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ABSTRACT: To study the effect of the silica content on the properties of the salt-free and
salt-added hybrids based on poly(ethylene oxide) (PEO) and silica, two series of hybrids,
PEO-silica and PEO-silica—LiClO, (O:Li, 9:1) hybrids were prepared via the in situ
acid-catalyzed sol-gel reactions of the precursors [i.e., PEO functionalized with tri-
ethoxysilane and tetraethyl orthosilicate (TEOS)]. The morphology of the hybrids was
examined by scanning electron microscopy (SEM) of the fracture surfaces of the hybrid.
The results indicated that the discontinuity develops with increasing the weight per-
cent of silica in both hybrids. The differential scanning calorimetric (DSC) analysis
indicated that effects of silica content on the glass transition temperatures (7,) of the
PEO phase were different in salt-free and salt-added hybrids. The T, of PEO phase
increased with increasing weight percent of silica in salt-free hybrids, whereas the
curve of T, of PEO phase and silica content had a maximum at 35 wt % of silica content
in salt-added hybrids. For both salt-free and salt-added hybrids, peaks of the loss
tangent, determined by dynamic mechanical analysis (DMA) were gradually broadened
and lowered with increasing weight percent of silica. The storage modulus, E’, in the
region above T, increases with increasing silica content for both PEO-silica and
PEO-silica-LiClO, hybrids. In the conductivity and composition curves for PEO-
silica—LiClO, hybrids, the conductivity shows a maximum value of 3.7 X 10~ ¢ S/cm,
corresponding to the sample with a 35 wt % of silica. © 2001 John Wiley & Sons, Inc. J Appl
Polym Sci 81: 2471-2479, 2001
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INTRODUCTION

Solvent-free polymer electrolytes are currently
under intense scrutiny for use in high-energy den-
sity batteries and other electrochemical devices.!?
Poly(ethylene oxide) (PEO) is the most interest-
ing base material for hosting lithium salts be-

Correspondence to: S-T. Noh (stnoh@email . hanyang.ac.kr).

Journal of Applied Polymer Science, Vol. 81, 2471-2479 (2001)
© 2001 John Wiley & Sons, Inc.

cause it contains ether coordination sites, which
assist the dissociation of salts incorporated in the
polymer, as well as a flexible macromolecular
structure, which promotes facile ionic trans-
port.1? The conductivity at room temperature in
pure PEO, however, is limited by partial crystal-
lization,>* and various attempts were under-
taken to achieve a more amorphous and plasti-
cized material. Among these attempts, the addi-
tion of inorganic filler to polymer electrolytes has
been extensively studied because it is useful to
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improve mechanical properties and thermal and
electrochemical stability in addition to enhancing
ionic conductivity.>15

Organic—inorganic hybrids or nanocomposite
systems are constituted of organic (polymer) and
inorganic (silica) phases mixed at the nanometric
scale and possess a very high surface-to-volume
ratio, leading to materials with new properties,
such as transparency and high mechanical
strength.’®?! The sol-gel method®? has been
demonstrated as a practical method for the pro-
duction of a hybrid of organic and inorganic ma-
terials.?® An application of this process to the
synthesis of a solid polymer electrolyte (SPE) has
been reported by Ravaine et al.:'® the sol-gel
condensation of tetraethoxysilane in the presence
of PEO gives a polyether—polysiloxane hybrid,
which has been recognized as an excellent matrix
of SPE.?* Fujita et al.? reported hybrid polymer
electrolyte based on the PEO-silica consisting of
interconnected inorganic oxide and organic com-
ponents through covalent bonds. Bonagamba et
al.?® reported the nuclear magnetic resonance
(NMR) study of ion-conducting organic—inorganic
nanocomposite PEO-silica—LiClO,. Influence of
the synthetic conditions for the silica—poly(ethyl-
ene glycol) (PEG) hybrids has been studied by
Lesort et al.?” The influence of the composition of
hybrids on the thermal and thermomechanical
characteristics of the PEO-silica hybrids, which
well reflect the change of the polymer chain envi-
ronment in hybrids and are closely related to the
conductivity of the polymer electrolytes, has
rarely been studied.

The aim of the present work is the investiga-
tion of the influence of the silica content on the
thermal and thermomechanical properties of the
salt-free and the salt-added PEO-silica hybrids
consisting of interconnected inorganic oxide and
organic components through covalent bonds. The
influence of silica content on the conducting prop-
erties and the morphology of the polymer electro-
lyte based on the PEO-silica—LiClO, hybrid is
also studied. Salt-free and salt-added PEO-silica
hybrids were prepared by the acid-catalyzed sol—
gel process of the PEO functionalized with tri-
alkoxysilane moieties to facilitate cross-linking
between the polymer and the growing inorganic
oxide network and tetraethoxysilane (TEOS). The
thermal, dynamic mechanical, and ion conductive
properties were determined as a function of the
weight percent of silica by differential scanning
calorimetery (DSC), dynamic mechanical analysis
(DMA), and AC impedance method in both salt-
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Scheme 1

free and salt-added PEO-silica hybrids, respec-
tively. Scanning electron microscopy (SEM) was
also employed to study the freeze-fracture sur-
faces of various hybrid materials.

EXPERIMENTAL

Materials

All chemical reagents are commercially available
and were used without further purification. The
series of PEO-silica hybrids were prepared by a
sol-gel process of the PEO functionalized with
triethoxysilane and TEOS catalyzed with 0.15 N
HCI in acetonitrile/methanol solution, as shown
in Scheme 1. The series of salt-added hybrids,
PEO-silica -LiCl0,, were prepared in the aceto-
nitrile/methanol solution containing lithium per-
chlorate (LiClO,, Aldrich, 95%) under the same
conditions with PEO-silica hybrids. Hybrid pre-
cursor (OEt);Si-NHCOO-PEG-OOCHN-Si(OEt)s,
PEO functionalized with triethoxysilane, was
prepared by the urethane reaction of 0.5 mol of
PEO diol (PEG 2000, Shinyo Pure Chemicals
Company, Ltd.) having a number average molec-
ular weight of 2000 and 1 mol of y-isocyanatopro-
pyl triethoxysilane (y-IPTEOS, Aldrich, 95%) for
12 h at 90 + 3 °C. Fourier transform infrared
(FTIR) spectra of the product showed no absorp-
tion band at 2270 cm ! assignable to —NCO
groups. This precursor was dissolved in acetoni-
trile in 10% solution and mixed with TEOS and
methanol. Finally, 0.15 N HCl in water was added
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Table I Characteristics of the Salt-Free PEQ/Silica and Salt-Added PEO/Silica/LiCIO, Hybrids

PEO/Silica Hybrids

Si0, (wt %)

PEO/Silica/LiC10,[9:1 (O:Li)]

Si0, (wt %)

Sample Sample
Abbreviation Nominal TGA? Abbreviation Nominal TGAP
P20/Si05 5 5 P20/Si10/Li 10 7
P20/Si15 15 14 P20/Si115/Li1 15 12
P20/Si25 25 23 P20/Si25/Li 25 22
P20/S135 35 32 P20/Si135/Li 35 31
P20/Si45 45 42 P20/Si45/Li 45 40
P20/Si55 55 46 P20/S155/1Li1 55 47

2 Weight percent residue > 900°C in air.

b Weight percent residue > 900°C in air — salt percent/(100 — salt) X 100.

under vigorous stirring. The sol-gel solution was
poured onto a Teflon plate and then cured and
slowly dried for 24 h at 60 °C. These films were
further dried for 24 h at 90 °C in a vacuum oven.
Silica content was adjusted by controlling the
added amount of the TEOS. The existence of co-
valent chemical bonds between the silica network
and the polymer chains has been reported for
similar materials.'®2%28 These networks are des-
ignated as P20/SiX or P20/SiX/Li, where is the X
represents the mass percent of the silica in the
hybrids. In the PEO-silica-LiClO, hybrid net-
works, the salt content was maintained as the
[EOJ/[Li"] = 9 mol ratio and the weight percent of
silica was represented in view of the PEO and
silica composition except the amount of LiClO,.
All the samples being studied are listed in Table I.

Measurements

Secondary electron images of the hybrids were
obtained in AKASHI WB-6 scanning electron mi-
croscope. The samples were fractured in liquid
nitrogen and coated with gold by sputtering. DSC
(DSC2010, TA instrument) was carried out with
annealing at 65 °C for 15 min, slow cooling to
—100 °C, and then scanning to 200 °C with a
heating rate of 10 °C/min in nitrogen. The glass
transition temperatures (7,) were determined as
the midpoint of the phase transition temperature
region in the DSC thermograms. Dynamic me-
chanical measurements were performed with a
dynamic mechanical analyzer (DMA 2980, TA in-
strument) operating in the film tension mode, the
temperature range of —100-100 °C, with a heat-
ing rate of 2 "C/min at constant frequency of 5 Hz.
Tonic conductivities of the films of salt-added hy-

brids were measured by the AC impedance
method using an HP4194 impedance/gain phase
analyzer coupled to an IBM PC. Stainless steel
was used as blocking electrodes in both sides. All
the samples are equilibrated at the experimental
temperatures for 10 min. The ionic conductivity
was determined from complex impedance dia-
gram in the frequency range 10°-~10° Hz and the
temperature range 25—-85 °C.

RESULTS AND DISCUSSION

Morphology

SEM was employed to study the fracture surfaces
of various hybrid materials. In two series of hy-
brids, SEM provided no signs of phase separation
within the limits of the instrument resolution.
The morphology of several hybrids observed by
SEM are shown in Figure 1: (a) P20/Si20/Li; (b)
P20/Si35/L4, (c) P20/Si50/Li, and (d) P20/Si35. Al-
though discontinuity develops with increasing the
weight percent of silica in hybrids, any distinct
signs of domain structure that may have arisen
from the presence of a pure or rich silicate phase
was not observed in either salt-free and salt-
added hybrids. These data provide evidence for
good dispersion of the PEO components within
the three-dimensional TEOS self-condensation
network, although they certainly do not rule out
the possibility of some smaller scale microphase
formation. In heterogeneous polymer—silica hy-
brids prepared by the in situ sol-gel process (e.g.,
the PMMA-silicate systems), separated spherical
domains indicating existence of the phase separa-
tion were observed.?® It can be suggested from the



2474 KWEON AND NOH

= 'F"#-‘.l
i—

i
F e i

e "'qni-_; g

15KV 9.99KX T 1M 0088 87

1SKU ©.99KX T0.1F 0083 45

=

15KV @,99kk TO 1M 0084 B4

Figure 1 Scanning electron micrograph of fractured surface of hybrids: (a) P20/Si20/
Li, (b) P20/Si35/Li, (¢) P20/Si50/Li, and (d) P20/Si35.

good transparency and morphology observed by
SEM of the obtained films that homogeneous
blending between the PEO and a hydroxylated
Si0, network in hybrids under studied was accom-
plished. The existence of discontinuous boundary
developed with increasing weight percent of silica
disturbs the ion migration for conduction and
thus contributes the decease of the conductivity in
the higher silica concentration.®

Thermal Properties

The DSC curves of two series of hybrids, PEO-
silica and PEO-silica-LiClO,, are shown in Fig-
ures 2 and 3, respectively. It can be seen from the
DSC measurements that the behavior of the PEO
phase is strongly influenced by the silica content
in the hybrid materials.

In DSC thermograms for the PEO-silica hy-
brids, an endothermic peak corresponding to
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Figure 2 DSC heating scans for salt-free hybrids,
PEO-silica.
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Figure 3 DSC heating scans for salt-added hybrids,
PEO-silica— LiClO,.

melting of PEO phase appears in the 5 and 15 wt
% silica content cases and is not observed in the
case of the 25 wt % and the higher silica content.
This result suggests that the incorporation of the
silica effectively suppresses the crystallization of
the PEO chain and that the threshold weight
percent of silica for the complete suppression of
the crystallization of PEO is in the range 15-25
wt % for hybrids under study. The melting of PEO
phases observed in PEO-silica samples contain-
ing 5 and 15 wt % SiO, is at ~35 "C, whereas for
pure PEO, the melting peak generally appears at
~60 °C, and the crystallinity of PEO reduces from
0.86 for pure PEO to ~0.4 for PEO—silica samples
containing 5 wt % SiO,. These drastic changes in
T, and crystallinity are due to the junction point
and silica network disturbing the crystalline for-
mation and acting as a defect in the crystalline
form. The increase of the content of SiO, in PEO-
silica samples enhances this effect and results in
the disappearance of the crystalline phase in high
weight percent SiO, hybrids. The T, of the PEO
phase is shifted to higher temperature and broad-
ened with the increasing silica content. The influ-
ence of the silica content on 7', can be seen more
clearly in Figure 4, which shows the T, variations
from DSC as a function of silica weight percent in
the hybrids for PEO-silica and PEO-silica—
LiClO,. It can be seen from Figure 4 that the 7', of
the PEO phase linearly increases with the silica
content in hybrids. These effects are due to the
increase in rigidity of the PEO chains as the num-
ber and the strength of the silica—polymer inter-
action increase. This phenomenon can be related
to the increase in the growth of the silica surface

by increasing the silica content in these materi-
als. The broadening of the glass transition range
indicates a large distribution of the relaxation
time of the PEG inside the silica structure that is
due to the increase of interaction between the
PEO and silica with increasing silica content in
hybrids.

In DSC scans of PEO-silica-LiClO, hybrids, a
low-temperature endothermic peak correspond-
ing to melting of the PEO phase is no longer
detectable but a high-temperature endothermic
peak presumably corresponding to melting of
PEO-salt complex is observed at ~200-250 C, as
shown in Figure 3. It was difficult to obtain PEO—
silica—LiClO, samples containing 5 wt % SiO,
with reproducible properties, as in the case of the
PEO-silica hybrids. The weight percent of SiO,
means the relative quantity to the PEO content.
Therefore, the precursor concentration for sol—gel
reaction in the reaction mixture for the PEO-
silica—LiClO, system is relatively low compared
with the case of the PEO-silica system. This
would be the cause the inappropriate reaction
conditions for the sol-gel reaction in the reaction
mixture for PEO-silica-LiClO, system. So, we
start from 10 wt % SiO, in PEO-silica—LiClO,
system. In salt-added hybrids with low silica con-
tent, disappearance of a low temperature endo-
thermic peak contrasting with salt-free hybrids is
due to an additional restriction caused by dipole
interaction of oxygen from the ether and the Li
cation. The influence of the silica content on T, of
PEO phase in salt-added hybrids was more
clearly represented in Figure 4. Below the 45 wt
% concentration of silica in hybrids, the 7', of the
PEO phase in the salt-added hybrids is higher

O
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50 F
o —/\— PEO/Silica
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-80 1 1 L 1 L
0 10 20 30 40 50 60

wt% of SiO,

Figure 4 Variations in 7, as a function of the silica
content for the hybrids.
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than that of the salt-free hybrids. An increase in
the T, in the salt-added polyether system is a
commonly observed property that is due to the
dipole cation interactions between polyether seg-
ments and dissociated ions (i.e., lithium ions).3°
Cation—dipole interaction is due to ionic bonding
and may act as the transient crosslinks point in
the polymer electrolytes. This interaction consid-
erably reduces the segmental mobility of poly-
ether and results in the increase of T,. In salt-
added hybrids, the T, variation behavior as a
function of silica weight percent is different from
that of the salt-free hybrids, as shown in Figure 4.
The T, of the salt-added PEO-silica hybrids was
not largely influenced by silica content like in the
salt-free PEO-silica hybrids. Between 35 wt %
and the lower weight percent of silica, the T, of
the PEO phase increased with increasing the
weight percent of silica; however, this increase in
T, with increasing silica content is less than that
of the salt-free hybrids. Furthermore, the T, and
composition curves of the salt-added hybrids
reach a maximum at 35 wt % silica, and the T,
decreases when the silicate network increases
above the 35 wt % silicate content. These obser-
vations suggest the existence of a decreasing fac-
tor for T, of the PEO phase. In salt-added hybrids,
the increasing factor of the T, of the PEO phase
followed by an increase in the silica network is
the increase of the interaction between the PEO
chain and silicate network, like the case of salt-
free hybrids. Considering the restriction for the
PEO chain imposed by the PEO-Li cation inter-
action and the PEO-silicate interaction in salt-
added hybrids, the decrease of T, with increasing
silicate content could be due to one of the follow-
ing reasons: (a) decrease in the amount or
strength of interaction between the PEO chain
and the silicate networks with increasing weight
percent of silica or (b) decrease of the interaction
between Li" and PEO with increasing silicate
networks in hybrids. Considering the fact that the
T, of the PEO phase in the salt-added hybrids
containing 45 and 55 wt % of silica is similar to
that of the salt-free hybrids and the added salt-
effect on T, is observed in those hybrids, the sec-

g
ond reason could be true.

Dynamic Mechanical Properties

The storage modulus (E’) and tan & variations
with temperature for salt-free PEO-silica and
salt-added PEO—silica-LiClO, hybrids are shown
in Figures 5 and 6, respectively. The storage mod-

log E'(MPa)
Tan §
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Figure 5 Dynamic mechanical spectra (i.e., storage
modulus and tan & versus temperature) of PEO—silica
hybrids at 5 Hz.

ulus, E’, of the hybrids in the region above T\,
increases with increasing silica content for both
PEO-silica and PEO-silica—LiClO, hybrids. The
variation tendency of T, from the loss tangent
according to the silica content in the hybrids is in
good agreement with the DSC analysis in which
the T, increases with increasing salt-free hybrids
but has a maximum in salt-added hybrids. The
widening of the loss tangent peak is due to in-
creasing interactions of the PEO chain and silica.
The widening of the loss tangent peak from DMA
analysis (Figures 5 and 6) with increasing silica
content is observed for both hybrids, with the
exception of the salt-free PEO—silica hybrids with
5 and 15 wt % silica with a crystalline phase, as
deduced from the DSC curves. This result sug-
gests that the amount of interaction between the
PEO and silicate increases with increasing the
silicate content in both hybrids. From this result
we can exclude the decreasing of the T, of the
PEO phase in salt-added PEO-silica hybrids from
the decrease in the amount or strength of inter-
action between the PEO chain and silica network
in higher mass percent of silica. This exclusion
supports the suggestion from DSC analysis that
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Figure 6 Dynamic mechanical spectra (i.e., storage
modulus and tan 6 versus temperature) of PEO—silica—
LiClO, hybrids at 5 Hz.

the decreasing factor of the 7', of the PEO phase
in salt-added PEO-silica hybrids could be due to a
decrease of the interaction between Li™ and PEO
with increasing silicate networks in hybrids.

Conductive Properties

The dependence of ionic conductivity on the silica
content at various temperatures for PEO-silica—
LiClO, hybrids is shown in Figure 7. The conduc-
tivity shows a maximum value of 3.7 X 10~ s/cm
corresponding to the sample with a 35 wt % of
silica for the PEO-silica-LiClO, system. The re-
sults obtained are similar to those of earlier stud-
ies on composite electrolytes.?1=22 The increase in
conductivity is generally explained®* ¢ to be due
either to the formation of a new kinetic path via a
thin interphase layer along the interface itself, or
to a concentration enhancement caused by space
charges in the sub-interface region that has been
found to depend on the concentration and particle
size of the inert phase matrix.??-3* It has been
shown that mechanical and electrochemical prop-
erties of electrolytes increase with decreasing the

size of ceramic particles used and the increase of
conductivity is connected with the processes oc-
curring on the grain boundaries.?”

In the conductivity and composition curves, the
existence of the maximum suggest that two fac-
tors, one causing an increase in conductivity and
the other causing a decrease in conductivity, are
competitive. The apparent behavior of the depen-
dence of conductivity on the amount of added
filler would reflect the result of the competition of
two factors. The increase of the conductivity with
the increase of the silica content by 30-35 wt %
suggests that the interfacial region is more con-
ductive than the bulk solution increase with the
increase of the silica content and the silicate in the
PEO-silica hybrid has effective surface properties
for conductivity. The increase in the amount of the
interaction between the particulate silica and PEO
chain was confirmed by the variation of the T, and
loss tangent behaviors as a function of the silica
content. In the higher weight percent region of
the silica, the decrease of the ionic conductivity
occurs and this may be caused by the decrease of
effective ions and the increase of hindrance of ion
conduction by silica particle and the discontinuity
of hybrids. The temperature dependence of con-
ductivity of the hybrid electrolytes consisting of
the LiClO, and PEO-silica—hybrid (1:9, Li:O) is
shown in Figure 8. It can be seen from Figure 8
that conductivity increased with increasing tem-
perature for both hybrids. This result is generally
observed in polymer electrolytes.

i 85°C
70°C
sk 55°C

40°C

log  (Slcm)

r 25°C

o 10 20 30 40 50 60
wt% of SiO,
Figure 7 Variations of the ionic conductivity as a

function of the silica content of PEO—-silica-LiClO, hy-
brids (9:1, O:Li).
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Figure 8 Conductivity temperature dependence of
PEO-silica-LiClO, hybrids (9:1, O:Li).

CONCLUSIONS

In both PEO-silica and PEO-silica-LiClO, hy-
brids prepared by the acid-catalyzed sol—gel reac-
tion and consisting of interconnected inorganic
oxide and organic components through covalent
bonds, the detectable phase separation did not
occur in high silica content (55 wt %) according to
SEM analysis. Increase of silica content, however,
resulted in development of discontinuity of the
microstructure, as shown by SEM analysis. This
result may be due to shrinkage that is due to a
condensation process in the sol-gel reaction.>®
DSC measurements gave further information
about the homogeneous blend. In the two series of
hybrids, the behavior of the PEO phase measured
by DSC and DMA is strongly influenced by the
silica content. DSC curves of heterogeneously
blended PEO-silica hybrids show an endothermic
peak corresponding to melting even though in
high salt concentration the T, of the PEO phase is
rarely influenced by the existence of silica.?” The
variation behaviors of the 7', of the PEO phase as
a function of silica content was different in salt-
free PEO-silica and salt-added PEO-silica—Li-
ClO, hybrids. In salt-free PEO-silica hybrids, T,
increased and broadened with the increase of the
silica content. In salt-added PEO-silica—LiClO,
hybrids, however, the T, and composition curve
reaches a maximum at 35 wt % of silica content.
This result indicates the existence of decreasing
factors for the T, of the PEO chain resulting from
the increase of the silica content in the case of
salt-added hybrids. The interactions of the PEO
and silica increase with increasing the silica con-

tent in both series of salt-free hybrids and salt-
added hybrids, which was suggested by the obser-
vation that the width of the peak of loss tangent
from DMA increased with the increase of the sil-
ica content. The E’ of the hybrids in the region
>T, increases with increasing silica content for
both PEO-silica and PEO-silica—LiCl0, hybrids.
The effect of silica content on 7', behavior and the
loss tangent suggests that the decrease of T, of
the PEO chain with increasing weight percent of
silica is caused by the decrease of the interaction
between Li* and PEO with increasing weight per-
cent of silica in salt-added hybrids. In the conduc-
tivity and composition curves, the conductivity
shows a maximum value of 3.7 X 10~ ° s/cm, cor-
responding to the sample with a 35 weight ratio of
SiO, for the PEO-based silica networks—LiClO,
system.
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