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Abstract

This paper discusses the effects of a colloidal phase on the ionic conductivity and transport mechanism in liquid and polymer electrolytes.
The conductivity enhancement due to the addition of diverse ceramic colloids is attributed to the formation and existence of double layers.
These colloids and associated double layers also lead to time-dependent conductivity variation in a certain temperature range. Annealing
and physical aging effects on conductivity originate from the existence and displacement of the double layer surrounding each colloidal
particle. It has also been suggested that one can design and develop electrolytes for specific applications by selecting three critical elements:
a conducting ion, a transport medium, and a network of double layers in a colloidal or composite electrolyte.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Electrolytes are of profound interest to chemists and en-
gineers because of their application in electrochemical de-
vices such as fuel cells, batteries, sensors, and displays.
Presently, liquid electrolytes are the mainstay of many elec-
trochemical devices; however, a need exists for solid elec-
trolytes as substitutes for liquid electrolytes employed in
the state-of-the-art electrochemical devices. The solid elec-
trolytes provide many advantages over the liquid electrolytes
such as ease of containment, thermal and chemical stabili-
ties, and nonflammability. The colloidal and composite sys-
tems have the potential to develop tailored solid electrolytes
with improved performance to cover a wider range of device
application temperatures.

In a recent paper, Kumar and Rodrigues[1] reported elec-
trochemical properties of colloidal electrolytes that are in-
herently liquid electrolytes in which nanosize ceramic par-
ticles are uniformly suspended. The presence of colloids
in the liquid electrolytes creates a charged double layer of
colloid–liquid interfacial regions which are believed to be as-
sociated with low migration energy of conducting ions. The
conductivity and temperature dependence of these colloidal
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electrolytes are attractive for potential applications. Above
the melting point,Tm, these colloidal electrolytes perform
like a liquid electrolyte, whereas below theTm they exhibit
attributes characteristic of high conductivity composite elec-
trolytes. The transition from colloidal to a solid composite
phase and the associated effect on conductivity are intrigu-
ing features discussed in this paper. To our knowledge, this
has not been reported in prior literature.

A considerable number of investigations on the ionic con-
ductivity of composite materials have been conducted in
the last three decades, and these investigations report major
enhancements in the electrical conductivity of an ionically
conducting matrix doped with an inert particle phase. Four
review papers within the last 5 years[2–5] document the de-
velopmental history and general characteristics of these fast
ionic composite conductors.

This paper culminated from our work on liquid, polymer,
and polymer–ceramic composite electrolytes over the last 10
years. Various segments of this paper have already been in-
dependently published and their themes will be included and
cited appropriately in the text. The purpose of this paper is to
present a comprehensive view of the characteristics and po-
tentials of electrolytes developed from colloidal/composite
systems. It is also recognized that this endeavor crosses
boundaries among various disciplines of science and there-
fore attempts will be made to use fundamental principles to
explain and account for the experimental observations ob-
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tained from complex compositions of materials employed
in the colloidal/composite electrolyte systems.

2. Experimental

Colloidal electrolytes were prepared by employing or-
ganic liquid electrolytes and nanosize ceramic powders.
The liquid electrolytes were comprised of 1:1 solvent blend
of ethylene carbonate (EC) and propylene carbonate (PC)
with a molar concentration of lithium hexafluorophosphate
(LiPF6) and prepared in a dry box using dried solvents
and salts. The colloidal electrolytes were formulated by
mixing the liquid electrolytes with dried nanosize ceramic
phase (BaTiO3). The average particle size of BaTiO3 was
1�m.

The PEO:LiBF4–ceramic (MgO, TiO2, Al2O3, etc.)
composite electrolyte films were prepared by the solvent
and melt-casting techniques using high molecular weight
(2,000,000) reagent grade poly(ethylene) oxide (PEO),
lithium salts (LiBF4, LiPF6, etc.) and a nanosize ceramic
phase. For the solvent-casting process, a solution of PEO
(Union Carbide, molecular weight 2,000,000) and lithium
salt in AR grade acetonitrile (Aldrich) was prepared in
which the nanosize ceramic phase was dispersed and son-
icated. After sonication, a homogenized colloidal solution
was obtained which was cast and dried into a film form of
about 100�m thickness. The melt-casting process involved
mixing the three components (PEO, lithium salt, and nano-
size ceramic phase) in solid particulate forms, melting at
about 175◦C for 15 min, and homogenizing with an elec-
trically driven impeller. The process yielded a bulk preform
that was subsequently used to make thin films (�150�m
thick) using a film-maker. The melt-casting and film-making
operations were conducted in a dry box. The properties of
the composite electrolytes remained identical whether they
were made by either solvent-casting or melt-casting. The
processing time was reduced by a factor of 6 (24 h versus
4 h) in the case of melt casting, without the use of solvent.
Therefore, it was a preferred technique and employed in the
later stages of our 10 years of investigations.

The conductivity of liquid and colloidal electrolytes was
measured using a two electrode cell with a cell constant of
0.46 cm. The electrodes were prepared from stainless steel
with a surface area of 0.44 cm2. The electrodes and elec-
trolytes were contained in a glass tube which was sealed in
a dry box. Subsequently, ac measurements were conducted
to obtain complex impedance plots (z′ versusz′′). The con-
ductivity was computed using the real part of impedance (z′)
and the cell constant (0.46 cm).

For the ac impedance measurements of the freestanding
composite electrolyte films, a cell in the blocking electrode
configuration (stainless steel (ss)/composite electrolyte/ss)
was assembled using a special fixture. The ac impedance
measurement was carried out using an EG&G (Model 398)
and Solartron (Model 1290 with electrochemical interface)

in the frequency range of 0.1 Hz–100 kHz. The cells were
contained in a dry atmosphere glass vessel which was held
in an environmental chamber that allowed a temperature
dependence measurement in the−40 to 100◦C range. The
set temperature was maintained within±1◦C.

3. Results and discussion

3.1. Properties of colloidal systems and transport
mechanisms

3.1.1. Space charge/double layer formation
After a nanosize ceramic particle such as silica (SiO2)

or alumina (Al2O3) is introduced in a liquid electrolyte,
the electric charge and field associated with the particle
interacts with the structure of the liquid electrolyte lead-
ing to the formation of a double layer or space charge.
The interaction is schematically depicted inFig. 1. A
10 nm diameter silica particle may have about 12,500 SiO2
molecules. If there are only 12 electrons on the surface of
the 10 nm particle, the electronic charge density would be
0.02 electrons/nm3. This charge density is much lower than
the ionic charge density; for example, O2− has a charge
density of 2000 electrons/nm3. Thus, the electronic charge
densities differ by approximately five orders of magnitude
between the nanosize ceramic phase and ionic species. The
constitution of a double layer as depicted inFig. 1 may
include free electrons at the surface of the nanosize ceramic
phase, whereas cations and dipoles at the adjacent double
layer balance the surface electronic charge. The dipoles
may be the structural constituents of the liquid or a polymer
phase in a given electrolyte system.

In a colloidal system the double layer can be formed or
destroyed. A well-defined double layer provides stability in
the system. The double layers associated with the ceramic
particles will repel each other because they possess charges
of the same sign. The collision of spherical colloids resulting
from the Brownian motion may also lead to coalescence and
precipitation of the ceramic particles which characterizes an
unstable colloidal system.

The potential energy as a function of distance,r, between
the spherical double layers in a colloidal system is depicted
in Fig. 2. The total potential energy is comprised of two con-
tributions: (a) the double layer interaction determined by the
Gouy–Chapman potential (Ψ0 e−kr ) and (b) the electrostatic
repulsion (−Ar−6 + Br−12) wherek, A, andB are constants.
From Fig. 2 it is noted that the electrostatic repulsion pre-
dominates at smaller values ofr. The net energy,UTotal, is
always positive, suggesting that the spherical double layer
cannot stick together. The particles of colloidal dimensions
do not aggregate to form microscopic dimensions because
their boundaries are protected by electrified interfaces. The
coulombic repulsion is fundamental to the stability of col-
loids and the potential energy is minimized and remains
positive for stable colloidal electrolytes.
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Fig. 1. Schematic presentation of the double layer/space charge formation around a nanosize ceramic particle.

If the colloidal spheres were not wrapped by electrified
layers, interaction between the particles will dominate, as
shown by the bottom curve ofFig. 2 and will have a min-
imum in negative potential energy, favoring aggregation of
colloidal particles. The stability of the colloidal solution is
primarily determined by controlling the concentration of the
colloidal phase, in effect controlling ther parameter and thus
the potential energy. Further discussion on this topic can be
found elsewhere[6].

The formation and stability of a double layer is also tem-
perature dependent. At higher temperatures, a diffuse double
layer is expected because thermal energy (kT) will perturb

Fig. 2. The energy of interaction between two colloidal particles as a
function of their distance apart, when the conditions favor stability of the
colloid.

dipole orientation and energy states of electrons. As the tem-
perature is lowered towards absolute zero, the thermal en-
ergy induced motion of dipoles and electronic transition will
diminish and consequently a sharply defined double layer
will result. The thickness of the double layer may also be
influenced because of the temperature variation.

At higher temperatures, acidic or basic surface groups at-
tached to the colloidal particles may not make any contri-
bution to the formation of a double layer because of the
Brownian motion and time averaging effect of the field as-
sociated with these colloidal surface groups. However, at
lower temperatures the contribution of surface groups may
become significant in the formation of a double layer as the
degree of the time-averaged electric field is diminished.

3.1.2. Transition of a colloidal structure
to a composite solid

The transition from a colloidal structure exhibiting a
liquid-like behavior to a composite solid may take place
through two different mechanisms. The first mechanism
involves freezing the liquid-like structure into a rigid solid
in which spatial positions of each colloid and the asso-
ciated double layer are frozen. The second mechanism
stems from the sol–gel type of transition in which there is
a three-dimensional network of colloidal particles which
are in close contact. The noncolloidal space is filled by
the liquid phase. The first transition(liquid → solid) is
characterized by a complete absence of liquid phase below
the transition temperature, whereas the second transition
(sol–gel) is associated with the presence of a liquid phase
coexisting with a three-dimensional network of solid col-
loidal particles. Furthermore, the two transitions may be
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Fig. 3. (a) Colloidal electrolyte at higher temperatures (>Tm); (b) col-
loidal/composite electrolyte at low temperature (<Tm).

differentiated by a characteristic double layer structure and
associated properties. This paper is primarily concerned
with the transition associated with the first mechanism.

3.1.3. Transport of charged species in colloidal systems
The space charge regions in colloidal systems are local-

ized sources of electric fields. It is logical to expect that the
movement of charged species will be influenced by these
localized fields. The schematic views of transport paths of
a conducting specie are illustrated inFig. 3. If the colloidal
system exhibits liquid-like properties, a positively charged
specie may either be transported through the liquid phase
(path 1) or through the double layer (path 2). Path 1 is more
favorable because of the structurally assisted motion of con-
ductive specie and its coordinating sphere. The structural
assistance arises from a low viscosity, convective type of
motion in the liquid state. This proposed mechanism will be
substantiated with the experimental data in later sections of
this paper. As the temperature is lowered, spherical double
layers come in close proximity and the liquid phase may
transition to a solid phase. Such a situation is schematically
illustrated in Fig. 3(b). Now the transport of the charged
species will take place through the double layer as it is ener-
getically more favorable than the transport through the nar-
row, highly viscous liquid or solid phase.

3.2. Conductivity of colloidal electrolytes

An exploratory investigation on the role of a colloidal
phase on the conductivity of a liquid, organic, lithium-ion
conducting electrolyte has recently been reported[1]. This
section will present a brief account of an interesting fea-
ture of these colloidal electrolytes. A liquid electrolyte com-
prising a 1:1 solvent blend of ethylene carbonate (EC) and

Fig. 4. Conductivity of a liquid electrolyte and a colloidal electrolyte
containing 10 wt.% BaTiO3.

propylene carbon (PC) with a molar concentration of lithium
hexafluorophosphate (LiPF6) exhibits a typical conductiv-
ity of liquids and is illustrated inFig. 4. After mixing the
liquid electrolyte with 1�m dried barium titanate (BaTiO3)
powder with a concentration of 10 wt.%, the temperature de-
pendence of conductivity was altered as presented inFig. 4.
The two conductivity curves ofFig. 4 intersect at about
20◦C. Above 20◦C, the BaTiO3 containing electrolyte ex-
hibits lower conductivities as compared to the liquid elec-
trolyte. However, at temperatures below 20◦C, the colloidal
electrolyte displays superior conductivities. The concentra-
tion of colloidal phase influences conductivities. At lower
concentrations of BaTiO3 powder the conductivity data are
barely distinguishable as reported earlier[1].

After a microscopic particle of BaTiO3 is introduced in
the liquid electrolyte, the electric field associated with the
surface charge of the particle interacts with the structure
of the liquid electrolyte, leading to the formation of space
charge regions. The interaction is temperature dependent and
enhanced at lower temperatures. The volume of the liquid
electrolyte, which is influenced by the microscopic BaTiO3,
is associated with high conductivity. As the concentration
of the BaTiO3 colloids increases, a larger volume fraction
of the higher conductivity space charge regions is created.
These eventually overlap and provide a three-dimensional
network. The volume fraction of the colloidal phase must
exceed the threshold to provide continuity of the high con-
ductivity phase to reach a peak value of conductivity. The
location of crossover points in the conductivity curves of liq-
uid and colloidal electrolytes is related to the concentration
of the colloidal phase[1].

The conductivity data of colloidal electrolytes presented
in Fig. 4 appears to suggest that at higher temperatures, a
liquid-like transport mechanism is the dominant contributor
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to the conductivity. As the temperature is lowered, the vis-
cosity of the colloidal electrolyte increases, the structural as-
sistance to the transport of conducting specie decreases, and
the liquid-like transport mechanism becomes weaker and
the conduction pathways created through the space charge
regions takes over.

3.3. Conductivity of polymer–ceramic composite
electrolytes

Because of its popularity, poly(ethylene oxide) has been
a polymer of choice for many studies; however, the choice
of ceramic phase in the polymer–ceramic composite sys-
tems has been arbitrary and diverse. It may be argued that
an ionic conducting matrix should facilitate the transport
of lithium ions, which narrows the choice of the polymer
component. But, what criteria should be used in selecting
a ceramic component? This question was addressed by the
author in an earlier publication[7]. In general, the ceramic
components of composite electrolytes can be classified into
two categories: active and passive. The active components
are comprised of materials such as Li3N and LiAlO2. Due
to the presence of lithium ions, these materials participate in
the conduction process. The passive components are com-
prised of materials such as Al2O3, SiO2, etc., which do not
participate in the process. The choice between active and
passive components has been quite arbitrary and perhaps
needs further investigation, as these active and passive ce-
ramic components would influence formation and structure
of a double layer differently.

This section will present some experimental data on
polymer–ceramic composite electrolytes employing passive
ceramic components such as MgO, TiO2, ZrO2, and Al2O3.

3.3.1. PEO:LiBF4–MgO system
This system was investigated and reported earlier[8] but

selected experimental data will be presented to highlight
important observations, as they augment a broader picture.
Magnesium oxide (MgO) is a low density (3.58 gm cm−3)
ceramic with a positive free energy of reaction with lithium
metal[7]. The free energy of reaction suggests that lithium
passivation is unlikely to occur at the Li–MgO interface.
Thus, this system is of commercial interest. The average
particle size of MgO for the investigation was 15 nm.

3.3.1.1. PEO:LiBF4 (8:1)–MgO (10 wt.%) electrolyte.
Conductivity data of composite electrolyte films obtained
from PEO:LiBF4 (8:1)–MgO (10 wt.%) material are shown
in Fig. 5. The specimen was heated to and stabilized at
100◦C for 30 min, cooled down to 20◦C, and held at that
temperature overnight. Subsequently, it was again heated
to and stabilized at 100◦C for 30 min before the conduc-
tivity measurements began. The conductivity data at each
temperature was obtained after stabilizing the specimen for
30 min. After the temperature reached 20◦C, the specimen
was allowed to remain at the temperature overnight. It is

Fig. 5. Temperature dependence of conductivity of PEO:LiBF4 (8:1)–MgO
(10 wt.%) during heating and cooling cycles.

noted inFig. 5 that logσ increased from−5.09 to−4.65.
This conductivity enhancement resulting from isothermal
stabilization is typical of composite electrolytes containing a
ceramic phase, and the phenomenon will be explained later
in this paper. As the temperature was lowered to−40◦C,
the conductivity decreased monotonically. Again, the spec-
imen was held overnight at−40◦C before the conductivity
was measured during the heating cycle. The conductivities
during the heating cycle are higher than conductivities regis-
tered during the cooling cycle. The conductivity data shown
in Fig. 5are comparable to the data reported by Croce et al.
[9] on the PEO–LiClO4, 10 wt.% TiO2 electrolyte.

Also shown in Fig. 5 is the conductivity data of the
PEO:LiBF4 (8:1) polymer complex for comparison. The
conductivity of the complex drops precipitously below
60◦C; at 20◦C this specimen has about four orders of
magnitude lower conductivity than that of the composite
electrolyte. The comparison clearly points out the role of
MgO in retarding PEO crystallization and interacting with
the polymer matrix, thereby imparting a beneficial effect on
conductivity.
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Fig. 6. Temperature dependence of conductivity of PEO:LiBF4 (8:1)–MgO
(20 wt.%) during heating and cooling cycles.

3.3.1.2. PEO:LiBF4 (8:1)–MgO (20 wt.%) electrolyte.
Conductivity data were obtained after cycling this speci-
men twice between 0 and 100◦C with a cumulative hold
time of 18 and 106 h at 100 and 20◦C, respectively. The
data are shown by the curve marked heating scan inFig. 6.
The conductivity measurement was initiated at 0◦C, data
were collected at 20◦C intervals after equilibrating the
specimen for 30 min at the measurement temperature, and
finally the measurement was terminated at 100◦C. The
temperature dependence data suggest an absence of crys-
talline PEO with conductivity values ranging from 10−5.4

to 10−3.2 S cm−1 between 0 and 100◦C. After the speci-
men was held overnight at 100◦C, the conductivity at the
temperature decreased from 10−3.2 to 10−3.35 S cm−1. Dur-
ing the cooling scan to 20◦C, the conductivities remained
lower than those obtained from the heating scan. The dif-
ference between the heating and cooling scan conductivity
values widened as the temperature was lowered. At 20◦C,
the specimen was allowed to equilibrate overnight. Dur-
ing a span of 16 h, conductivity increased from 10−5.25

to 10−4.55 S cm−1. With further reduction in temperature,
as expected, the conductivity decreased and approached a
value of 10−8.6 S cm−1 at −40◦C.

The degree of conductivity enhancement during isother-
mal stabilization at 20◦C is almost twice as large as the
specimen containing 10% MgO (Fig. 5). The enhancement
is related to the weight fraction of the ceramic phase MgO.
In this specimen, there are more MgO colloids surrounded
by electrified surfaces which rearrange during the isother-
mal hold and contribute to the conductivity enhancement.

3.3.1.3. PEO:LiBF4 (8:1)–MgO (30 wt.%) electrolyte.
The conductivity data of a PEO:LiBF4 (8:1)–MgO (30 wt.%)
specimen heat treated under three different times and tem-
peratures are shown inFig. 7. In general, the conductiv-
ity decreased with increasing heat treatment temperature
and time. A major change in the slope of conductivity
plots at 60◦C for the three sets of data during cooling
signifies crystallization of the polymer phase. This char-
acteristic was absent in the 10 and 20% MgO material,

Fig. 7. Temperature dependence of conductivity of PEO:LiBF4 (8:1)–MgO
(30 wt.%) electrolyte subjected to three heat treatments.
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Figs. 5 and 6. Furthermore, a conductivity relaxation at
20◦C is also shown for the specimen heat treated at 40 and
60◦C for 64 and 16 h, respectively. The conductivity of the
specimen subjected to the heat treatment was enhanced by
isothermal stabilization of the specimen for 17 h; however,
the conductivity remained lower than prior heat treatments
and other specimens.

The densities of the PEO:LiBF4 complex and MgO are
1.20 and 3.58 gm cm−3, respectively. If MgO particles are
assumed to be uniformly dispersed in the polymer matrix,
the estimated lateral spacings for 10, 20, and 30 wt.% MgO
specimens are 37, 28, and 24 nm, respectively (Appendix
A). The MgO particles in the polymer matrix form a double
layer as described in the preceding section. As the concen-
tration of the MgO particles is increased, the lateral spac-
ing between the MgO particles decreases and the protective
double layer around each MgO particle breaks down. The
breakdown of the double layer is followed by a segrega-
tion and formation of heterogeneous MgO nuclei with radii
greater than the critical radius on which the polymer phase
may crystallize and grow. These interparticle spacings also
provide an estimate of the double layer thickness between
5 and 10 nm for these specimens around ambient tempera-
ture. It is apparent that these interparticle spacings and dou-
ble layer thicknesses will depend upon the polymer system,
ceramic particle size and shape, and temperature.

3.3.2. PEO:LiBF4–TiO2 system
This system was also investigated and reported earlier

[10,11]. The average particle size of TiO2 was 21 nm and
the specimens were made by the solution casting process.

Fig. 8. logσ vs. 1000/T (K) of PEO:LiBF4–TiO2 (20 wt.%) electrolyte annealed under various conditions.

3.3.2.1. PEO:LiBF4 (8:1)–TiO2 (20 wt.%) electrolyte.
Fig. 8shows the temperature dependence of conductivity of
the PEO:LiBF4 (8:1)–TiO2 (20 wt.%) electrolyte subjected
to a wide range of heat treatments. It should be noted that
the effect of heat treatment in the 60–100◦C range is pro-
nounced. For example, the room temperature conductivity
increases by almost three orders of magnitude between two
extremes of the heat treatment schedule. Furthermore, the
conductivity enhancement is also associated with reduced
activation energy for lithium transport. It is believed that
the thermal energy associated with these heat treatments
facilitate long range diffusion of nanosize TiO2 and forma-
tion of a double layer around it. The distribution of TiO2
nanospheres in the PEO matrix also prevents its crystal-
lization. The thermal history dependent conductivity and
structural evolution has also been reported with details in
an earlier publication[12].

3.3.2.2. PEO:LiBF4 (8:1)–TiO2 (30 wt.%) electrolyte.
Fig. 9 depicts the conductivity evolution of PEO:LiBF4
(8:1)–TiO2 (30%) as a function of heat treatment.
As-prepared film exhibits conductivity typical of PEO-based
electrolytes. A heat treatment at 87◦C for 21 h raises am-
bient temperature conductivity by four orders of magni-
tude. However, unlike the PEO:LiBF4 (8:1)–TiO2 (20%)
specimens shown inFig. 8, further heat treatments reduce
low-temperature conductivity. This is attributed to migration
and coalescence of TiO2 colloids.

The conductivity data ofFigs. 8 and 9convincingly
demonstrate the importance of heat treatment. Prior inves-
tigations on polymer–ceramic composite electrolytes have
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Fig. 9. logσ vs. 1000/T (K) of PEO:LiBF4–TiO2 (30 wt.%) electrolyte annealed under various conditions.

paid little attention to this processing variable and perhaps
this may account for the broad range and sometimes even
inconsistent results.

The conductivity data presented inFigs. 8 and 9also illus-
trates the degree of conductivity enhancements achievable
at lower temperatures; i.e., below the melting point of PEO.
At higher temperatures, the conductivity enhancement is not
as pronounced as at lower temperatures. This also suggests
that the transport mechanism around and above the melting
temperature is liquid-like and the contribution of the TiO2
nanoparticle and associated double layer to conductivity is
minimal.

It is interesting to compare and contrast the conduc-
tivity data of PEO:LiBF4–MgO (30 wt.%), Fig. 7, and
PEO:LiBF4–TiO2 (30 wt.%) TiO2, Fig. 9. In the case of
the MgO-containing electrolyte, the drop in conductivity
with heat treatment is precipitous, whereas it is slow and
gradual for the TiO2-containing specimen. The specimen
with TiO2 contains a lesser number of colloids than the
MgO-containing specimen because the density and par-
ticle size of TiO2 (4.26 gm cm−3 and 21 nm) are greater
than the density and particle size of MgO (3.58 gm cm−3

and 15 nm). Thus, the interparticle spacing (28 nm versus
24 nm) increased and interaction among them is reduced
in the case of the TiO2 specimen. This is reflected by a
decreased sensitivity of conductivity variation with heat
treatment parameters.

3.3.3. PEO:LiBF4–ZrO2 system
This system has also been investigated and complete ex-

perimental data were presented in an earlier publication[11].
The particle size of ZrO2 powder was 30 nm.

A PEO:LiBF4–ZrO2 (30 wt.%) specimen with an [O]:[Li]
ratio of 12.64:1 was subjected to two different durations, 18
and 36 h, of heat treatment at 100◦C prior to the conductiv-
ity measurement. The measurement was initiated at 100◦C
and terminated at 0◦C. At each temperature the specimen

was allowed to equilibrate for 15 min. The conductivity data
corresponding to the two different heat treatment durations
are shown inFig. 10. A conductivity crossover takes place
around theTm, which could be attributed to melting and
crystallization of PEO above and below theTm, respectively.
AboveTm, the liquid medium facilitates transport, whereas
belowTm the crystalline PEO hinders transport of lithium.

Also shown inFig. 10 are two additional conductivity
points at 20◦C corresponding to two unique thermal histo-
ries. The point with the highest conductivity value (logσ =
−4.68) was obtained from the specimen which was heated
to 148◦C and held at the temperature for 10 min and then
cooled down to 20◦C rapidly where it was held for 45 h
before conductivity was measured. After obtaining this con-
ductivity value, the specimen was heat treated at 100◦C for
36 h. Subsequently, it was brought down to and held at room

Fig. 10. PEO:LiBF4–ZrO2 (30 wt.%) specimen with [O]:[Li] ratio of
12.64:1.
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temperature for 92 h. Its conductivity was then measured at
20◦C (also shown inFig. 10) with a logσ value of approx-
imately −5.85. It should be noted that the conductivity at
20◦C ranges from 10−7.12 to 10−4.68 S cm−1. The greater
than two orders of magnitude difference between the low-
est and highest conductivities at 20◦C is attributed to the
thermal history effects, polymer chain–ceramic particle in-
teraction, and also crystallization⇔ melting transition of
the PEO.

3.3.4. PEO:LiX–BaTiO3 systems
A number of composite formulations from the PEO:LiX–

BaTiO3/Al2O3 systems have also been investigated in our
laboratory and the experimental data have been published
elsewhere[13–15]. BaTiO3 is a ferroelectric ceramic and
it was anticipated that this ceramic phase may lead to en-
hanced conductivity because it provides a localized source
of electric field. However, it was determined that BaTiO3
also acts like other ceramic components[13]. Al2O3 is a
readily available and inexpensive ceramic material and its
performance in polymer–ceramic composite electrolytes is
similar to other ceramics[15].

3.3.5. Effect of ceramic particle size
Temperature dependence of conductivity of the PEO:LiBF4

complex and PEO:LiBF4 (8:1)–MgO (10 wt.%) materi-
als containing micro- and nanosize MgO are shown in
Fig. 11. All these specimens were cycled between 20 and
100◦C three times while holding the specimens for a total
cumulative time of 1 h at 100◦C and 40 h at 20◦C. The
thermalization process was determined to be adequate to
stabilize and optimize conductivity values. Furthermore, at
each temperature the specimen was held for 30 min before
an impedance measurement was conducted.

Fig. 11. Temperature dependence of the conductivity of PEO:LiBF4

(8:1)–MgO (10 wt.%).

The lowest conductivity values are associated with the
PEO:LiBF4 (8:1) complex. Near the melting point of PEO,
68◦C, a precipitous drop in conductivity begins, and at
around ambient temperature the conductivity drops to
10−9 S cm−1. The specimen containing microsize (∼5�m)
MgO exhibits much improved conductivity as compared
to the PEO:LiBF4 complex. Around ambient temperature,
the conductivity is improved by approximately three orders
of magnitude by the incorporation of microsize MgO in
the polymer complex. This conductivity enhancement is
attributed to a large reduction in the crystalline component
of the polymer phase. There is a possibility of a residual
structural order resembling crystallinity in this composite
material as the entire conductivity curve appears to be com-
posed of two linear segments intersecting at the melting
temperature of PEO. The highest conductivity values are
associated with the specimen containing nanosize MgO.
The conductivity of this specimen is about four orders of
magnitude higher than the PEO:LiBF4 complex around
the ambient temperature. Furthermore, the temperature de-
pendence of conductivity diminished as the MgO particle
was reduced from micro- to nanosize. At 100◦C, all three
specimens possess similar conductivity values, whereas the
curves diverge as the temperature is lowered to−40◦C.
It should also be noted that major benefits in conductiv-
ity enhancement are realized at lower temperatures by the
incorporation of MgO. It has also been reported[8] that
increasing the concentration of nanosize MgO from 10 to
20 wt.% makes an insignificant difference in conductivity
values.

3.3.6. Prior work on the transport mechanism in
composites

The theory of ionic conduction in solid composites
was developed by Maier[16–18] in the last two decades.
The theory highlights the importance of space charge
region or phase boundaries. The boundaries provide a
three-dimensional percolation pathway for the transport of
charge carriers. Although the theory was developed for in-
terfaces generated by solid–solid interaction, it is plausible
that the theory may be extended to cover frozen interfaces
created by under- or super-cooling of solid–liquid inter-
faces. However, no attempt has been made to apply the the-
oretical development to the colloidal/composite electrolytes
described in this paper. The similarity in the temperature de-
pendence of the conductivity of composite type of materials
(LiI–Al 2O3, frozen colloidal electrolytes, polymer–ceramic
composites) suggest that the underlying transport mecha-
nism and the structure of the three-dimensional conduction
path may be similar.

3.4. Peculiarities (chemical interaction, thermal history
dependence, and hysteresis effect)

In the preceding section it has been shown that the con-
ductivity, σ, of composite electrolytes is dependent upon
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heat treatment parameters such as temperature (50–150◦C)
and time (soak time and heating and cooling rates). This
phenomenon was described as thermal history effects and
conductivity relaxation in our previous publications[11,13].
These effects are pronounced and peculiar in the sense that
they were not recognized or addressed in any significant
depth in spite of world-wide interest in polymer electrolytes
for over two decades. This section will present studies con-
ducted primarily in our laboratory to delineate these pecu-
liarities.

3.4.1. Polymer chain–ceramic particle interaction
In spite of widely different physical characteristics, in-

cluding density and dielectric constant, ceramic additives
exhibit identical effects with similar particle size. A varia-
tion in particle size of a given ceramic material markedly
affects the conductivity and thus it is believed to be a dom-
inant parameter. Reducing the particle size from the micro-
to nano-range increases low-temperature conductivities and
decreases their temperature dependence. The enhancements
are pronounced and associated with lower activation ener-
gies for the lithium transport.

The average length and mass of a PEO chain are 20�m
and 3×10−18 g, respectively. These length and mass values
must now be compared with the particle size and mass of the
ceramic dopants, for example MgO, to develop an insight
into possible interactions. Schematically, the proximity and
interaction of a polymer chain and a nano-size MgO particle
(0.02�m) are shown inFig. 12. A constant segmental chain
motion at ambient temperature, approximately 70◦C above
the glass transition temperature, is expected to cause dis-
placement and distribution of MgO particles. Furthermore,
the process can be facilitated by thermal treatments and cy-
cling. The displacement and distribution of MgO particles
continues until the polymer chain dipole and MgO dipole
interaction takes place. The interaction leads to latching of
the polymer chain and MgO particle and thus stabilization
of the structure. When experimentally monitored, this phe-
nomenon is reflected by an increase in conductivity during
isothermal stabilization at low temperatures.

The degree of polymer chain and ceramic particle inter-
action can be enhanced by a lighter, greater in number, and
higher weight or volume percent of MgO. For example, if
the weight percent of MgO is maintained constant and the

Fig. 12. Schematic representation of a polymer chain segment and MgO
particle interaction.

particle size is reduced from 5�m to 20 nm, over 15 mil-
lion additional polymer–ceramic interaction sites are created
and conductivity enhancements occur. A reduction of parti-
cle size from 5�m to 20 nm reduces the mass of a particle
by seven orders of magnitude. These lighter MgO particles
become far more receptive to the segmental chain motion of
the polymer, leading to improved polymer chain and MgO
particle interaction. Such an interaction is reflected by an
enhanced and time dependent conductivity.

The interaction between polymer and ceramic compo-
nents is also reflected by the appearance of new absorption
bands as determined by IR absorption spectroscopy. Absorp-
tion bands in the range of 460–530 cm−1 develop as a result
of MgO addition in the PEO:LiBF4 complex [14]. These
bands also shifted to higher frequencies by approximately
21 cm−1 after mechanical stretching.

3.4.2. Heating and cooling rate dependent conductivity
A PEO:LiBF4 (8:1)–TiO2 (20 wt.%) specimen in block-

ing electrode configuration (stainless steel as blocking elec-
trodes) was heated to 150◦C, held at this temperature for
30 min, and then rapidly cooled to 0◦C. The conductivity
of this specimen was measured as a function of temperature
and time while the temperature was raised from 0 to 150◦C.
The experimental data are shown inFig. 13. At each tem-
perature there are two data points, an arrow, and a number
of hours. The data points represent the range of conductiv-
ity values, the arrow pointing upward indicates conductivity
enhancement, and the number of hours is the time interval
between the two measured values of conductivity. For ex-
ample, at 0◦C, after the specimen was cooled from 150◦C,
the logσ was−9.85. The logσ increased to−9.37 after it
was held at the temperature for 114 h. This type of conduc-
tivity enhancement appears at all temperatures; however, the
degree of enhancement, as measured by the absolute differ-
ence between the two data points and normalized for the
hold time, diminished as the temperature was raised from 0
to 150◦C.

The specimen whose thermal history and conductivity
data are shown inFig. 13was equilibrated for 30 min after it
reached 150◦C, and then cooled down gradually and slowly
to 100, 80, 60, 40, 20, and 0◦C for conductivity measure-
ment. The conductivity values and hold time at each of the
temperatures are shown inFig. 14. In general, the conduc-
tivity decreased as the hold time increased at the given tem-
perature. The conductivity variations as a function of hold
time at all temperatures above 20◦C were small but measur-
able and significant. However, the decline in conductivity at
20◦C is pronounced. The conductivity decreased more than
an order of magnitude in the first 2–3 h, and comparatively
subsequent reduction was small.

An explanation needs to be provided for the enhancement
of conductivity with hold time of the specimen inFig. 13.
The heat treatment at 150◦C and rapid cooling to 0◦C was
conducted to ensure the formation of amorphous PEO in the
specimen, yet the conductivity was very low. But the con-
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Fig. 13. Conductivity of PEO:LiBF4–TiO2 (20 wt.%) composite electrolyte during heat-up. The specimen was heat treated at 150◦C for 30 min and then
quenched to 0◦C before the conductivity measurement.

ductivity increased with the hold time at all temperatures.
This was originally explained on the basis of dipole–dipole
interaction[12]. The molecular structure of the PEO:LiBF4
complex and nanosize crystallites of TiO2 possess perma-
nent dipole moments. These dipoles are electroactive and are
building blocks of the composite electrolyte. At high tem-
peratures(�150◦C), the thermal energy is high enough to
disrupt dipole–dipole interaction. The nanosize TiO2 parti-
cles are under constant motion. As the specimen is cooled
down to 0◦C, the random positions of TiO2 particle are
frozen. The dipole–dipole interaction begins and formation
of a double layer such as shown inFig. 1is initiated. A small
scale displacement of TiO2 particles is also envisioned to
accommodate the dipole–dipole interaction.

The dipole–dipole interaction is dependent upon the di-
electric constant gradient between the polymer and ceramic
components. The dielectric constant,κ, is related to the po-
larization,P, and local electric field, EL, throughEq. (1):

κ = 1 + P

ε0EL
(1)

whereε0 = permittivity of free space. Furthermore, it can be
demonstrated[19] that the second term ofEq. (1)is related

to the number of dipoles,n:

P

ε0EL
= nz2e2b2

4kT
(2)

Substitution ofEq. (2) in Eq. (1) leads to an expression,
Eq. (3), relatingκ andn:

κ = 1 + nz2e2b2

4kT
(3)

FromEq. (3)it is apparent that theκ increases linearly with
decreasing temperature and slope, which is determined by
the number of dipoles,n, as other parameters are constant.
In a composite electrolyte, the polymer phase is associated
with a lower dielectric constant as compared to the ceramic
phase. Thus, a dielectric constant gradient (
κ) exists at the
nano-structure level. This gradient is proposed to be the driv-
ing force for the polymer–ceramic interaction and formation
of a double layer. The interaction is favorable at lower tem-
peratures(�20◦C) and may be diminished or even elimi-
nated at higher temperatures(�100◦C). As discussed ear-
lier, these double layers enhance the transport of conducting
species in the composite specimen.



226 B. Kumar / Journal of Power Sources 135 (2004) 215–231

Fig. 14. Conductivity of PEO:LiBF4–TiO2 (20 wt.%) composite electrolyte heat treated at 150◦C for 30 min. The conductivity was measured while the
specimen was slowly cooled from 150◦C and stabilized at the temperature of measurement.

It is evident that ceramic particles not only render the PEO
matrix to exist in the amorphous state, but they also interact
with its elementary units. The belief that the enhancement of
conductivity in polymer–ceramic composite electrolytes is
related to the retention of the amorphous structure is not en-
tirely correct. The polymer chain interaction leading to the
formation of the double layer also contributes to the conduc-
tivity enhancement and the magnitude of the enhancement
is estimated to be over an order of magnitude.

A rapid drop of conductivity at 20◦C as shown inFig. 14
signifies crystallization of the PEO. The conductivity de-
creased more than an order of magnitude in the first 2–3 h.
A small drop in conductivity at other temperatures,Fig. 14,
is attributed to the randomization of TiO2 colloids and a
breakdown of double layers driven by the thermal energy.

3.4.3. Physical aging effects on conductivity
The term physical aging implies a relaxation of the amor-

phous structure from a nonequilibrium to an equilibrium
state with the passage of time. The term also distinguishes
amorphous state relaxation from other time-dependent struc-
tural transitions such as recrystallization and chemical degra-
dation. The physical aging occurs in the vicinity of the glass

transition temperature,Tg, and thermodynamic parameters
such as volume, enthalpy, and entropy decrease as a result of
physical aging. This section presents a study conducted on
the physical aging of a PEO:LiClO4 (8:1)–Al2O3 (20 wt.%)
composite electrolyte specimen. The details of this investi-
gation have been published earlier[20].

3.4.3.1. Physical aging and conductivity relaxation. An
amorphous polymer undergoes a transformation from a
nonequilibrium to an equilibrium state at a unique rate
determined by the thermodynamic parameters. Such a sys-
tem is under internal stress, and the transformation occurs
to relieve the stress. The transformation occurs by a rela-
tive displacement of structural elements of the composite
electrolyte. It relieves the internal stresses at points known
as relaxation sites. The kinetics of the relaxation largely
depends upon the characteristics of the relaxation site. A
composite electrolyte may also possess more than one kind
of relaxation site. Associated with the various relaxation
sites are characteristic relaxation times. The result of this
transformation is a change in the physical properties (in
this case, the conductivity) of the material, which occurs
through a double layer rearrangement.
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The conductivity relaxation of composite electrolytes at
a given temperature may be expressed byEq. (4):

σ′(t) = σ(∞) ±
n∑

i=0

σi e−νit (4)

whereσ′(t) is the theoretical conductivity at timet; σ(∞)
the equilibrium conductivity;σi the relaxation amplitude;νi

the relaxation frequency (1/τi); τi the relaxation time
Eq. (4) introduces the most difficult aspect of physical

aging: the complexity and nonlinearity resulting from the
collective effect of a large number of relaxation sites. Fur-
thermore, the physical aging exhibits a memory effect; re-
laxation from a given state not only depends upon that state
but also on how that state was reached. For example, the
conductivity of a polymer–ceramic composite that has been
melt cast will depend upon its temperature, mechanical de-
formation history during hot pressing, and post-processing
thermal history before the composite is put into service or
characterized.

To circumvent the analytical complexity of physical ag-
ing, it was proposed to assume that there is only one kind
of relaxation mechanism during the early stages of physical
aging[11]. If such an assumption is carried out,Eq. (4) is
reduced to

σ(t) = σ′(t) − σ(∞) = σ0 e−ν0t (5)

whereσ(t) is the experimentally measured conductivity at
time,t. The validity of the assumption will be assessed by the
experimental data. A plot of lnσ(t) versust should therefore
yield a straight line from which the relaxation time,τ0, can
be calculated.

After a PEO:LiClO4 (8:1)–Al2O3 (20 wt.%) composite
electrolyte specimen was thermally cycled five times be-
tween 20 and 100◦C to ensure the existence of only an
amorphous phase, the conductivity as a function of time was
measured. The conductivity relaxation data at 20, 30, 40, 50,
60, and 70◦C of a specimen of the composition are shown
in Fig. 15. As shown inFig. 15, the conductivity relaxation
was monitored only up to 24 h, which may be considered
an early stage of the physical aging. The aging may con-
tinue for months before the equilibrium state is reached. A
regression analysis of the data exhibits a linear relationship
at each of the temperatures, giving credence to the assump-
tion of a single relaxation mechanism. The correlation co-
efficients,r, obtained from the regression analysis at each
temperature are also shown inFig. 15. The highest value of
the correlation coefficient, 0.9976, noted at 40◦C, decreases
if the temperature is either lowered or increased. The re-
laxation times,τ0, of 93, 36.6, 33.4, 31.45, 37, and 88.5 h
correspond to aging temperatures of 20, 30, 40, 50, 60, and
70◦C, respectively, as obtained from the data.

A plot of the relaxation time,τ0, as a function of tem-
perature is shown inFig. 16. The U-shaped temperature de-
pendence of the relaxation time presents some interesting
insights into the structure, processing, and performance dur-

ing use of these composite electrolytes. The data show that
the structural stabilization is the fastest at 50◦C (lowestτ0),
and thus this temperature should be considered as the opti-
mal annealing temperature of the composite electrolyte. As
the temperature is lowered, the relaxation time increases and
becomes inordinately high at 0◦C. An increase in tempera-
ture above 50◦C increases the relaxation time and may be
associated with a liquid-like behavior. The uncertainty in the
measurement of the relaxation time as expressed by the cor-
relation coefficient,r, also increases as the temperature de-
viates from 50◦C. The processing parameters of these com-
posite electrolytes are expected to have considerable influ-
ence on their properties. For example, a rapid cooling from
a temperature above 70 to 20◦C will lead to an unrelaxed
(destabilized) structure with low conductivity. Storage of the
specimen at 20◦C will lead to an increase in conductivity
with time until it reaches an equilibrium value. Consistent
with the aforementioned memory effect, a more complex
structural evolution may be expected when the specimen is
brought from−40 to 20◦C. In this case, the thermal his-
tory before the specimen was brought to−40◦C would also
influence conductivity evolution at 20◦C.

In view of the aforementioned attributes associated with
U-shaped temperature dependent relaxation time, the con-
ductivity of the specimen was measured at 20◦C employ-
ing two distinct thermal histories. In the first thermal history
(t1), the specimen was cooled down from 20 to 0◦C where
it was stabilized for 2 h and subsequently heated to 20◦C
when time dependent conductivity was measured. In the sec-
ond thermal history (t2), the specimen was heated from 20 to
40◦C, held at 40◦C for 2 h, and subsequently cooled down
to 20◦C for the measurement of time dependent conductiv-
ity. The time dependent conductivities of the specimen with
thermal historiest1 andt2 are presented inFig. 17. The con-
ductivity evolution associated with the two thermal histories
is nonlinear and parallel but significantly different. Thet1
thermal history gives rise to about 20% higher conductivity.

The higher conductivity associated with the thermal his-
tory t1 may be attributed to two factors: structural densifi-
cation and dipole–dipole interaction leading to double layer
formation. The stabilization of the specimen at 0◦C for 2 h
leads to a densification of the structure. The dielectric con-
stants of solids increase as the temperature is decreased,
which may enhance the [O–CH2–CH2] dipole and Al2O3
dipole interaction. Both of these factors are proposed to con-
tribute to the higher initial conductivity of the specimen asso-
ciated with the thermal historyt1. Interestingly, the conduc-
tivity continues to increase with time nonlinearly at 20◦C,
which is attributed to further densification, dipolar interac-
tion, and double layer formation of the structure. The relax-
ation curves characteristic of the two thermal histories are
expected to merge at longer times.

A schematic illustration of the composite electrolyte struc-
ture is shown inFig. 18, illustrating segments of the PEO
chain forming helices in which lithium ions reside. The oxy-
gens of the PEO are polarized to form dipoles whose nega-
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Fig. 15. Time dependence of conductivity of the PEO:LiClO4 (8:1)–Al2O3 (20 wt.%, 24 nm) at 20, 30, 40, 50, 60, and 70◦C.

tive sides are coordinated to lithium ions. The geometry and
size considerations require that the anion ClO4

− and Al2O3
particles reside outside the PEO helices. The concentration
of ClO4

− outnumbers Al2O3 particles by approximately five
orders of magnitude.Fig. 18 illustrates the structure in the
vicinity of an Al2O3 particle. The structural arrangement
maintains local electrical neutrality and is consistent with

Fig. 16. The structural relaxation time,τ0, as a function of temperature
of the PEO:LiClO4 (8:1)–Al2O3 (20 wt.%, 24 nm) composite electrolyte.

the double layer structure illustrated inFig. 3(a) and (b). The
experimental conductivity data and the structure illustrated
in Fig. 18suggest that physical aging reduces the size of the
coordinating sphere around the lithium ion and enhances the
double layer structure. Furthermore, the size of the coordi-
nating sphere is dependent on the temperature and heating
or cooling rate in the processing and application temperature
range.

The experimental data and discussions presented in this
paper are inconsistent with the free volume concept, which
suggests that the mobility of particles should decrease with
increasing degree of packing, initially slowly but later at an
increasing rate. The data presented in this section clearly

Fig. 17. Time dependence of conductivity at 20◦C of the PEO:LiClO4

(8:1)–Al2O3 (20 wt.%, 24 nm) specimen with two thermal historiest1 and
t2.
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Fig. 18. Schematic structure of PEO:LiClO4 (8:1)–Al2O3 (20 wt.%, 24 nm)
composite electrolyte.

suggest that increased packing resulting from the physical
aging enhances ionic mobility. Struik[21] also arrived at a
similar conclusion while analyzing physical aging and the
free volume concept.

Conductivity of an aged specimen. The temperature de-
pendence of conductivity of the PEO:LiClO4 (8:1)–Al2O3
(20 wt.%, 24 nm) specimen after aging at various tempera-
tures in the−40 to 100◦C range after a period of 6 weeks is
shown inFig. 19. Relatively small temperature dependence
is observed in the 20–100◦C temperature range. As the tem-
perature is lowered towardsTg, the temperature dependence
is increased. An interaction of polymer structural unit with
LiClO4 and nanosize Al2O3 produces a noncrystalline poly-
mer matrix structure in which Al2O3 particles are uniformly
distributed. The interaction between the polymer and Al2O3
phases leads to the formation of a double layer which facili-
tates transport of conducting ions. The noncrystalline struc-
ture of the composite specimen provides small temperature
dependence in the 20–100◦C temperature range. As the tem-
perature is lowered below 20◦C, the conductivity is associ-
ated with a larger temperature dependence.

The conductivity of the PEO:LiClO4 (8:1)–Al2O3
(20 wt.%, 24 nm) specimen at 20◦C is about 0.64 m S cm−1,
a much higher value compared to conductivity of similar
specimens reported in Ref.[9]. It should also be noted
that even after extensive aging for 45 days, there was no
chemical degradation of the specimen.

Fig. 19. Temperature dependence of conductivity of PEO:LiClO4

(8:1)–Al2O3 (20 wt.%, 24 nm) solid electrolyte.

3.4.4. Electrophoresis in polymer–ceramic composite
electrolytes

For a while it was believed that the conductivity en-
hancements in composite electrolytes originated from dipo-
lar alignments[12,14]. At the time, a relationship between
the dipolar alignment and double layer formation was not un-
derstood or established. On a macroscopic level, if it can be
assumed that the dipoles associated with polymer chains and
ceramic particles possess random orientation, then the appli-
cation of an electric field should orient the dipoles and an en-
hancement in conductivity should follow. In view of this hy-
pothesis, an electrolyte specimen of PEO:LiBF4 (8:1)–MgO
(10 wt.%) composition in the blocking electrode configura-
tion was heated to 100◦C and a dc field of 10 V cm−1 was
applied across the specimen. Subsequently, the specimen
was cooled down to 20◦C and after removal of the dc field,
conductivity was measured by the impedance technique.

Fig. 20shows the temperature dependence of conductivity
of the specimen with and without the applied dc field. During
a cooling scan, the specimen without an applied dc field

Fig. 20. Conductivity of PEO:LiBF4 (8:1) (10 wt.%) (a) during cooling
scan and isothermal stabilization at 20◦C, and (b) dc field-assisted, rapidly
quenched specimen isothermally stabilized at 20◦C.
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was held at 20◦C for 16 h and the conductivity increased by
almost an order of magnitude—a situation similar to other
composite electrolyte specimens discussed.

After the specimen was rapidly quenched under the dc
field from 100 to 20◦C, the measured conductivity (logσ =
−5.64) was 33% lower than the value (logσ = −5.24)
obtained during the standard cooling scan. This observation
contradicted the hypothesis. There was an effect of the dc
field assisted cooling on conductivity, but it was negative.

The lower conductivity of the dc field-assisted, rapidly
quenched specimen is now attributed to migration (elec-
trophoresis), polarization, and coalescence of MgO colloids.
The MgO colloids must have piled onto one of the elec-
trodes under the applied dc field. An isothermal hold of the
specimen at 20◦C for 13 h further decreased the conductiv-
ity, which is also shown inFig. 20. Most of the specimen
was now depleted of MgO colloids after the application of
the field. Subsequently, the specimen exhibited characteris-
tics of a typical PEO-based polymer electrolyte; i.e., it crys-
tallized and conductivity dropped.

4. Possibilities

This paper has covered attributes of emerging colloidal
and polymer–ceramic composite electrolytes. These elec-
trolyte systems are lithium ion conductors and the analysis
of a broader range of electrolytes reveals that the incorpo-
ration of ceramic components in a liquid or polymer matrix
leads to conductivity enhancement at lower temperatures.
This implies that the temperatures are lower than the freez-
ing temperature of a liquid electrolyte or the melting point
of polymer electrolytes.

A collective evaluation of conductivity data and related
observations on liquid, polymer, and polymer–ceramic com-
posite electrolytes obtained in our laboratory and elsewhere
leads to a general observation. This observation, schemati-
cally presented inFig. 21, can be applied to colloidal and
composite electrolytes. At higher temperatures (>Tm), liq-
uid and colloidal electrolytes possess comparable conductiv-
ity. In some cases, colloidal electrolytes exhibit lower con-
ductivity. As the temperature is lowered to about 10–25◦C
below the freezing or melting point,Tm, the colloidal elec-
trolytes begin to display superior conductivity. With fur-
ther decreases in temperature, the conductivity difference
between liquid and colloidal electrolytes widens and about
100◦C below theTm, the conductivity can differ by orders
of magnitude.

The structure of electrolytes below the melting or freezing
temperature is expected to have a significant influence on
conductivity. In the polymer electrolyte literature, the role
of crystalline to amorphous transition is well documented
[13,22]. The amorphous structure of polymers is desired,
but is not the only parameter affecting the conductivity. The
polymer chain–ceramic particle interaction and formation of
a double layer are also important. The volume fraction and

Fig. 21. A schematic presentation of temperature dependence of conduc-
tivity of liquids, polymers, and colloidal electrolytes.

particle size of the dopants are additional factors for stabiliz-
ing amorphous structure belowTm [13]. A similar argument
can also be applied while formulating high performance col-
loidal electrolytes.

A recent review paper[23] discusses polymer–ceramic
composite protonic conductors as a membrane material for
polymer electrolyte membrane fuel cells (PEMFCs). The
composite protonic conductors possess key attributes, such
as a superior propensity to retain water, enhanced protonic
conductivity, superior thermal and mechanical robustness,
and reduced permeability of molecular species. The polymer
and ceramic phases chemically interact and provide nanos-
tructures and microstructures beneficial for protonic conduc-
tivity, and mechanical and thermal properties.

A number of different processing techniques may be used
to prepare film and bulk specimens of colloidal composite
electrolytes. The in situ processing technique in which the
colloidal phase can be precipitated from a solution or glassy
matrix provides for better control over the colloid size, vol-
ume fraction, and double layer formation. The blend tech-
nique is a convenient processing method in which a liquid
polymer, conducting ion salt and nanosize ceramic are mixed
in a predetermined proportion, stabilized and contained or
pressed into a desired specimen configuration. These two
techniques and their variations can provide specimens cov-
ering a wide variety of polymers, glasses, and ceramic com-
ponents.

5. Summary and conclusions

This paper presented and discussed the effects of a col-
loidal phase on the conductivity of liquid and polymeric
electrolytes. The colloidal phase consisted of powders of
diverse ceramics such as MgO, TiO2, ZrO2, Al2O3, and



B. Kumar / Journal of Power Sources 135 (2004) 215–231 231

BaTiO3. These colloids affect low-temperature conductivity.
The enhancement in conductivity may be orders of magni-
tude, depending upon the temperature. The enhancement is
also ceramic particle size dependent.

The doping of ceramic components into a polymer ma-
trix leads to the formation and existence of a double layer.
Because of excessive thermal energy of ions and electrons
at elevated temperatures (>Tm), the double layer tends to be
diffused and ineffective. However, as the temperature is low-
ered below the melting or freezing point, the double layer be-
comes compact and relatively stationary so as to contribute
to the motion of conducting ions. The formation and stabil-
ity of well-defined double layers are believed to be critical
for conductivity enhancement in the composite systems. The
annealing and physical aging effects originate from the ex-
istence and displacement of these double layers surrounding
each ceramic particle. This is also believed to be the origin
of conductivity hysteresis in the composite electrolytes.

Societal needs and concerns call for concerted measures
to deal with issues of human transportation, efficient uses
of energy, and global warming. In a broader sense, all these
issues are interlinked, and a satisfactory solution will re-
quire technological innovations in a number of disciplines,
specifically electrochemical industries (fuel cells, batteries,
sensors, gas separators, etc.). The composite route for the
development of solid state, ionically conducting materials
is potentially important for providing quantum evolution to
the electrochemical industries. One can design and develop
ionic conductors for specific applications by selecting three
critical elements: a conducting ion, a transport medium, and
a network of double layers in a composite material.

The colloidal composite electrolyte systems covered in
this paper are intriguing. They hold a lot of potential for
many applications, but are also fairly complicated. It is
our hope that this paper may contribute to the justification
and inspiration for further work, which will augment our
understanding of electrical transport mechanisms, struc-
tural details, and long-term performance of these composite
systems.

Acknowledgements

The author expresses his gratitude to the Air Force,
NASA, and Eagle-Picher, LLC for sponsoring a number of
contracts on polymer–ceramic composite electrolytes which
generated basic experimental data from which this paper
originated.

Appendix A. Computation of interparticle spacing in
the PEO:LiBF4–MgO system

Density of PEO : LiBF4 = 1.20 g/cm3

Density of MgO= 3.58g/cm3

Volume of composite electrolyte/g of material

= 0.9

1.2
+ 0.1

3.58
= 0.78 cm3

= 0.78× 10−6 m3/g of composite electrolyte

Volume of MgO particles= 4
3π(7.5 × 10−9)3 m3

= 1.77× 10−24 m3

Number of MgO particle/g of composite electrolyte

= 2.79× 10−8 m3

1.77× 10−24 m3
= 1.57× 1016

Number of MgO particles/unit volume of composite

electrolyte= 1.57× 10+16

0.78× 10−6
= 2.01× 1022 m−3

= 2.01× 104 �m−3 = 27.2 particles�m−1

The interparticle spacing in PEO:LiBF4–MgO (10 wt.%) =
37.00 nm. Similarly, it can be shown that the inter-
particle spacings in PEO:LiBF4–MgO (20 wt.%) and
PEO:LiBF4–MgO (30 wt.%) materials are 28.00 and
24.00 nm, respectively.
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