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Abstract: A novel composite polymer electrolyte was prepared by blending an appropriate amount of LiClO, and 10% (mass fraction)
fumed SiO, with the block copolymer of poly (ethylene oxide) (PEO) synthesized by poly (ethylene glycol) (PEG) 400 and CH,CI,.
The ionic conductivity, electrochemical stability, interfacial characteristic and thermal behavior of the composite polymer electrolyte
were studied by the measurements of AC impedance spectroscopy, linear sweep voltammetry and differential scanning calorimetry
(DSC), respectively. The glass transition temperature acts as a function of salt concentration, which increases with the LiClO, content.
Lewis acid-base model interaction mechanism was introduced to interpret the interactive relation between the filled fumed SiO, and
the lithium salt in the composite polymer electrolyte. Over the salt concentration range and the measured temperature, the maximum
ionic conductivity of the composite polymer electrolyte (104! S/cm) appeared at EQ/Li=25 (mole ratio) and 30°C, and the begin-

ning oxidative degradation potential versus Li beyond 5 V.
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1 Introduction

Polymer electrolytes have high potential applica-
bility to advanced electrochemical devices such as
high energy density batteries and electrochromic win-
dows. The poly (ethylene oxide) (PEO)-based com-
plexes acting as polymer electrolytes have been
widely used [1-3). However, there are several disad-
vantages in using PEQ. The major drawback is that it
is easy crystallization and the formation of crystalline
complexes will result in a dramatic decrease in ionic
conductivity. In order to solve this problem, many ap-
proaches have been carried out to reduce the crystal-
linity of PEQ-based electrolytes and increase the seg-
mental mobility of the host polymer. One of the most
successful approaches relies on the preparation of
polymer electrolyte nanocomposite. Nano-particles
like TiO,, Si0,, Al,O; and LiAlO, were incorporated
in the polymer matrices to obtain the nano-composite
polymer electrolytes [4-6]. These composite solid
polymer electrolytes have potential advantages over
conventional solid polymer complexes; for example,
they exhibited better mechanical strength, higher ionic
conductivity and better lithium anode and electrolyte
interfacial stability. The large surface area of the solid
oxide filler has prevented the local PEO chain reor-
ganization, which leads to locking the local PEO chain
in high degree of disorder and favors high ion trans-
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port.

In this paper, a compound polymer electrolyte was
prepared by blending an appropriate amount of LiClO,
and 10% (mass fraction) fumed SiO, with the block
polymer of PEO synthesized by poly (ethylene glycol)
(PEG) 400 and CH,Cl,. The composite polymer elec-
trolyte had better processability, conductivity and
electrochemical stability. This study interpreted the
role of the filler in terms of Lewis acid-base model
interaction [7, 8]. According to this model, Lewis
acid-base interactions between the polar surface
groups of the inorganic solid oxide filler and the elec-
trolyte ionic species yield a greater degree of salt dis-
sociation through the formation of ion-ceramic com-
plex.

2 Experiment

2.1 Materials and measurements

PEG 400 and LiClO, were purchased from Aldrich
Company Inc., USA. Fumed SiO, (self-prepared; par-
ticle size: 7-40 nm) was dehydrated for 24 h at 110°C
under vacuum before use. Other analytical reagents
were dried before use.

The ionic conductivities of polymer electrolytes
were determined by AC impedance spectroscopy us-
ing a Solartron1280 B frequency response analyzer
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over a frequency range of 10 Hz to 20 kHz with an
amplitude of 10 mV. The film of the polymer electro-
lyte was sandwiched between two stainless steel plates
controlled by a Teflon spacer. The measurements were
carried out after keeping the samples for ! h at each
temperature to attain thermal equilibration. The elec-
trochemical stability of polymer electrolytes was
evaluated by running a linear sweep voltammetry in
three-electrode cells as Li/composite polymer elec-
trolyte/stainless steel (SS), where lithium metal was
used as a counter and reference electrode, SS as a
working electrode. The interface resistance between
the composite polymer electrolyte and the lithium
metal electrode was evaluated by the impedance re-
sponse of symmetric Li/electrolyte/Li cells. A Solatron
1280 B frequency analyzer measured the impedance
over a 0.01 Hz to 20 kHz frequency range with an ap-
plied voltage of 10 mV.

The DSC (differential scanning calorimetry) meas-
urement of samples, sealed into aluminum pans under
an argon atmosphere, was performed using a Perkin-
Elmer Pyris 7 differential scanning calorimeter. Heat-
cool reheat cycles were performed at a rate of 10°C
per minute from —70 to 200°C. The glass transition
temperature of polymer electrolytes was reported for
the second heating cycle.

2.2 Synthesis of the block PEQ-based copolymer

PEG 400 and CH,Cl, were polycondensated to form
a soft main chain block polymer [9, 10].

2.3 Film preparation of composite polymer elec-
trolytes

The block PEO polymer/LiClO, electrolytes with
different (EO/Li) mole ratios were dissolved in aceto-
nitrile, the acetonitrile solution with evenly dispersed
SiO, powder was dropped into the solution above. De-
canted the solution into the mold made of polytetera-
fluoroethylene, then evaporated the solvent to form
the film under drying atmosphere. Being vacuum
drying at 70°C for 72 h, then placed into a drying
cabinet with Ar protection for a week prior to use.

3 Results and discussion

3.1 Thermal properties of the compound polymer
electrolyte

Figure 1 shows the DSC thermograms of 10%
(mass fraction) SiO, composite polymer/LiClO, elec-
trolytes with various LiClO, concentrations. The glass
transition temperature (T,) acts as a function of salt
concentrations. The thermogram of the composite
electrolyte with salt EO/Li=31 shows an exothermic
peak at —20°C and an endothermic peak at 10°C, cor-
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responding to the recrystallization and melting of the
block PEO polymer, respectively. The glass transition
temperature of this composite electrolyte can also be
found approximately at —53°C. The T, of the compo-
site polymer electrolytes increases with the increasing
of LiClO, concentration, and no recrystallization
exotherm and melt endotherm can be found. This phe-
nomenon can be interpreted as the Lewis base-acid
type interactions among polymer matrix containing
lithium cation and corresponding anion [11]. The in-
creasing of T, with the incorporation of LiClO, can be
attributed to the formation of transient cross-linking
between the salt and the polyether phase.
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Figure 1 DSC thermograms of composite polymer elec-
trolytes with different salt concentrations.

3.2 Effect of fumed SiO, on the block copolymer
electrolyte film

Though the number average molecular mass of the
PEG-based polymer reaches 10° in this paper, the
polymer main chain composed of soft ~C—C-O-
segments is difficult to form a self-standed film. The
mechanical property and processability of the polymer
matrix were enhanced when proper quantity fumed
Si0O, was adulterated into the polymer. Meanwhile the
conductivity was also increased. Table 1 shows that
the effect of SiO, quantity on the processability and
conductivity of the electrolyte. When the content of
the fumed SiO, in the electrolyte was more than 10%
the film would get brittle, there was fracture on the
surface of the film, and the conductivity decreased. On
the contrary, the conductivity was better when the
content of the fumed SiO, in the electrolyte was less
than 10%, while the processability was not enhanced
and the self-supported film could not be formed.

3.3 Conductivity

The ionic conductivity of all polymer electrolytes
was determined by means of impedance spectroscopy.
From the Z" versus Z' plot, the ionic conductivity val-
ues were calculated at each temperature from the in-
tercept of the curve with real axis. Figure 2 shows the
Arrhenius plots of the conductivity of optimum 10%
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(mass fraction) SiO,-added (table 1) and free-SiO,
composite block PEO/LiClO, electrolytes. The figure
clearly shows that in this electrolyte, the presence of
the Si0,-added induces the enhancement of the con-
ductivity. As already pointed out, the role of SiO, can
not be limited to the sole action of preventing the
crystallization of block polymer chains, it also may
extend to specific interactions induced by Lewis acid-
base reactions between the filler’s surface and the
polymer segments. In fact, the Lewis-base groups of
the added SiO, (e.g., —OH groups on the SiO, surface)
may quite likely compete with the Lewis-acid lithium
cation for the formation of complexes with the
polymer chains. Thus, these surface groups may
provide cross-linking centers for the polymer seg-
ments, lowering the polymer chain reorganization ten-
dency and promoting a structure modification, which
induces Li* conducting pathways on the SiO, surface.

Table 1 Effect of fumed SiO, on the conductivity and
processability for the polymer electrolyte (EQ/Li = 25)

Sio, Film apparent o/ (10°S-cm™)
0 Sofer 2.40
5% Sofer 2.45
10% Good 2.63
15% Few flaws 1.78
20% Many flaws 1.22
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Figure 2 Temperature dependence of the conductivity of
block PEO polymer/LiClO, with 0% and 10% SiO,.

The dependence of the ionic conductivity on tem-
perature for SiO, complexes with different LiClO,
concentrations, lgo is plotted against reciprocal abso-
lute temperature in figure 3. The ionic conductivity
increased with increasing the temperature, a maximum
conductivity was obtained at the concentration of
[EOJ/[Li])=25. As the LiClO, concentration increases,
the changes in free volume, electrostatic interactions,
and transient coordination bond significantly affect the
conductivity. From the conductivity data (figure 3), it
is clear that these ion-transport behaviors [12] can not
be explained by only the effect of the ionic mobility or

the number of carrier ions but are affected by the
combination of these two effects. Over the salt con-
centration range, the maximum conductivity o=10"*4
S/em is found to be at EO/Li=25 and 30°C, o=107>%
S/cm at 66°C.
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Figure 3 Dependence of the conductivity on temperature
for composite electrolytes with different salt concentrations.

3.4 Electrochemical stability

The cyclic voltammogram of composite electrolytes
is shown in figure 4 for Li/composite electrolytes/SS
cell at 40°C. Significant oxidative degradation of the
composite electrolyte is not observed until a potential
of 5 V (versus Li) is reached. Voltammograms show
peaks associated to the oxidation process on the ano-
dic site and the reduction on the cathodic site [13, 14].
These peaks might also be caused by the contaminated
impurities in composite electrolytes. Thus, our
polymer electrolytes could have sufficient electro-
chemical stability to allow safe operation in the re-
chargeable lithium battery.
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Figure 4 Cyclic voltammogram of composite electrolytes
obtained at 40°C (the scan rate is 10 mV/s).

3.5 Interface properties with lithium

The performance of the interface between the lithi-
um electrode and the composite polymer electrolyte
was evaluated by measuring the AC impedance re-
sponse of a Li/polymer electrolyte/Li cell stored at
60°C under the open-circuit potential conditions is
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shown in figure 5. The changes in the bulk resistance
(R,) and the interfacial resistance (R,) as a function of
the storage time are shown in figure 6. The value of
R, changes little during the experiment. On the other
hand, R, increases rapidly initially, at a longer time,
the resistance increases slowly, and after 8 days, it
reaches an almost steady value. The initial increase in
R. may be explained by the formation of a passivation
film on the surface of the lithium electrode due to the
residual impurities in the composite polymer electro-
lyte. Previous studies [15, 16] suggested that the inter-
facial resistance of the pure Li/PEO-LiClO,/Li system
was higher, and still increased after 8 days. The for-
mation of a passivation film on the surface of the
lithium electrode may be mainly due to the absorbed
water in the pure Li/PEO-LiClO,/Li system. The fine
SiO, fillers are effective as a scavenger of water in the
electrolyte. Therefore, the addition of SiO, was quite
effective to reduce the interfacial resistance.
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Figure 5 Niquist plots of compeosite eletrolyte at 60°C.
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Figure 6 Variations of the bulk and interfacial resistance
with the storage time.

4 Conclusions

(1) The addition of 10% (mass fraction) fumed SiO,
to the block PEO/LiCl0O, electrolyte system forms a
composite polymer electrolyte with a high conductiv-
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ity film of 10™**! S/cm at room temperature. The ion-
transporting behaviors can be explained not only by
the effect of the ionic mobility or the number of carri-
er ions separately but also by the combination of these
two effects.

(2) The DSC results indicate that the glass transi-
tion temperature of the composite polymer electrolyte
increases with LiClO, concentration and no recrystal-
lization exotherm and melt endotherm peaks can be
found at high salt concentration.

(3) The composite electrolyte displays a sufficient
electrochemical stability, and it’s oxidative degrada-
tion potential is beyond 5 V (versus Li).

(4) Composite polymer electrolyte reacts with the
lithium electrode to form passivation layer, which
causes the interfacial resistance to increase slowly
over the stored time and reach a steady value after 8
days.
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