Physical and Electrochemical Properties of Low
Molecular Weight Poly(ethylene glycol)-Bridged
Polysilsesquioxane Organic-Inorganic Composite
Electrolytes via Sol-Gel Process

C.Y. Yuan,' S. Y. Chen,' J. C. Tang,2 H. C. Yang,3 Y. W. Chen-\{ang1

"Department of Chemistry, Center for Nanotechnology and R&D Center for Membrane Technology,

Chung Yuan Christian University, Chung-Li, Taiwan 32023, Republic of China

’Department of Chemical Engineerinf, Chin Min Institute of Technology, Miaoli, Taiwan 357, Republic of China
*Department of Cosmetic Science and Applications, Chin Min Institute of Technology, Miaoli, Taiwan 357,

Republic of China

Received 28 April 2006; accepted 20 August 2006
DOI 10.1002/app.25367

Published online in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: A new class of ionic conducting organic/
inorganic hybrid composite electrolyte with high conduc-
tivity, better electrochemical stability and mechanical be-
havior was prepared through the sol-gel processing be-
tween ethylene-bridged polysilsesquioxane and poly(ethy-
lene glycol) (PEG). The composite electrolyte with 0.05
LiClOy per PEG repeat unit has the best conductivity up to
10°* S/cm at room temperature with the transference
number up to 048 and an electrochemical stability win-
dow as high as 5.5 V versus Li/Li". Moreover, the effect
of the PEG chain length on the properties of the compos-
ite electrolyte has also been studied. The interactions
between ions and polymer have also been investigated

for the composite electrolyte in the presence of LiClO, by
means of FTIR, DSC, and TGA. The results indicated
the interaction of Li* ions with the ether oxygen of the
PEG, and the formation of transient crosslinking with
LiClOy, resulting in an increase of the T, of the composite
electrolyte. The VTF-type behavior of the ionic con-
ductivity implied that the diffusion of the charge carriers
was assisted by the segmental motions of the polymer
chains. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 103:
2752-2758, 2007
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INTRODUCTION

Solid polymer electrolytes have attracted widespread
interest in recent years. These promising materials are
potential for various applications such as rechargeable
batteries, data storages, sensors, fuel cells, electrochro-
mic, and photoelectrochemical devices.! Recently,
solid polymer electrolytes applied in the lithium poly-
mer batteries are now being widely studied and devel-
oped as rechargeable energy sources, the most impor-
tant of which is for high energy density batteries.*

It is well established that ion conduction takes place
predominantly in the amorphous region, and that
high segmental mobility of the polymers correspond-
ing to low glass transition temperature (T,) ensures
high mobility of the dissociated ions. The increasing
volume fraction of the amorphous domains and the
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decreasing T, appear to be the main path toward
obtaining better ionic conductivity.*”® For these rea-
sons, many researches were conducted regarding the
development of new polymer electrolyte.”

At the same time, low molecular weight poly(eth-
ylene glycol) (PEG) has the above advantage of hav-
ing relatively high ambient ionic conductivity (10*
S/cm), when complexed with alkali-metal salt. How-
ever, their poor mechanical strength cannot satisfy
the requirement for solid-state processing.

Recently, hybrid organic-inorganic solid polymer
electrolytes, called as ormolytes (an abbreviation of
organically modified electrolytes), were demonstrated
to enhance the mechanical, thermal, and chemical sta-
bility as well as ionic conductivity by introducing
inorganic components into these materials.*'® The
ormolyte properties are strongly dependent on the
connectivity of the two phases and the mobility of
both the structure network and the active ionic spe-
cies. This connectivity can be partially controlled by
the chemistry, leading to two main families. In Type I
nanocomposites, hydrogen bonds and van der Waals
interactions associate the organic and inorganic com-
ponents, while in Type II materials, these two phases
are linked together through covalent bonds. Inorganic
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salts can be dissolved in both types of materials,
resulting in good solid polymer electrolytes.

In addition, bridged polysilsesquioxanes are a fam-
ily of hybrid organic/inorganic materials prepared by
sol-gel processing of monomers that contain a vari-
able polymer-bridging group and two or more func-
tional silyl groups. The organic group, covalently
attached to the trialkoxysilyl groups through Si—C
bonds, can be varied in length, rigidity, geometry of
substitution, and functionality. This variability pro-
vides an opportunity to explore how the organic
structural unit contributes to bulk properties such as
porosity, thermal stability, optical clarity, chemical re-
sistance, dielectric constant, and compa’[ibilii:y.&w_22

To enhance the interaction between PEG and the
silica phase, in this study, a series of organic—inor-
ganic composite electrolytes consisting of low molec-
ular weight PEG (M,: 200, 400, and 1000) and
bridged polysilsesquioxanes were prepared by sol-
gel process, using BTSE as the sol-gel precursor. The
as-prepared composite electrolytes not only attained
high ionic conductivity by preventing the formation
of crystalline structure but also attained high me-
chanical strength. The A.C. impedance measurement
was used to obtain the ionic conductivity properties,
the DSC analyses were applied to investigate the
phase transitions in these composite polymer electro-
lytes, and the thermogravimetric analysis were per-
formed to characterize the thermal stability. The ion—
polymer and ion-ion interactions were studied on
the basis of FIIR spectroscopy. Finally, the cation
transport number of the composite electrolytes was
measured to determine the effect of the bridged po-
lysilsesquioxanes silica on the conductivity.

EXPERIMENTAL
Material

Poly(ethylene glycol)s (PEGs, M,,: 200, 400, and 1000,
Aldrich) were dehydrated at 80°C under vacuum
for 24 h before use. Lithium perchlorate (LiClO,,
Aldrich) was dried at 120°C under vacuum for 48 h.
Bis(triethoxysilyl)ethane (BTSE, Gelest, Tullytown,
PA) was used without further purification.

Preparation of the bridged polysilsesquioxane-
containing composite electrolytes

The bridged polysilsesquioxane-containing composite
electrolytes were prepared through sol-gel process.
The concentration of salt is expressed as the molar ra-
tio of the salt fed to the polyethylene glycol repeat
unit, F = [LiClO,]/[EO]. First, the required quantity
of LiClO, was dissolved with an appropriate amount
of PEG (M, 200, 400, and 1000) and water. Then, the
precursor for sol-gel process, BTSE, was added into

the solution in weak acid conditions, stirring and
heating until all the solution became a transparent
monophasic liquid. After this, the solution was
poured on a flat PE plate. Gelation occurred in a few
minutes and the samples were dried slowly in a vac-
uum oven at a proper temperature for at least 6 days
to obtain the composite electrolytes. The dried com-
posite electrolytes were stored in an argon-filled
glove box for further measurements.

Instruments

The ionic conductivities of the electrolytes were deter-
mined by the complex impedance method in the tem-
perature range from 30 to 80°C. The sample was sand-
wiched between stainless steel blocking electrodes
and placed in a temperature-controlled oven at vac-
uum for at least hours before the measurement. The
experiments were performed in a constant-volume cy-
lindrical cell with an electrode area of 1.76 cm®. The
impedance measurements were carried out on a HP
4192A in the frequency range from of 1 Hz to 1 MHz.
The transference numbers were measured using the
technique reported.® The electrochemical cell com-
prised a rectangular piece of composite electrolytes
sandwiched between two nonblocking electrodes
made of lithium foil, measured with an Autolab
PGSTAT 30 potentiostat/galvanostat analyzer.
Infrared absorption spectra were recorded on a
BIO-RAD-FTS-7 with a wavenumber resolution of
4 cm™'. The sample was mixed with KBr and com-
pressed to form a thin film for the measurement. A
SEIKO TG/DTA-220 thermal analyzer (TGA) was
used to measure the thermal stability at a heating
rate of 10°C/min from 30 to 600°C in nitrogen. The
DSC analyses were carried out using a SEIKO SSC-
5200 calorimeter with a heating rate of 10°C/min
from —150 to 100°C under a nitrogen atmosphere.

RESULTS AND DISCUSSION

A series of the composite polymer electrolytes were
prepared on the basis of low molecular poly(ethyl-
ene glycol) (PEG) gelled with bis(triethoxysilyl)-
ethane (BTSE) in different compositions in the pres-
ence of lithium perchlorate (LiClO4) acting as ionic
source. The ethoxysilane groups (=5i—OCH,CHj;)
on BTSE can be hydrolyzed into silanol groups
(=5i—OH) by the 6-equivalent H,O in the presence
of acid-catalyst and subsequently can undergo self-
condensation reactions to produce siloxane bonds
(=5i—0—S5i=). In addition, hydroxyl groups of PEG
are covalently attached to silanol groups of org-
anosilica. A similar behavior has been reported
for TEOS-PEG-LiClO, electrolytes.'’ The apparent
mechanical property of the obtained hybrids de-
pends upon the weight ratio of PEG/BTSE used.
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Crack hybrids are obtained for smaller ratios of PEG
in the material. However, PEG appeared slightly on
the surface of hybrids are obtained for higher ratios
of PEG. The resulted composite electrolytes with the
weight ratio of PEG/BTSE to be 1.5 are transparent
and in good shape over the investigated amounts of
LiCIO4. In this article, the bridged polysilsesquiox-
ane-containing composite electrolytes, BTSE-PEG-
LiClO,, with F = 0.025-0.3 of LiClO, and 1.5 ratio of
PEG/BTSE have been prepared. The properties of
the composite electrolytes are analyzed and dis-
cussed as follows.

FTIR spectroscopy

To investigate the network structure and the effect
of salt concentration on the phase morphology in the
BTSE-PEG-LiCIO4 composite electrolytes, the FTIR
spectra have been measured and analyzed.

Figure 1 shows the FTIR spectra of the BTSE-
PEG200-LiClIO, composite electrolytes with the LiClO,
concentration ranging from F = 0.025-0.3. It is clearly
seen that the characteristic absorption bands for the
—OH and —C—O—C— stretching vibrations are
observed at 3700-3150 ecm™' and 1200-1050 cm ',
respectively. The absorption band at ~ 1034 cm ' is
assigned to the asymmetric stretching of Si—O—Si.
The band observed at around 942 cm ™" is the character-
istic vibration of the symmetric ClO, stretching of the
solvent-separated ion pairs [Li(PEG),ClO4 12*%® The
weak band at ~ 880 cm !, which is the characteristic of
the metal-oxygen breathing motion, and provides evi-
dence for the formation of EO salt and crown ether
complexes.”®” The band at 625 cm " is assigned to the
stretching modes of free ClO; ion.® As evidenced from
Figure 1, it is obvious that as the concentration of
LiClO, salt in the composite polymer complexes
increases, the frequencies and intensities of the charac-
teristic bands change significantly, indicating that intro-
duction of the salt in the composite electrolytes can
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Figure 1 FTIR spectra of BTSE/PEG200 polymer electrolytes.
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Figure 2 FTIR spectra of the C—O—C stretching for
BTSE/PEG200 polymer electrolytes.

change the intermolecular interactions. In addition,
a further hydroxyl stretching vibration is detected
around 3250 cm™! for each composite electrolytes,
which can be ascribed to the O—H stretching vibration
of the hydroxyls hydrogen-bonded to —OH groups.*

Moreover, the decrease in the position of the
C—O—C stretching maximum in the 1100-1110 cm ™"
can be noticed with an increase in the salt concentra-
tion in Figure 2. The downshift of the maximum of the
C—O—C stretch evidenced the formation of the poly-
mer-salt complex, which is connected with the forma-
tion of the transient crosslinks in the electrolyte.>*

In Figure 3, the spectra obtained for the BTSE-PEG-
LiClO, composite electrolytes in the 600-650 cm '
range is shown. The v4 (ClO; ) envelope can be sepa-
rated in two contributions with the maximum at 625
and 636 cm ' The 625 cm ™' band to the spectro-
scopically free anions and the 635 cm ' mode to the
bound or contact ClO; were confirmed by the fol-
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Figure 3 FTIR spectra of the ClO; absorbance for BITSE/
PEG200 polymer electrolytes.
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Figure 4 Changes in the maximum of the C—O—C
stretching for BTSE/PEG200 as a function of F.

lowing report.’" The 625 cm ™' constitutes the solvent-
separated ionic clusters of —OH......... ClOyg, the
solvent-separated ion pairs of Li*......... ClOy4, and
the solvent-separated dimers of contact ion pairs. The
bound ClO; consists mainly of contact ion pairs or
aggregates.31

In Figure 4, the ratio of the area under the 625 cm™
mode to the total area under the v4 (ClO;) envelope
is shown as a function of salt concentration for com-
posite electrolytes. The fraction of free ions decreases
with an increase in salt concentration up to F = 0.1,
and then increases slightly for higher salt concentra-
tions, attributed to the redissociation of free ions
occurring at high salt concentrations.*

1

Thermal analysis

DSC was utilized to examine the effect of LiClO, on
the thermal transitions of the BTSE-PEG-LiClO, com-
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Figure 5 DSC thermograms of the BTSE-PEG1000-LiClO,
composite.

TABLE I
Glass Transition Temperature (T) (in °C)
of the Composites

F (molar ratio)/ BTSE- BTSE- BTSE-

sample PEG200 PEG400 PEG1000
0.025 —74.0 —65.0 -
0.05 -72.9 —62.6 —55.0
0.1 —58.2 —54.4 —43.4
0.2 —64.3 -56.7 -229
0.3 —55.7 —47.7 —294

posite electrolytes. Figure 5 shows the DSC thermo-
grams of the BTSE-PEG1000-LiClO, composite elec-
trolytes. It is seen that the thermogram varied with
the F value. For the composite electrolytes with F <
0.05, the heat capacity of the endotherm occurred at
the melting temperature (around 23°C) indicating
the destructure of ordering within the crystalline
domains. F = 0.1 was reduced, with increase of the
F value, the endotherm of the composite electrolyte
is no longer discernible, but the glass transition is
clearly seen. This phenomenon was not found in the
PEG200 and PEG400 electrolyte systems, indicating
that the structure of both is amorphous. As reported
in Table I, the T, increased as the salt concentration
increases and reaches a maximum temperature at
F = 0.2, suggesting that the local motion of the
polymer segments was retarded due to the forma-
tion of the transient crosslinks among the solvated
lithium ions and the ethylene oxide segments of the
polymer. The irregular variation of T, at higher salt
concentration region may be attributed to the forma-
tion of ion pairs or ion clusters at high salt con-
centration, which reduced the ability to form ionic
crosslinks.

Further more, Figure 6 shows that with the same
salt content (F = 0.05), T, increases with the PEG
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Figure 6 DSC thermal curves of the BTSE-PEG-based
composite polymer electrolytes with F = 0.05.
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Figure 7 TGA thermograms of the BTSE-PEG-based com-
posite polymer electrolytes with F = 0.05.

chain length in the composite electrolytes, implying
that more transient crosslinks were formed in the
composite electrolyte with longer PEG chains. So,
the low T, of composite electrolyte results in low
ionic conductivity as shown below.

Thermogravimetric analysis (TGA) was used to
measure the thermal stability of the composite elec-
trolytes. Figure 7 shows the weight loss behaviors of
the undoped and LiClO4-doped BTSE-PEG compos-
ite electrolytes, investigated by TGA scanning from
30 to 600°C under nitrogen. As can be seen, Tse, of
the undoped composite electrolytes, the temperature
at which 5% weight is lost, was lower than that of
LiClO4-doped composite electrolytes. This is ascribed
by the transient crosslinking, caused by the interac-
tion of Li* ions with the oxygen of the polymer ma-
trix.* In addition, the Tso, value was increased with
an increase of PEG polymer chain.

Ionic conductivity measurements

The ionic conductivities of all the composite electro-
lytes were determined by means of impedance spec-
troscopy using gold as blocking electrodes in the
temperature range from 30 to 80°C. From the Z” ver-
sus Z' plot, ionic conductivity values were calculated
at each temperature from the value intercept with
the real axis.

The ionic conductivity data obtained as a function
of LiClO4 concentration at 30°C are shown in Figure
8. It shows an increase in conductivity with LiClO,4
salt concentration of F < 0.05 and a maximum con-
ductivity (1.4 x 10°*S/cm) at F = 0.05 for the BTSE-
PEG200 system. This result is similar to the maxi-
mum conductivity reported by Dahmouche et al.'*
for TEOS-PEG-LiClO, composite electrolytes. Follow-
ing the maximum, the conductivity decreases for
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higher salt concentration. This is attributed to the
reflection of two opposite effects, the increase in the
number of charge carriers and the decrease in the free
volume.** As the concentration of salt is increased,
the number of charge carriers is also increased, but
the average free volume is decreased due to the
increase in T, as discussed above. Hence, in the low
concentration range, the conductivity mainly depends
on the number of charge carriers Hence, the conduc-
tivity is increased with an increase in salt concentra-
tion. When the salt concentration reaches the concen-
tration of F = 0.05 or more, the decrease in the free
volume becomes more pronounced than the increase
in the number of charge carriers. The lower fraction
of free volume is no longer compensated by the con-
tinuous increase in the number of charge carriers.
This results in decrease in conductivity with an
increase in salt concentration at higher salt concentra-
tion range. Besides, the decrease in conductivity at
higher salt concentration is also related to the forma-
tion of ion pairs and aggregates, which tend to favor
with increasing salt concentration.

Figure 8 also shows the decrease of the conductiv-
ity as the PEG molecule weight was increased. The
PEG chain mobility was decreased when the poly-
mer chain length increased. Because of the absence
of chemical bonds between the networks and the
polymeric phase, which has a liquid-like behav-
ior'* with the configuration the interaction be-
tween the polymer chains themselves is less when
the chains are short. Hence, their mobility is higher
than that of long PEG chains.

Figure 9 shows the temperature dependence of
ionic conductivity of the BTSE-PEG200-LiClO; com-
posite electrolytes. The nonlinear dependence of con-
ductivity with temperature can be best explained
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Figure 8 Change in conductivity of the BTSE-PEG-LiClO,
composite polymer electrolytes with different salt concen-
trations.
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Figure 9 VTF plots of ionic conductivity of the BTSE-
PEG200-LiClO, composite polymer electrolytes with differ-
ent lithium salt concentrations.

with the Vogel-Tamman-Fulcher (VTF) relationship,
where the transport of charge carrier is considered
to be coupled with the segmental motion of the
polymer host.

o(T) = AT ?exp|—B/ky(T — To)]

where A is a constant proportional to the number of
carrier ions, B is the pseudo activation energy
related to the polymer segmental motion, k; is the
Boltzmann constant, and T is a reference tempera-
ture at which the configurational entropy of the
polymer becomes zero and is close to the glass tran-
sition temperature.

Transference number measurements

The transference number of lithium (t") was calcu-
lated according the method reported.”® The measure-
ment is carried out on a symmetrical cell having
nonblocking electrodes, where the composite electro-
lytes with different molecular weight were sand-
wiched between two lithium electrodes. As noticed
in Table II, the t" value decreased with decreasing
polymer chain length, indicating that the highly
resistive passivation layers were formed on lithium
electrode.”® The result suggests that the as-prepared

TABLE II
Electrochemical Properties of the Samples
(at F = 0.05) at Room Temperature

Electrochemical
Sample tt stability window (V)
BTSE-PEG200 0.43 4.0
BTSE-PEG400 0.44 54
BTSE-PEG1000 0.48 55

2757
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Figure 10 Linear sweeping voltammetry of BTSE/PEG/
F0.05.

composite electrolyte with shorter PEG polymer chain
contained much more residual —OH groups than that
with longer PEG polymer chain, formed passivation
layers more easily on the lithium electrodes.

Electrochemical stability window

An important parameter in the characterization of a
given polymer electrolyte is the electrochemical sta-
bility window, especially in view of applications for
lithium/polymer batteries. The parameter of the as-
prepared composite electrolytes were determined by
the linear sweep voltammetry on a cell containing
the composite electrolyte sandwiched between a
stainless steel working-electrode and a lithium coun-
ter-electrode. The potential of current onset may be
regarded as the breakdown voltage of the electrolyte.
Figure 10 shows the results for the BTSE-PEG-LiCIO,
composite electrolytes with different molecular
weight of PEG. As seen, the potential window was
above 4.0 V for all the samples, indicating that all
the as-prepared composite electrolytes had an elec-
trochemical stability window of at least 4.0 V. As
listed in Table II, the voltammetry of electrochemical
stability window increased with increasing PEG mo-
lecular weight. The PEG1000-containing composite
electrolyte is up to about 5.5 V versus Li/Li*. In
addition, the organosilica network acts as a stabi-
lizer, enhancing the electrochemical stability of the
PEG phase.

CONCLUSIONS

A new class of ionic conducting organic/inorganic
hybrid composite electrolyte has been synthesized
from ethylene-bridged polysilsesquioxane and poly(-
ethylene glycol) by the sol-gel process. The inter-
penetration of these two phases in the nanometer
range shows that PEG chains are bonded and interact

Journal of Applied Polymer Science DOI 10.1002/app
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to the silicon atoms to produce organosilica clusters,
which could explain the polymeric behavior ob-
served in the DSC measurements. The excellent
phases lead to electrolytes with transparency, better
thermal stability and mechanical behavior than for
pure polymeric systems. The best conductivity
obtained at the LiClO, concentration of F = 0.05 is
up to 1 x 107* S/cm. The decrease of the conductiv-
ity as a function of the PEG chain length is found.
The temperature dependence of conductivity of the
composite electrolytes follows VTF equation in the
temperature range of 30-80°C, implying the diffu-
sion of charge carrier is assisted by the segmental
motions of polymer chain. The cation transference
number depends upon residual —OH formed from
PEG polymer chain reacting with silanol groups.
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