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Visualization of particle distribution in composite
polymer electrolyte systems
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Abstract

A simple visualization method is developed to enable the imaging of the distribution and agglomeration of ceramic fillers in composite
polymer electrolytes by scanning electron microscopy (SEM). Solvent-free composite electrolytes based on poly(ethylene oxide) (PEO),
LiBF4 and SiO2 particles are used as examples. The SiO2 particles are stained by a heavy element (Pb) to enhance the imaging contrast
between the particles and their surroundings. Modified SiO2 from a silanization reaction where most of the surface OH groups has been
replaced by Si-phenyl groups is also used to reduce the Lewis acid–base interactions between the ceramic fillers, the polymer and the Li
salt. Although nearly the same particle size and particle distribution are found for SiO2 and modified SiO2 in PEO, the two composite
electrolyte systems exhibit remarkably different electrochemical transport properties. The difference can, therefore, be unambiguously
attributed to the benefit of Lewis acid–base interactions.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Polymer electrolytes are solid solutions of organic or
inorganic salts in polymers where the segmental motion
of the polymer chains is the primary driving force for ion
conduction[1,2]. Among the polymer electrolytes of prac-
tical interest, the poly(ethylene oxide)-lithium (PEO-Li)
system is most promising for applications in rechargeable
lithium batteries. PEO excels as a polymer host because of
its commercial availability, its high solvating power for the
lithium ions and its compatibility with the lithium electrode.
On the other hand, the ionic conductivity of PEO-based
electrolytes at room temperature (σ < 10−7 S cm−1 at
25◦C) is too low to be useful[1,2]. The ionic conductivity
has been enhanced by various means[3–18], but one of
the most promising methods is to add fine ceramic fillers
such as TiO2, SiO2, Al2O3, ZrO2 to the polymer[19–27].
The enhancement is believed to be due to the combination
of: (i) the amorphitization of PEO; (ii) Lewis acid–base
interactions between the ceramic fillers, the PEO chains,
and the counter ions that result in greater ionization of the
lithium salt in PEO and the faster transport of lithium ions
through the electrolyte[22,28–30]. The effects of particle
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size and the nature of the ceramic filler on the proper-
ties of the composite electrolytes have also been reported
[24,25,31–33].

Despite the above studies, there is no simple method for
visualizing the particle morphology and the state of parti-
cle dispersion in the polymer electrolytes. The use of com-
positional imaging by backscattered electrons in a scanning
electron microscope[34] has only met with limited success.
In this work, SiO2 particles have been stained by lead to
enhance the imaging contrast between the ceramic particles
and their surroundings when examined by scanning electron
microscopy (SEM). Two types of SiO2 particles have been
used, namely, commercial SiO2 particles and SiO2 particles
which have been modified to remove most of the surface
OH groups. The modified SiO2 is expected to replicate al-
most all aspects of the SiO2 functionalities except Lewis
acid–base interactions. The particle size is not altered by the
surface modification and if the Pb-staining technique indi-
cates nearly similar particle distribution in PEO, then the dif-
ference in electrochemical transport properties between the
two composite polymer electrolyte systems can only arise
from Lewis acid–base interactions. The experimental results
can then be used to deduce the relative importance of the pas-
sive (fillers as polymer amorphitizers, strength enhancers,
and impurity getters) and electronic (Lewis acid–base inter-
actions) effects of SiO2 addition.
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2. Experimental

2.1. Materials

Poly(ethylene oxide) (PEO, MW= 900,000), high
surface area SiO2 (390 m2 g−1, particle size = 7 nm),
triethylamine (Et3N), LiBF4, Pb(NO3)2, tetrahydrofuran
(THF), and NaBH4 were supplied by Aldrich and used
without further purification. Acetonitrile (gradient grade)
from Merck was used as the solvent in casting polymer
electrolyte membranes. Toluene (99.9%) was supplied by
Baker. Phenyltrimethoxysilane (PMOS, 97%) from Fluka
was used as the silanization agent to remove the surface
OH groups on SiO2.

2.2. Modification of SiO2

The OH groups on the SiO2 surface are reactive in
silanization reactions and can be removed. In a typical ex-
periment, 500 mg of SiO2 and 1 ml PMOS were dispersed
in 50 ml of toluene together with 0.15 ml of Et3N added as
catalyst. The resulting mixture was stirred at room temper-
ature under an argon atmosphere for 24 h. The SiO2 was
recovered as a moist slurry after centrifuging the mixture at
15 000 rpm for 15 min. The slurry was washed with THF,
re-dispersed in THF and re-centrifuged several times in
order to remove excess PMOS. The slurry was dried to a
powder in vacuum at 60◦C for 72 h, and stored in a M
Braun glove-box in which the moisture and oxygen contents
were each below 1 ppm. Untreated SiO2 was also dried in
vacuum and stored in the glove-box for comparative studies.

2.3. Characterization of modified SiO2 powders

The modified SiO2 particles were characterized by
Fourier-transform infrared spectroscopy (FT-IR), thermo-
gravimetry analysis (TGA) and element analysis. FT-IR
spectra were obtained on a Bio-Rad FTS 135 spectrome-
ter. Each spectrum was the result of 16 scans in the range
400 to 4000 cm−1 sampled at 8 cm−1 resolution. Thermo-
gravimetry analysis of samples was carried out using a TA
Instruments TGA 2090 analyzer with temperature ramping
from room temperature to 800◦C at a rate of 10◦C per min.
A PE 2400 Series II CHN analyzer from Perkin-Elmer was
used to determine the carbon and hydrogen contents in the
samples.

2.4. Preparation of composite electrolyte membranes

The following procedures were carried out in the M Braun
recirculating argon glove-box. Calculated amounts of PEO,
LiBF4 and SiO2 (or modified SiO2) were dissolved and dis-
persed in acetonitrile at 40◦C and stirred continuously for
12 h to obtain a homogeneous suspension. The molar ratio of
EO to Li was fixed at 8:1 for all samples. The solution was
cast on to a flat polytetrafluoroethylene (PTFE) petri dish

and covered. The solvent was allowed to evaporate slowly
and the resulting membrane was dried at 40◦C for 2 to 3
days until a constant weight was reached. Homogeneous and
mechanically stable membranes with thickness in the range
60 to 80�m could be obtained this way.

2.5. Visualization of SiO2 particles in polymer electrolyte
membranes

In this work, an attempt is made to visualize the size,
the morphology, and the distribution of SiO2 particles in
the polymer electrolyte by staining the particles with Pb, a
heavy element rich in electrons, to interact with the inci-
dent analytical electron beam to enhance the imaging con-
trast between SiO2 and the polymer. The following staining
procedure was used. Five hundred milligrams of SiO2 and
39.96 mg Pb(NO3)2 were ultrasonically dispersed in 20 ml
distilled water for several hours to obtain a homogeneous
suspension. Excess NaBH4 solution was slowly introduced
to the mixture to reduce Pb(II) to Pb(0). The precipitated
lead was preferentially adsorbed by the suspended ceramic
particles because of their large surface area. The loading of
lead in SiO2 according to EDX measurements was 4 wt.%.
The lead-stained SiO2 was recovered, repeatedly washed by
water and then by THF, dried in vacuum for 72 h, and fi-
nally transfer to the M Braun glove-box. A small amount of
the homogeneous composite electrolyte solution containing
the lead-stained SiO2 particles was dropped on to a SEM or
TEM copper grid. The grid was attached to a spin-coating
machine (Cost Effective Equipment- Model 100) and spun
at 2000 to 2500 rpm for 30 to 60 s to obtain thin films. For
SEM examination, the surface of the thin film was coated
with a layer of platinum to reduce the electrostatic charg-
ing of non-conducting samples. Before TEM imaging, a
thin film of amorphous carbon was deposited on the sample
for further protection and stabilization during exposure to
the electron beam exposure. A JSM-5600 LV scanning elec-
tron microscope (SEM) operating at 15 kV, and a JEM-2010
transmission electron microscope operating at 200 kV were
used for SEM and TEM characterizations of morphology
and microstructures.

2.6. Measurements of electrochemical properties

Electrochemical measurements were carried out using
blocking SS/composite electrolyte/SS cells (SS= stainless
steel). An Eco Chemie PGSTAT 30 potentiostat/galvanostat
equipped with a frequency response analyzer module was
used to obtain the electrochemical impedance of samples
between 30 and 90◦C. Ionic conductivity was calculated
from the impedance response using a widely-accepted
equivalent circuit model and extracting the bulk resistance
of the electrolyte from the high frequency response[35–37].

For the measurement of Li+ transference numbers, lith-
ium metal was used for both electrodes to constitute a sym-
metric test cell with the configuration of Li|electrolyte|Li.
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The electrochemical impedance was first measured before
a d.c. bias of 10 mV was applied to the cell. The cur-
rent response of the cell was monitored over time until a
steady-state was reached. Another measurement of the cell
impedance was them made to complete the procedure. The
data were then analyzed by the method reported in[38].

3. Results and discussion

3.1. Characterization of modified SiO2

Ceramic particles, such as SiO2, Al2O3, and TiO2, have
been used as polymer fillers in order to obtain composite
materials with enhanced properties (mechanical, thermal,
electrical, and magnetic). It has been shown[39,40] that
the surface modification of these particles can improve the
compatibility and adhesion between the ceramic particles
and the polymer matrix.

The surface OH groups of commercial SiO2 can be re-
moved by the following silanization reaction:

FT-IR provided the evidence of successful displacement
of the surface OH groups on SiO2. The transmission IR
spectra of pristine SiO2, modified SiO2 and PMOS in the
wavenumber range 500 to 4000 cm−1 are shown inFig. 1.
The strong infrared absorption broad band with an absorp-
tion maximum at 3435.92 cm−1 was used to fingerprint the
presence of OH groups on the silica surface. Absorption
in this spectral region is greatly reduced after the PMOS
modification. In addition, peaks began to appear at 1431.99
(stretching vibration of Si-phenyl), 741.78, and 698.32 cm−1
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Fig. 1. FT-IR spectra of: (a) pristine SiO2, (b) PMOS-modified SiO2, (c)
PMOS.

Table 1
Elemental analysis of SiO2 before and after PMOS modification

Carbon (wt.%) Hydrogen (wt.%)

Before modification 0.71 0.71
After modification 17.48 1.71

(out-of-plane C–H vibrations of the benzene ring) which
correspond well with the Si-phenyl vibration of PMOS[41].
The sharp decrease in the OH intensity after the PMOS
modification can be attributed to the reactions between the
OH groups of SiO2 and PMOS. It is unlikely that all the
OCH3 groups have reacted because there is still absorption at
2944.8 and 2844.5 cm−1 which is generally associated with
the asymmetric and symmetric CH stretching of Si-OCH3
[42].

These observations, when analyzed collectively, confirm
that the silanization reaction has successfully displaced most
of the OH groups on the SiO2 surface and replaced them
with Si-phenyl groups.

Elemental analysis by CHN and TGA were used to esti-
mate the extent of OH displacement. Based on the results
listed inTable 1, the amount of carbon in the untreated SiO2
is negligible. After silanization, the carbon content in SiO2
is increased to 17.48 wt.%. The C:H atomic ratio agrees well
with the ratio for a phenyl group. The grafting density is es-
timated to be 18.7 wt.% based on these data. The extent of
surface modification can also be deduced from the weight
loss after the organic moieties in SiO2 are completely burnt
off at sufficiently high temperatures.

The TGA curves for untreated and modified SiO2 are
shown inFig. 2(a) and (b), respectively. For the former, the
3% weight loss between 30 and 250◦C can be attributed
to the desorption of physi-sorbed water. At higher temper-
atures, the OH groups on the surface begin to decompose
and this accounts for the further weight loss of about 2% in
the temperature range 250 to 800◦C. In the case of modi-
fied SiO2, the weight loss between 30 and 250◦C can like-
wise be attributed to the removal of water. The weight loss
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Fig. 2. TGA curves for: (a) pristine, (b) modified SiO2.
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between 250 and 800 ◦C is significantly higher at 17.7 wt.%,
as expected from the thermal decomposition of the organic
moieties. This number is fairly close to the elemental anal-
ysis results, and indicates that almost all of the surface OH
groups have been replaced by Si-phenyl groups.

3.2. Visualization of SiO2 particles in composite polymer
electrolyte membranes

It is well known that PEO-based composite electrolytes
have multiphase features when they are prepared by film

Fig. 3. Scanning electron micrographs of: (a) PEO with unstained pristine SiO2, (b) PEO with stained pristine SiO2, (c) PEO with stained-modified SiO2.

casting and the compatibility between the polymer and the
ceramic fillers has great influence on the properties (ther-
mal, mechanical and optical) of the polymer electrolytes.
Normally, three to four phases co-exist in the PEO-based
electrolytes, namely, the crystalline PEO phase, the crys-
talline PEO lithium salt complex phase, the amorphous PEO
phase, and the ceramic phase. SEM is often used to assess
the compatibility between the various phases through the de-
tection of phase separations and interfaces [34,43–47]. Al-
though the size of the ceramic fillers can be at the nanoscale
level (10 nm), it is prudent to investigate whether the ceramic



S. Zhang et al. / Journal of Power Sources 126 (2004) 125–133 129

Fig. 3. (Continued).

fillers remain as separate primary particles, or are coagulated
by the processes involved in the fabrication of composite
polymer electrolytes. There have been very few reports of
the size and the morphology of the particles after dispersal
in polymer electrolytes.

Generally, the distribution of silica particles in PEO is
difficult to visualize by SEM since the two phases do not
differ significantly in their ability to radiate secondary elec-
trons upon incidence by the analytical electron beam. In this
work, the silica particles are stained by a heavy element
(Pb) to increase the number of electrons that can interact
with the incident electron beam, and hence will improve the
contrast between SiO2 and the polymer in electron micro-
graphs.

An electron micrograph of unstained SiO2 in PEO is pro-
vided in Fig. 3(a) as the control. The enhancement of the
contrast of the micrograph after silica is stained by lead is
demonstrated in Fig. 3(b) and (c). It is interesting to note
that both the particle size and particle size distribution of
untreated and modified SiO2 in PEO are quite similar. This
indicates that the silanization modification has not caused
any compatibility issue between the ceramic fillers and the
polymer.

Transmission electron microscopy may also be used if
the membrane sample is sufficiently thin, to allow the pas-
sage of electrons. From the images shown in Fig. 4, it
is apparent that the silica particles, with or without mod-
ification, have agglomerated to form a loose, open, net-
work structure which is much greater than the 7 nm primary
particles.

Lewis acid–base interactions [22,23,26] have been used
to rationalize the benefit of ceramic particle addition to

polymer electrolytes. It is assumed that the surface groups
of the ceramic fillers serve as cross-linking centres for PEO
segments and anions, which thereby lowers the tendency
for PEO reorganization and promotes structural modifi-
cations to the polymer. Facilitated conduction pathways
(‘effective media’ [48,49]) are, therefore, established for
lithium ions close to the particle surface. The formation of
complexes between the ceramic particles and the electrolyte
ionic species also lead to greater lithium salt dissociation.
These complexes are unlikely to contribute to the increase
in conductivity because of their relatively large mass. The
local diffusion within the amorphous polymer matrix is,
however, helpful to lithium ion transport, as shown by the
higher experimental values of Li+ transference numbers
relative to the ceramic-free electrolytes [26]. The networked
particles shown by the TEM images could also be seen as
a connected effective medium which further facilitates Li
ion transport. The honeycomb-like ceramic particles pro-
vide not only provide a larger surface to form numerous
ion-ceramic complexes, but also the volume needed to ac-
commodate the PEO that has permeated into the ceramic
particles, so as to supply additional conduction channels for
the transport of lithium ions [37,50].

The ability to map particle morphology, distribution, and
connectivity can add to the understanding of ion transport
in a composite electrolyte system. In this work, the addition
of modified or unmodified SiO2 particles has not resulted
in any noticeable changes to the physical state of the par-
ticles and their distribution in the polymer. Modified silica,
however, due to the lack of surface OH groups, is unable to
interact chemically with the Li salt or the PEO chains. Its
main, and perhaps sole, functionality is to serve as an inert
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filler which inhibits crystallization of the polymer. Pristine
SiO2 particles, on the other hand, are chemically active, and
may influence salt dissociation and the transport of Li+ ions
through the polymer via Lewis acid–base interactions. The
difference in electrochemical properties between the two
composite electrolyte systems, if any, can then be attributed
to Lewis acid–base interactions since the two systems have
nearly the same particle distribution.

Fig. 4. Transmission electron micrographs of: (a) PEO with unstained pristine SiO2, (b) PEO with stained pristine SiO2, (c) PEO with stained-modified
SiO2.

3.3. Electrochemical properties of composite polymer
electrolytes

For conductivity measurements using two blocking elec-
trodes, the following equation may be used:

σ = d

Rbr2π
(1)
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Fig. 4. (Continued).

where, d and r are the thickness and the radius of the sample
membrane discs, and Rb is the bulk resistance of the com-
posite electrolyte obtained from complex impedance mea-
surements. It is widely accepted that Rb can be obtained
from the intercept on the real axis at the high frequency end
of the Nyqisut plot of complex impedance [35,36].

The difference between the temperature dependence of
the ionic conductivity of SiO2 and modified SiO2 composite
polymer electrolytes, as shown in Fig. 5, is within expec-
tation. The increase in ionic conductivity with temperature

1.0E-09

1.0E-08

1.0E-07

1.0E-06

1.0E-05

1.0E-04

1.0E-03

2.7 2.8 2.9 3 3.1 3.2 3.3 3.4

1000/T (1000/K)

Io
ni

c 
C

on
du

ci
vi

ty
 (

S/
cm

)

SiO2

M-SiO2

Ceramic-free

Fig. 5. Temperature-dependence of ionic conductivity.

up to the melting point of PEO is a well-understood phe-
nomenon. For unmodified SiO2, the interactions between
the hydroxyl groups on the silica surface and the ether
oxygen atoms of the polymer chains will weaken the
co-ordination bonds in the ether O:Li complex, and result
in higher Li+ ion mobility. The same Lewis acid–base in-
teractions also amorphitize the polymer locally around the
ceramic particles, which creates more effective conduction
pathways for the lithium ions. This can be clearly seen
in Fig. 6 at temperatures below the melting point (about
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68 ◦C). The polymer is crystalline and hence the con-
ductivity of the ceramic-free polymer electrolyte is lower
than that doped with the ceramic particles. In the temper-
ature range 30 to 60 ◦C the conductivity is higher with
unmodified SiO2 because of the above-mentioned Lewis
acid–base interactions. As the density of OH groups is
lower in the modified system, the Lewis acid–base inter-
actions are moderated accordingly. This effect is also seen
above the PEO melting point, where PEO turns completely
amorphous.

The surface OH groups also interact with BF4
− anions

to form hydrogen bonds of the type F∼H–O, which hinder
the movement of the anions. For the modified SiO2 system,
the interaction will be reduced because of the lower density
of the hydroxyl groups on the surface. Additionally, the
phenyl groups introduced by silanization can impose steric
hindrance to impede ion transport. This is most easily seen
by expanding the high temperature region (60–90 ◦C) of
Fig. 6. While the polymer in this temperature region is com-
pletely amorphous, the ionic conductivity in the composite
electrolyte is still higher with the SiO2 addition, which is
an indication that the function of SiO2 is more than the
amorphitization of the polymer. On the other hand, there
is a decrease in ionic conductivity with temperature when
modified SiO2 is used. This can be explained as follows.
The modified SiO2 particles carry phenyl (-Ph) groups
besides OH groups on their surface. As the phenyl group
is immiscible with the ethylene oxide unit because of the
rather different solubility parameters, there will be phase
separation gaps in the vicinities of the modified SiO2 par-
ticles, especially at low temperatures. It is likely that such
gaps facilitate, to a certain extent, the migration of Li ions
because the PEO segments exposed to the gap can gain a
higher degree of freedom. Lithium conductivity is, therefore,
boosted through creeping at these boundary segments. With
increasing temperature, the gap shrinks steadily because of
improved miscibility between the two moieties. At the mo-
ment when the gap disappears, the physical entanglement
between polymer chains and the bulky-Si (Ph) groups will
impede the segmental motions (rotations along a variety of
axes) of PEO chains. This interfacial effect will be passed
on to the bulk phase of PEO, and hence will drag down the
mobility so that the rate of transport of Li ions is severely
decreased.

The lithium transference numbers in the SiO2 and modi-
fied SiO2 systems were also measured to determine the rel-
ative contributions of cations and anions to the overall con-
ductivity. The transference numbers were calculated by the
method of Evans et al. [38]. The decrease in current from
t = 0 to the steady-state after the potential of the symmet-
ric test cell was stepped up is the result of two concurrent
processes: (i) the growth of passivation layers on the lithium
electrode to a limiting thickness; (ii) the establishment of a
concentration gradient in the electrolyte which affects the
motion of the ions. The following equation is used to cal-
culate the transfer numbers after taking these effects into

Table 2
Li transference numbers for PEO composite electrolytes with pristine and
PMOS-modified SiO2

Sample Li transference number (T+)

10%SiO2-PEO 0.24–0.26
10% modified SiO2-PEO 0.15–0.20

consideration [38]:

T+ = Is(�V − I0R0)

I0(�V − IsRs)
(2)

where, �V is the value of the applied d.c. bias (10 mV); R0
and Rs are the initial and steady-state resistances of the pas-
sivation layer obtained from complex impedance measure-
ments; I0 and Is are the initial and steady-state currents. The
calculated transference numbers are given in Table 2.

The Li transference number in the composite electrolyte
is an indication of the cationic mobility, which is influ-
enced by the interactions between lithium ions, anions,
ether oxygen atoms. and the surface groups of the ceramic
particles. The hydrogen bonding between the hydroxyl
groups of the ceramic particles and the BF4

− anions or the
ether oxygen atoms of PEO is expected to constrain the
movement of BF4

− anions, even though such interactions
might be relatively weak and subtle. The competition be-
tween the hydroxyl groups and lithium ions for binding
with the ether oxygen atoms of PEO, on the other hand,
should promote lithium ion transport [19,26]. These mech-
anisms, considered collectively, predict a higher Li trans-
ference number for systems with high OH densities. For
the modified SiO2 system where the particles contributed
primarily to the amorphitization of the polymer without the
above-mentioned acid-based interactions, the Li transfer
number will be lower even though the ionic conductivity
can still be higher than a ceramic-free system.

For the pristine SiO2-PEO systems, the transference num-
ber is calculated to be 0.25. The transference number for
modified SiO2-PEO systems is lower, at 0.18. These num-
bers fall within the typical range for PEO-based polymer
electrolytes (T+ = 0.1 to 0.3 approximately) [51]. The
higher transference number of the former, together with the
observed higher ionic conductivity, are indications of in-
creased salt dissociation and increased lithium ion mobility
in the Polymer which are attributable to the Lewis acid–base
interactions between the surface OH groups, the oxygen on
the PEO, and BF4

−. The low Li+ transference number and
low ionic conductivity in the modified SiO2-PEO system can
be categorically assigned to the lack of such interactions.

4. Conclusions

The agglomeration and distribution of ceramic particles
in composite electrolytes can be visualized by staining
the particles with a heavy element to increase the contrast
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between the particles and their surroundings in scanning
electron micrograph. This visualization method is used to
understand the difference between two composite polymer
electrolyte systems based on PEO, LiBF4, and SiO2 In one
of the systems, the OH groups on the SiO2 filler are re-
placed by inactive phenyl groups in a silanization reaction
with the purpose of reducing the Lewis acid–base inter-
actions between the ceramic particles, the polymer host,
and the lithium salt. The two types of SiO2 particles have
similar morphology and dispersion in the polymer, and are
expected to amorphitize the polymer to the same extent.
Measurements of electrochemical transport properties show
that the conductivity of lithium ions is higher in SiO2-PEO
than in modified SiO2-PEO. The ranking of the transference
number follow the same order. While the difference may
be unambiguously attributed to the dissimilarity in ceramic
surface groups which affects the Lewis acid–base interac-
tions in the composite electrolytes, the decrease in conduc-
tivity with temperature for the modified SiO2-PEO system
between 60 and 90 ◦C can only be speculated as arising
from the steric hindrance of the phenyl groups on the silica
surface.
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