly-
mers. Some blend systems, such as PEO/poly(2-
vinylpyridine) or poly(4-vinylpyridine)/LiClO4,>*
PEO/poly(propylene oxide)y/Nal,” PEO/poly(vinyl
acetate)/LiCl1O, and PEO/poly(propylene oxide)/
LiCF3S0; ° were reported to exhibit ionic con-
ductivities of up to 10™ S/cm at room temperature
and good mechanical properties. In the blends, it
is generally accepted that amorphous portions of
PEO provide ionic conductive pathways, whereas
the other polymers provide mechanical strength and
prevent the crystallization of PEOQ.

In this paper, we synthesized solid polymer
electrolytes by blending of PEO with UV curable
epoxy diacrylate(EDA) and lithium perchlorate
{LiClO4). lonic conductivities and microstructure of
the electrolyte films prepared by UV-irradiation
were analyzed in terms of the blend compositions
and ethylene oxide/Li” mole ratios.

Il. Experimental

1. Materials

Poly(ethylene oxide) (PEO, M,=1,000,000) and
lithium perchlorate(LiClOs) were purchased from
Aldrich. UV-curable epoxy diacrylate resin (EDA),
which is the diacrylate ester of bisphenol A was
kindly donated from Samwha Chem. They were
carefully dried under vacuum before use. Dichlo-
romethane and THF, used as solvents, were distilled.
Benzoin ethyl ether, used as a photoinitiator, was
purchased from Aldrich.

2. Preparation of Blends

PEO, EDA, and LiClO4 were separately dissolved
in 1:1 mixture of dichloromethane/THF as a solvent.

Appropriate quantities of the solutions were mixed
with constant stirring and then photoinitiator was
added to the system. The mixture was poured onto
a Teflon-coated mold and the casted films were
irradiated using a 500 W high-pressure mercury
lamp as the irradiation source. An irradiation time
was 20s. Residual solvent of the cured films was
removed in the vacuum oven at 50°C. The prepared
films, nearly 100 pgm thick, were stored in a
desiccator.

3. Measurement of Ionic Conductivity

Complex plane impedance and inductance ana-
lyses were conducted on an Impedence Analyzer in
the frequency range from 10 Hz to 5 MHz and
temperature range 20-100°C using a Solartron
impedence/gain analyzer. The sample was sand-
witched between two stainless-steel plates. The
electrochemical cells were assembled in a dry glove
box. Bulk resistance was determined by plotting the
real versus the imaginary part of the impedance.
Bulk resistance was derived from such a plot where
the imaginary impedance is zero. Conductivity was
calculated from the bulk resistance according to
following equation:

d:D/(A X Rb)

where ¢ is conductivity, D is the thickness of the
sample, A is sectional area of the sample, and R,
is bulk resistance.

4. Thermal and Morphological Analysis

The DSC thermograms were recorded from -100
to +250°C at a heating rate of 10C/min using a
Shimadzu thermal analysis system. The calorimeter
was flushed with dry nitrogen. The T, values were
determined as the midpoints of the heat capacity
change during the relaxation temperature.

X-ray diffractograms of the samples were
recorded using a Phillips 180 X-ray diffractometer
in the 20 range from 10 to 60.
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Crystalline morphology was investigated by using
Leica polarizing optical microscope equipped with
a Mettler FP90 hot stage. The polymer film sealed
between glass plates was melted at 200C for 5 min,
then allowed to crystallize until it cools to room
temperature.

. Results and Discussion

Figures 1 and 2 illustrate the temperature de-
pendence of the ionic conductivity for the blends
of PEO(90)YEDA(10)/LiClOs and PEO(70)/EDA

- (30Y/LiC1O4 with different salt contents. One can
observe that the conductivity increases with tem-
perature, which is due to the increase in segmental
motion of the host polymer with temperature. And
it is also seen that there is an abrupt change in the
conductivity curve around 50°C for PEO(90)
EDA(10)/LiClO4 with ethylene oxide/Li” mole ratio
of 13 and 16. The sudden change in conductivity
of the electrolytes with the compositions is related
to a melting transition of crystalline portion of
PEQ.(Table 1) The increase in amorphous portion,
which is only phase responsible for ion transport,
of the system at the temperature range facilitates the
motion of the cation between complexation sites.'’
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Figure 1. Arrhenius conductivity plots of PEO(90)y EDA
(10)/LiClO4 blends.
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Figure 2. Arrhenius conductivity plots of PEO(70)/EDA
(30)/LiClO;4 blends.

Table 1. Glass Transition(7;), Melting Temperature
(T.), Heat of Melting (4 Hy), and Tonic Conductivity
of PEQ/LiCIOs and PEO/EDA/LiClOs Complexes

PEO/EDA| EO/LI® T, Tn | AH, |o at 25°C
(wt %) |(mole ratio)| (C) | (C) | (U/g) | (S/em)
No salt - 703 | 179.0 -
20 478 | 60.0 | 106.6 -
16 427 1 595 | 893 | 331107
100
/o 13 398 | 524 | 60.5 | 4.78107
10 350 | 48.0 | 26.8 | 1.1810°
6 31.0 - - 1.29107
No salt -56.8 | 64.4 | 178.0 -
20 444 | 53.7 | 107.3 | 7.58107
16 420 | 50.7 | 874 | 1.0210°
/30
70 13 360 | 47.7 | 572 | 2.0910°
10 2330 | 307 | 18.9 | 3.0910°
6 -30.0 - - 5.89107
No salt -51.2 | 49.7 {1279 -
20 466 | 39.8 | 63.7 | 1.7810°
- ) 3 | 3.4710°
00/10 16 448 | 382 | 253 710_6
13 439 | 270 | 116 | 7.2210
10 -39.1 - - 1.2310°
6 344 - - 1.3210°
No salt =519 | 44.5 | 95.0 -
20 400 | 448 | 594 | 147107
16 360 | 43.0.| 242 | 238107
30750 13 2362 | 312 | 690 | 324107
10 324 - - | 441107
6 285 - - 1.40107
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And, it may be noted that the ionic conductivity
increases as the salt content is increased; it reaches
a maximum value at the EO/Li" mole ratio of 10
and decreases as the salt content is further increased.
The maximum in the ionic conductivity with salt
content is generally observed behavior of polymer/
salt complexes.' lonic conductivity increases ini-
tially due to the increase in the number of charge
carriers. But, at higher salt content, the conductivity
falls as a consequence of a decrease in flexibility
of the polymer chain accompanied by the formation
of larger ionic aggregates.

Figure 3 shows the variation of room temperature
ionic conductivity as a function of ethylene oxide/
Li" mole ratio for PEO/LiClOs and PEO/EDA/
LiClO; blends. For all cases, the ionic conductivity
shows a maximum value at the ethylene oxide/Li™
mole ratio of 10. It is to be noted that the ionic
conductivity of the PEO(70YEDA(30)/LiClO, blend
at an ethylene oxide/Li" mole ratio of 10 is 1.2 X 107
S/em at room temperature, which is nearly one order
of magnitude higher than that obtained here for
PEO/LICIOy4 system. The blend at the composition
shows transparent and elastomeric properties with
dimensional stability. But, when the EDA content
reaches 50 % by weight in the blend, the con-
ductivity values become lower than those of PEO/
LiClO4 system. This should be because epoxy chains
cannot solvate the salt and PEO phase cannot form
the continuous phase at the composition.

Figure 4 illustrates DSC thermograms of PEO/salt
and PEO(70YEDA(30)/salt at different salt con-
centrations. It can be seen that endothermic peak
corresponding to melting of crystalline PEO de-
creases in size and position as the salt content
increases. This indicates that crystallinity of PEQ
is reduced in the presence of salt. The effect of salt
content on the melting behavior of PEO is observed
to be similar in PEO(70)/EDA(30YLiClO, system.
But, at a same vatue of ethylene oxide/Li" mole
ratio, melting temperature and the endotherm peak
area of the PEO/EDA/LICIOs system are lower
compared to PEO/LiClO4 system. Also, less salt is
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Figure 3. Variation of ionic conductivity as a function of
EO/Li" mole ratio for PEO/LiCIOs and PEQ/EDA/LICIOs
blends at 25C.
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Figure 4. DSC thermograms of PEO/LiClOs and PEO
(70Y/EDA(30)/LiClO4 complexes: (a) EO/Li=6; (b) EO/Li=
10; (¢) EO/Li=13; (d) EO/Li=20; for PEO/LiClO; (e) pure
PEO; () EO/Li=10; (g) EO/Li= 13; (hy EO/Li=6; for
PEO(70/EDA(30)/LiClO; (i) PEO(70) EDA(30).

required to disrupt the crystallinity of PEO in the
PEO/EDA/LICIOs system than that needed in
PEO/LiCIOy system. The value of ethylene oxide/
Li" mole ratio at which the endotherm peak dis-
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appeared is 6 for PEO/LiClO;4 system while it is 10
for PEO(70)/EDA(30)/LiClO4 system.

Table 1 demonstrates the glass transition tem-
peratures and melting parameters for the PEO/EDA/
LiClO4 blend system of different compositions. It
was noted that increase in salt content leads to an
increase in glass transition temperature of PEO for
all systems, indicating a reduction in segmental
motion of the polymer due to the formation of ionic
aggregates. It can be seen that, at the same salt
content, the glass transition temperature for the
electrolyte system is not much affected by EDA
content. The melting behavior in PEQ, on the other
hand, is affected by EDA content as well as the salt
content. As EDA content increases, melting tem-
perature and the area of endotherm peak corres-
ponding to melting of crystalline PEO decreases.
This indicates that the epoxy network formed by UV
irradiation impedes the crystallization of PEO in the
ternary system.

Disruption of the crystal in PEO/EDA/LICIO; at
certain compositions was confirmed by X-ray

(b}

Intensity

(c)

10 20 30 40 50 60
20

Figure 5. X-ray diffraction patterns for polymer electrolyte
samples. (a) PEO (b) PEO(70)/EDA(30) (c) PEO(70)/ EDA
(30Y/LiCl10, (EO/Li = 10).
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diffraction and polarized optical microscopy. Figure
5 demonstrates the X-ray diffractograms of PEO,
PEO(70)/EDA(30) and PEO(70)/EDA(30)/LiClOs
with ethylene oxide/Li" mole ratio of 10. Pure PEO,
as seen in Figure 5(a), shows a sharp peaks with

(a) PEO

(b) PEO(T0VEDA(30)

(¢) PEO(70YEDA(OYLiCIO«EO/LI" = 10)

Figure 6. Polarized optical micrographs of the samples
crystallized from the melt.
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broad underlying hump, reflecting its semicry-
stalline structure. PEO(70)/EDA(30) shows diffrac-
tion peaks similar to PEO but the intensity and the
area under the peak decreases. [Figure 5(b)] For
PEO(70)/EDA(30)/LiClOs system at an ethylene
oxide/Li" mole ratio of 10, however, as seen in
Figure 5(c), the sharp diffraction peaks disappear
completely and background, typical of amorphous
polymers, is only observed. Figure 6 shows the
polarizing optical micrographs of the PEO and
PEO/LiCIO4 complexes crystallized from the melt.
Pure PEO, as seen in Figure 6(a), grows as almost
perfect crystalline forms and shows the typical
Maltese cross structure. Figure 6(b) indicates that
regularity of the PEO spherulite is somewhat dis-
rupted by the action of cured epoxy network. And,
in the PEO/EDA blend complexed with LiClO,, any
clear crystals can not be observed. It confirms that
the presence of cured epoxy network enhances the
disruption of the long-range crystalline order of the
PEO in the ternary system.

IV. Conclusion

Solid electrolyte films were prepared by UV-
irradiation of PEO/epoxy diacrylate/LiClOs blend
system. The PEO(70 weight %)EDA(30 weight
%)/LiCl04 at an ethylene oxide/Li" mole ratio of
10 exhibited ionic conductivity value of 1.2 107
S/em at 25°C. The value is one order of magnitude
higher than the maximum conductivity value for
PEO/LiClO;4 complexes considered here. Addition-
ally, the electrolyte film at the composition shows
transparent and elastomeric properties with dimen-
sional stability.
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