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Abstract

This paper reviews the state of the art of composite polymer electrolytes (CPE) in view of their electrochemical and physical properties for
the applications in lithium batteries. This review mainly encompasses on composite polymer electrolyte hosts namely poly(ethylene oxide)
(PEO), poly(acrylonitrile) (PAN), poly(methyl methacrylate) (PMMA) and poly(vinylidene fluoride) (PVdF) studied so far. Also the ionic
conductivity, transference number, compatibility and the cycling behavior of poly(vinylidene fluoride-hexafluoro propylene) (PVdF-HFP)e
[AlO(OH)]neLiPF6/LiClO4 composite electrolytes have been studied and the results are discussed.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of lithium batteries has gained an unpre-
cedented significance in the last two decades as the demand
for portable telecommunication devices, computers and even-
tually hybrid electric vehicles has been an ever-increasing one
[1,2]. The advantages such as no-leakage of electrolyte, higher
energy density, flexible geometry and improved safety hazards
have drawn the attention of many researchers on the develop-
ment of lithium polymer batteries [3,4].

The development of polymer electrolytes has gone through
three stages namely: (i) dry solid polymer electrolyte, (ii) gel
polymer electrolytes, and (iii) composite polymer electrolytes.
In dry solid polymer electrolytes the polymer host itself is
used as a solid solvent along with lithium salt and does not
contain any organic liquids. However, these dry polymer elec-
trolyte systems (PEOeLiX) offer very low ionic conductivity
of the order of 10�6 S cm�1 at ambient temperature that
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excludes this type of membranes from practical applications
[5,6]. Hence, large research efforts have been devoted to lower
the ambient-temperature region of operations of the (PEOe
LiX) matrix. The most common approach is addition of low-
molecular weight liquid plasticizers of both cyclic carbonic
acid esters and chain-like esters (e.g. propylene carbonate,
dimethyl carbonate, diethyl carbonate, etc.). Poly(ethylene
oxide) (PEO) was the earliest and extensively studied system.
Although, the ionic conduction of PEO was discovered by
Fenton et al. [7] in 1973, its technological importance was
recognized only in the early of 1980s [8e11]. However, these
electrolytes offered very low ionic conductivity. The poly(ac-
rylonitrile) (PAN) based electrolytes on the other hand, exhibit
exceptional ionic conductivity of the order of 10�3 S cm�1 at
ambient temperature, appreciable transference number (0.6)
and wide electrochemical stability window (<4.5 V). Un-
fortunately, these electrolytes undergo severe passivation
upon contact with lithium metal anode [12e14]. Iijima et al.
[15], Appetecchi et al. [16], Feuillede et al. [17] and Zhou
et al. [18] have explored the possibility of using poly(methyl
methacrylate) (PMMA) host as possible electrolytes for lith-
ium batteries. But the poor mechanical strength of plasticized
PMMA offset these electrolytes from practical applications.
Studies have also been made on poly(vinyl chloride) (PVC)
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based electrolytes. However, these electrolytes offer poor ionic
conductivity and compatibility towards lithium metal anode
[19,20]. The possibility of enhancing the poor mechanical
strength of PMMA electrolytes by blending with PVC has
also been explored by one of the authors [21e23]. Though
the mechanical property of the PMMA electrolyte had been in-
creased by blending with PVC, because of the poor ionic con-
ductivity, it could not be employed for practical lithium
batteries at ambient temperature. Reports are also available
on other blend polymeric systems [24,25].

By virtue of the appealing properties, recently, the poly-
(vinylidene fluoride) (PVdF) has been identified as a potential
host for lithium polymer batteries. This PVdF itself has a di-
electric constant, ‘3’, of 8.4, which assists for greater ioniza-
tion of salt and thus provides higher charge carriers. This
polymer host is expected to be more anodically stable because
of the strong electron-withdrawing functional group. More-
over, the fluorinated polymers are not stable chemically lead-
ing to poor interfacial properties with lithium metal anode and
the reaction between lithium and fluorine results in the forma-
tion of LiF owing to poor safety hazards eventually [26].

Very recently, the poly(vinylidene fluoride-hexa fluoropro-
pylene) (PVdF-HFP) (88:12) has drawn the attention of many
researchers. This copolymer comprising an amorphous phase
of HFP which helps to entrap large amount of liquid electro-
lytes and the PVdF crystalline phase acts as a mechanical sup-
port for the polymer matrix. Further, studies on PVdF-HFP gel
electrolytes are progressing [27e30].

However, all gel polymer hosts lose their mechanical
strength when they are plasticized. Also, the gain in ionic con-
ductivity is accompanied by a loss of mechanical strength ad-
versely and also leads to poor compatibility with the lithium
electrodes and this high reactivity of lithium metal results in
serious problems in terms of battery cyclability and eventually
safety. In order to retain the mechanical properties of polymer
gel electrolytes, the gel films have to be hardened either by
chemical or by physical curing (high energy radiation) and
this results in high processing costs.

The Bellcore’s group introduced a novel method for the
preparation of porous polymer membrane for plasticelithium
ion battery using phase inversion technique [31]. This method
requires the critical moisture control only at the time of assem-
bling the cells and the mechanical strength of the membrane is
maintained. One of the authors has made an extensive study on
this process with PVdF-HFP membranes [32e36]. Unfortu-
nately, the polymer membranes prepared by this technique un-
dergo poor rate-capability [37].

Recent studies reveal, the composite polymer electrolytes
(CPE) alone can offer lithium polymer batteries with im-
proved electrolyte/electrode compatibilities and safety hazards
[38e40]. One of the most promising ways to improve the
morphological and electrochemical properties of polymer
electrolytes is addition of ceramic fillers [38e41]. The highly
conducting ceramic fillers, zeolites [42], ionites [43] as well as
electrically neutral ceramic fillers [44] have been investigated.
It has been well established that the addition of ceramic fillers
improves the conductivity of polymer hosts and their interfa-
cial properties in contact with the lithium electrode. This in-
crease in ionic conductivity is explained by enhanced degree
of amorphocity of the polymer chain or hindered recrystalliza-
tion [45] Fig. 1 shows the impedance response of Li/CPE/Li
symmetric cells as a function of time stored at 90 �C. The
composite electrolytes as protonic conductors also find applica-
tions in fuel cell applications [46e49]. But in all the cases the
particle size and the characteristics of the ceramic fillers play
a vital role on the electrochemical properties of the electrolytes.

In general, the ceramic fillers for the polymer matrix are
broadly classified into two categories: active and passive.
The active component materials are participated in conduction
process e.g. Li2N, LiAl2O3 while in inactive, the materials
such as Al2O3, SiO2, MgO do not involve in the lithium
transport process. The selection of fillers between active and
passive components is quite arbitrary.

In a pioneering research work, Weston and Steele [50] first
demonstrated the effect of incorporating inert filler (a-alumina)
in the PEO system. The mechanical strength and the ionic
conductivity were significantly enhanced upon the addition of
inert particles in the polymer composite systems. Also the
change in entropy of alumina added fillers on ionic conductivity
studies were reported for PEO [51] and for PEO blend based
systems [52]. The crystalline structure that plays a crucial role
on the ionic conductivity of PEO was modified by adding
Fig. 1. Impedance response of Li/LiCF3SO3þ 20w/o/Li cell at progressive storage times and at 90 �C. Frequency range: 10 mHze100 kHz. Electrode surface:

0.5 cm2 [45].
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ceramic additives was reported by Wieczorek et al. [53]. The
molecular structure and dynamics of LiClO4 in the poly(ethyl-
ene oxide) with dimethyl ether and diglycol system was ana-
lyzed using infrared spectroscopy [54]. Reports are also
available on similar studies for other systems like NaClO4

[55], miscibility of lithium [56], PEOeNaH4IeAl2O3 [57],
LiClO4 in pyridene matrix [58], and NH4SCN [59].

The ionic conductivity and ultra structure were discussed
based on Lewis acidebase interactions of AlBr3, AlCl3 and
a-Al2O3 inert fillers added PEOeLiClO4 electrolytes by
Wieczorek et al. [60]. The results inferred the Lewis base
interactions occurring between various chemical moieties of
the composite electrolyte systems. Aluminum halides interact
with polyethers and form aluminum halide complexes and thus
stiffen the polymer electrolytes, also the ClO4

� ion complexes
with aluminum halides act as a plasticizing agent. The ad-
dition of Lewis acid results in a decrease in the degree of
crystallinity of PEO-based electrolytes and followed by an
increase in ionic conductivity. These results were also con-
firmed by DSC data.

While studying the DSC, Li NMR and complex impedance
measurements of low-molecular weight PEG with lithium salt,
Panero et al. [61] observed that the addition of up to 30 wt.%
inert filler, g-LiAlO2, improved the mechanical properties and
is found to have negligible effect on ionic conductivity. Kumar
and Scanlon [62] reviewed the state of the art of CPE based on
ionic conductivity, transport number and electrodeeelectrolyte
interfacial reactions. They also substantiated that the ceramic
fillers such as nitrides (AIN, BN) will have better interfacial
properties than SiO2 or Al2O3 because the passivation of lith-
ium metal will result in the formation of Li3N that facilitates
for high ionic conductivity. They also proved that nanosized
ceramic fillers are found to have better compatibility with lith-
ium metal than micron sized fillers [62]. The cation transport
number was increased from 0.1 to 0.2 upon the addition of
SiO2 (10 wt.%) in the PEOeLiN(CF3SO2)2 system [63]. How-
ever, Liu et al. [64] were able to increase the transport number
up to 0.56 for SiO2 incorporated PEOeLiBF4 system. In a sim-
ilar study, Kim et al. [65] have enhanced the ionic conductivity
of PEO-based electrolyte by incorporating the SiO2 coated
with trimethylsilyl in which, lithium bis(perfluoro ethyl sulfo-
nyl)imide (LIBETI) was used as salt. The CPE exhibited ionic
conductivity of the order of 1.5� 10�5 S cm�1 at 25 �C and
the electrochemical stability more than 4.8 V. The enhance-
ment of ionic conductivity was attributed to increased disper-
sibility as well as non-impeding role of coated SiO2. The
incorporation of SiO2 as an inert filler in PEO was made by
Krawiec et al. [66] and found that the layered nanocomposite
polymer electrolytes based on PEO offered better electro-
chemical characteristics because of the apparent synergism be-
tween the silicate host and the polymer. Table 1 shows the
differential calorimetry data for the nanocomposite polymer
electrolytes (NCEs) containing Al2O3 grains of 13 nm. The
addition of g-LiAlO2 in the PEO-based electrolytes consider-
ably reduces not only the crystallinity of the electrolytes
but also improves its interfacial stability towards lithium [67].
In a pioneering research, Golodnitsky et al. [68] found in
PEOeLiI system that the addition of ethylene carbonate,
PMMA and PAN is beneficial while the addition of PMA,
polybutyl acrylate and PVdF though made polymer electrolyte
stiffer but reduced the ionic conductivity. The effect of salt
concentration on the molal ionic conductivity of various
systems was reported [69]. The enhancement of conductivity
was achieved for the PEOeLiClO4 system. The results were
discussed based on DSC and FTIR studies. The authors con-
cluded that the changes in conductivity result from acide
base type interactions involving polyether oxygen, filler acid
or base centers and alkali metal cations. The effect of the filler
is to change the formation of ion aggregates. The region in
which the enhancement of ionic conductivity is observed cor-
responds to a decrease in the fraction of contact-ion pairs and
high aggregates: this is due to the location of filler molecules
in the vicinity of the co-ordination sphere of Liþ cation. The
mechanism was adopted by the same authors for the low-
molecular weight poly(ethylene glycol) systems also [70].

A review also documents on polyether composite electro-
lytes and studies on PVDF-gel electrolytes are also presented
[71]. Kim et al. [72] attempted to correlate the glass transi-
tion temperature, Tg, and melting point, Tm, of poly(ethylene
oxide)-based electrolytes with 29 different inert fillers. Factors
generally affect the Tg, also influence Tm and in the present
study the authors found these parameters were not varied
independently.

The electrochemical properties of mixed phase com-
posite polymer electrolytes based on PEO, LiClO4, LiBF4,
LiPF6, LiCF3SO3, LiN(CF3SO3)2 with ferroelectric materials
(BaTiO3, PbTiO3, LiNbO3) have been reported [73]. The con-
ductivity was enhanced considerably upon the incorporation of
the ceramic filler. This phenomenon was expressed in terms of
association tendency of anions with lithium-cation and the
spontaneous polarization of ferroelectric ceramic particles
due to their particular crystal structure [73].

Impedance analysis of PEO/LiClO4/Al2O3 composite solid
polymer electrolytes was made with platinum and stainless
steel blocking electrodes by Qian et al. [74]. The room temper-
ature conductivity was enhanced upon the addition of Al2O3

Table 1

Differential scanning calorimetry data for nanocomposite polymer electrolytes

(NCEs) containing Al2O3 grains of 13 nm [66]

Al2O3 (wt.%) Tg (�C)b Tm (�C)c PEO crystallinity (%)

Pristine 64 97

0 �38 58

1 �37 55 53

3 �38 53 51

5 �37 54 51

5a �37 53 51

10 �37 48 28

10a �33 44 21

20 38 52 30

20a �35 56 41

30 �38 52 30

50 57 59

a Systems containing conventional microsize Al2O3.
b Tg¼Glass transition temperature.
c Tm¼Crystalline melting point.
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particles. An increase in the diameter of high frequency and
a decrease in the slope of low frequency have been attributed
to the applied d.c. potential in the experimental procedures.

Kumar et al. [75] explored the possibility of using MgO as
filler in PEOeLiBF4 system. They have also proposed a
structureeconductivity correlation using DSC and conductiv-
ity data. They also found that the incorporation of MgO in
PEO host suppresses the PEO melting temperature and retards
its crystallization kinetics. Also a content of 30 wt.% of
ceramic filler affects the ionic conductivity of the composite
electrolyte adversely.

The addition of inorganic filler, LiN2O3 in the polymer
hosts comprising PEO-grafted (polymethacrylate) not only in-
creases the ionic conductivity of the systems but also enhances
the ionic mobility [76]. The addition of LiAl2O3 in the poly-
mer host increases the ionic conductivity when LiClO4 was
used as salt. While on the other hand, little influence was
observed when LiCF3SO3 was added. Bloise and co-workers
[77,78] probed the NMR properties of both nuclei 1H and
7Li and studied the effects of ceramics and carbon black filler
particles on the mobility of PEO chains. Results suggested that
the LieF interaction was found to be weaker in the composite
electrolyte prepared with a-Al2O3 when compared to other
electrolytes prepared with g-Al2O3. A similar study was dem-
onstrated by Chung et al. [79] for PEO-based electrolyte
incorporated with TiO2/Al2O3 and LiClO4. The NMR studies
revealed that the increase in ionic conductivity is not attribut-
able to a corresponding increase in the segmental motion of
polymer but are due to the weakening of polyether-cation
association induced by the nanoparticles.

The effect of size of inorganic particles on the crystallinee
amorphous transition of PEOeLiBF4 systems was analyzed
using DSC analysis [80]. These specimens were thermally
cycled (coolingeheating) between ambient temperature and
100 �C. DSC studies revealed that the nanosized inorganic
filler was found to be the most effective material for reducing
the crystallinity of PEO-based polymeric hosts. The same
group [81] reported the DSC analysis for PEO/LiBF4/TiO2

and ZrO2 also. Scanlon et al. [82] have identified that the
interaction between polymer chain and inorganic fillers facil-
itates for better ionic conductivity enhancements. This interac-
tion is influenced by the particle size and mass of the particles.
The nature of the interaction is believed to be dipoleedipole
interaction and driven by a dielectric constant gradient. Also
of importance, the interaction is also temperature dependent.
The polymer phase was identified as a medium of transport
and reservoir for conducting ions. The ceramic filler also
improves the transport of charge carriers through the localized
influence on the polymer chain conformation. The importance
of using nanosized inorganic filler in the polymer hosts to
enhance ionic conductivity and the effect of dielectric constant
on the ionic conductivity of MgO and BaTiO3 added PEOe
LiBF4 system have been discussed. The authors concluded that
the ceramic not only facilitates for better ionic conductivity but
also interacts with the polymer phase and the nature of inter-
action depends upon the size of the particles. An amorphous
structure was achieved for the PEO/LiBF4/LiPF6eAl2O3
polymer electrolyte system by optimizing particle size of
Al2O3. Nanosized Al2O3 filler was found to be more effective
in reducing the crystallinity of PEO than micron sized parti-
cles. It has also been proven that a mixture of two salts rather
than a single salt stabilizes the amorphous phase of polymer
[82]. The influence of zeolite on the physical and electro-
chemical properties, like impedance spectroscopy, cyclic vol-
tammetry, DSC and SEM of the PEOeLiBF4 systems have
been reported [83].

A majority of the studies have been made on polyether at
moderate temperatures where such electrolytes exhibit macro-
scopic uniformity. Relatively a very few attention was paid to
sub-ambient temperature conductivity [84]. Furthermore, their
studies revealed that the temperature dependence of ionic con-
ductivity of the composite electrolytes follow Arrhenius empir-
ical relation at sub-ambient temperature down to glass transition
temperature, Tg, and VTF equation at high temperature.

On contrary to all studies, Kasemagi and co-workers [85]
reported that the incorporation of quasi-spherical nanoparticles
of a-Al2O3 to LiCl, LiBr and LiI salts in amorphous PEO ad-
versely reduces the ionic conductivity of the polymer electro-
lytes. This reduction in ionic conductivity was attributed to the
ion-pairing and ion-clustering effects in that particular system.

Croce et al. [86] proposed a model to account for the role
of ceramic fillers on the transport properties of PEO-based
composite electrolytes. This model was substantiated by elec-
trochemical studies such as ionic conductivity, lithium trans-
ference number, etc. They also concluded that the role of
incorporated filler in the polymer matrix is not only preventing
crystallization of the polymer chain but also promotes specific
interaction between the surface groups and both PEO seg-
ments and the electrolyte ionic species which subsequently,
increases the fraction of free Liþ motions. Dissnayake et al.
[87] proposed a new model based on the interaction of Lewis
acidebase theory in which they found filler particles are not
involved in the enhancement of ionic conductivity. Rather they
observed that the conductivity enhancement is due to an inter-
action between the ionic species and the surface groups of the
fillers. Furthermore, it is attributed that the ionic conductivity
is increased due to the creation of additional sites and a quali-
tative model has also been proposed for the system composed
of (PEO)9eLiTFSIeAl2O3. The CPE with acidic surface
group system exhibited highest conductivity among the fillers
studied with basic, neutral and weak acidic. The same group
[88] found a similar kind of interaction between the ionic
species and the O/OH groups on the inert filler surface of the
(PEO)9eLiCF3SO3eAl2O3 system. Choi and co-worker [89]
observed two antagonistic effects on the ionic conductivity
of SiC incorporated PEOeLiClO4 system. The incorporation
of SiC considerably decreases the glass transition temperature,
Tg, which enhances the polymer chain motion and increases
volume fraction of the amorphous phase, which obviously in-
creases the ionic transport process.

Using high resolution NMR, Dai et al. [90] found that Li
has at least two environments in the PEOeLiI systems: one
solvated by PEO and one in ionic clusters. The confluence
of the conductivity jump and the charge in Li environment
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suggest that the conduction mechanism in concentrated
electrolyte system is quite different than that of more diluted
polymer electrolytes. Wieczorek et al. [91,92] applied the
Lewis acidebase theory to analyze the ultra structure and
the ionic conductivity of several composite ether alkali metal
solid electrolytes. The authors incorporated three different
fillers namely Lewis acid centers (AlCl3), Lewis base centers
(poly(N,N dimethylacrylamide) as well as amphoteric Lewis
acidebase character (a-Al2O3) in the PEOeLiClO4 system.
Since PEO is known as a Lewis base and Liþ cation as a Lewis
acid the phenomena occurring in composite electrolyte were
explained in terms of equilibria between various Lewis acide
base reactions occurring in the composite electrolyte systems.
The same group [93] also substantiated that the ionic conduc-
tivity occurs only in the amorphous phase of the polymeresalt
electrolyte system. The authors found in a system composed of
both organic (polyacrylamide) and inorganic (Al2O3) fillers
that the inorganic filler increases the glass transition tempera-
ture and on contrary, organic filler reduces the glass transition
temperature.

A few researchers have intensively made the interfacial
properties of composite polymer electrolytes with lithium
metal anode [94e96]. Appetecchi et al. [94] prepared several
composite electrolyte samples composed of PEOe with two
different lithium salts, LiBF4 and LiCF3SO3 and g-LiAlO2

as filler by a new solvent-free method. This synthesis proce-
dure with the dispersed particles concurs to provide these com-
posite electrolytes with an exceptionally high stability with the
lithium metal electrode. Furthermore, these dry polymer elec-
trolytes offered very high efficiency (99%). This in turn sug-
gests the suitability of the electrolytes for the fabrication of
improved rechargeable lithium polymer batteries. In a similar
study, Li et al. [95] studied the interfacial properties of PEO-
based electrolytes with two different salts namely LiClO4 and
Li(CF3SO2)2. The interfacial resistance of the CPE-containing
LiClO4 was found to be higher than that of with Li(CF3SO2)2

even after annealing at 80 �C. According to Kumar et al. [96]
the nanosized fillers are more compatible to reduce the inter-
facial resistance than fillers with micron sized.

At least one order of ionic conductivity has been increased
upon the incorporation of BaTiO3 filler in the PEO-based
electrolytes [97]. The increase in transport number and ionic
conductivity of the polymer host after the incorporation of the
filler has been explained on the basis of the spontaneous polar-
ization of the ferroelectric material due to its particular crystal
structure. The addition of BaTiO3 filler had greatly enhanced
the lithium/electrolyte interface stability. Golodnitsky et al.
[98] addressed the conduction mechanism that takes place
on the grain boundaries which was ignored so far. The effect
of doping CaI2 and changing the Li/EO ratio and the concen-
tration of the filler has also been discussed with SEM and ECS
data. In a system composed of PEOeLiClO4eSiO2/TiO2,
Scrosati et al. [99] and Croce et al. [100] found that the incor-
poration of inert filler not only enhances the mechanical
strength but also performs both as a sort of ‘‘solid plasticizer’’
for the polymeric chain by kinetically inhibiting their crystal-
lization and their re-organization at ambient temperature and
as a sort of ‘‘solid solvent’’ by interacting with ionic species
of the salt.

On contrary to the above results, Shin and Passerini [101]
could not find any remarkable change in the ionic conductivity
and transference number of PEO-based electrolytes. In fact,
7 nm SiO2 lowered the diffusion co-efficient significantly.
The lithium transport number of SiO2 incorporated electro-
lytes exhibited lower values than those with g-LiAlO2 incor-
porated and pristine one. Very recently, Wang et al. [102]
achieved a novel composite electrolyte of highest transference
number of 0.7 with maximum ionic conductivity. More inter-
estingly, the conducting ceramic filler/mat, La0.055Li0.35TiO3,
was introduced in the polymer matrix by Ji et al. [103] and
thus this ceramic filler is believed to penetrate the cross
section of the electrolyte. The role of functional nanofillers
on the ionic conductivity of the PEO-based electrolytes has
been reported.

Most of the literatures are available only on the studies
made on poly(ethylene oxide)-based matrices. A very few
studies have been made on other polymeric materials as pos-
sible composite electrolyte hosts such as poly(acrylonitrile),
poly(methyl methacrylate) and poly(ethylene glycol). A series
of a-Al2O3 containing poly(acrylonitrile)-based composite
electrolytes were prepared by Chen-Yang et al. [104] with
high ionic conductivity and mechanical property at ambient
temperature. The CPE with highest ionic conductivity was
achieved for the composition with 7.5% of a-Al2O3 and 0.6
LiClO4 per PAN repeat unit. The prepared PAN-based electro-
lytes were found to be optimal in stress and strain points of
view to form good interface with electrodes. Nanocomposite
electrolytes PAN/LiClO4/Al2O3 have been prepared and their
infrared spectra were also reported [105]. The addition of
nanoceramics can help the dissolution of the lithium salt and
the dissociation of the Liþ-nitrile. Based on the Lewis acide
base type of interactions, it is proposed that the competitions
between the Liþ ion and the hydrogen on the surface of acidic
nano-oxides and between ClO4

� anions and the oxygen on the
surface of basic nano-oxides help to separate the LiþClO4

� ion
pairs. Meanwhile, such competition also dissociates the LiI-
nitrile interactions. These interactions increase the contents of
free charge carriers in the electrolytes and enhance the ionic
conductivity of the nanocomposite polymer electrolytes. The
Raman and a.c. impedance analysis of CPE with PAN as
a host is also reported [106]. Chen and Chang [107] demon-
strated that the addition of cetyl pyridium chloride (CPC)-
modified montmorillinite increases the ionic conductivity of
PAN-based electrolytes of two orders magnitude over that of
PANeLiCF3SO3 system. The interactions between silicate
layer, the nitrile group and lithium-cation were investigated by
FTIR, solid-state NMR and DEA studies. A strong interaction
that occurs between silicate layer and LiCF3SO3 salt system
was also identified. The dependence of ionic conductivity on
the free volume of PANeLiCF3SO3 system using positron an-
nihilation life-time spectroscopy has also been reported [108].

The microscopic interactions of fully amorphous trifunc-
tional polyether (3PEG) and poly(ethylene methylene oxide)
(PMEG) complexed with two different lithium salts and
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nanoparticulates of 20 nm TiO2 and Al2O3 have been reported
[109]. The addition of TiO2 provides an increase of ionic con-
ductivity of half-order, and on contrary, Al2O3 reduces the
ionic conductivity. The results were discussed based on elec-
trostatic interactions involving dielectric properties of the
fillers, interaction between polymer-filler and ionic species
and fillers when the effect of crystallization was ignored.

A novel hyperbranched polymer, poly[bis(diethylene
glycol)benzoate] capped with a 3,5-bis[(30,60,90-trioxodecyl)-
oxy] benzoyl group (poly-Bz1a), was prepared, and the com-
posite electrolyte comprising LiN(CF3SO2)2 and poly-Bz1a/
LiN(CF3SO2)2 was reported by Itoh et al. [110]. The poly-Bz1a/
LiN(CF3SO2)2 electrolyte exhibited higher ionic conductivity
compared with a polymer electrolyte based on poly[bis(diethy-
lene glycol)benzoate] capped with an acetyl group (poly-Acla),
and the ionic conductivity of poly-Bz1a/LiN(CF3SO2)2 electro-
lyte was found to be 7� 10�4 S cm�1 at 80 �C and 1� 10�6

S cm�1 at 30 �C, respectively. The existence of a 3,5-
bis[(30,60,90-trioxodecyl)oxy]benzoyl group as a branching
unit present at ends in the base polymer improved significantly
ionic conductivity of the hyperbranched polymer electrolytes.
An electrochemical stability window of 4.2 V at 70 �C was
achieved and the film was found to be stable until 300 �C.

The cycling behavior of poly(methyl methacrylate)/poly-
(ethylene glycol diacrylate) blend with LiCoO2/carbon couple
has been reported [111]. The cells are found to deliver higher
capacity even at high rate (C/2). The DSC, NMR, XRD and
ionic conductivity properties of PEG-based electrolytes have
been analyzed [112]. The variation of crystallinity of the poly-
meric electrolyte systems is correlated with the DSC data.
Very recently, a complete study like ionic conductivity, mor-
phology, electrochemical and spectroscopic measurements
on PEG-based electrolytes incorporated with both organic
and inorganic fillers [113,114] and hectorite based on PEG
[115] have been reported. Chiang et al. [116] observed one
order enhancement of ionic conduction on PVdF host upon the
addition of nano-tube TiO2 with LiPF6. Using photo-electron
spectroscopy (XPS) the change in C1S and F1S and F1S

spin-orbital splitting of PVdF upon the addition of nano-tube
TiO2 was observed. The results revealed that the fluorine
atom of PVdF and the oxygen atom of TiO2 are coordinating
with the dissociated Liþ ions through Lewis acidebase
interactions.

The formation of different ionic aggregates of Al2O3 added
PEG methyl ether (PEGME)eLiClO4 and PEG dimethyl ether
(PEGDME)eLiClO4 electrolytes have been identified using
three different methods [117]. The first two methods were
based on deconvolution of FTIR 624 cm�1 and Raman
930 cm�1 perchlorate anion modes whereas the third mode
involved in the salt concentration depended on ionic conduc-
tivity. From the results, the authors concluded that PEODME-
based electrolytes are superior to PEGME-based electrolytes
as the strong interaction of polar eOH terminal group on
the PEGME with ions and filler surfaces is a detriment.

In view of the development of long-life, high efficiency,
rechargeable polymer electrolyte lithium batteries, properties
of cathode materials [118] and the importance of using
nanocomposite polymer electrolytes for lithium batteries
[119e122] have also been reported. Table 2 shows the proper-
ties of some of the composite polymer electrolytes [120].

1.1. Lithium-composite polymer electrolyte batteries

A very few articles document the cycling behavior of lith-
ium polymer batteries with composite polymer electrolytes.
A liquid-free ceramic incorporated composite electrolyte,
PEOeLiCF3SO3eLiAlO2 was prepared and was employed
as a separator in Li/LiMn2O4 cells [123]. The authors esti-
mated the ratio of number of cycles that any battery can sus-
tain for different values of lithium excess (QE) to lithium
stoichiometric amount (QS) to be more than 95% and this
promising value could be improved by dry composite polymer
electrolytes for long cycle life batteries. The same group [124]
reported the cycling behavior of PEOeLiCF3SO3eg-LiAlO2

in the 3 V region of LiMn2O4 cells.
Li et al. [125] studied the cycling performance of PEO-

based composite electrolytes with three different inert fillers
namely BaTiO3, TiO2 and Al2O3SiO2 and Li(CF3SO2)2N as
lithium salt. The lithium cell comprising LiNi0.8Co0.2O2/
CPE/Li with BaTiO3 as filler exhibited good cycling perfor-
mance and was attributed to improved interfacial stability
between the electrolyte and electrode. In an independent study
[126], in addition to the lithium salt, Li(CF3SO2)2N, they
incorporated LiPF6 in the same electrolyte. Their studies
revealed that the incorporation of LiPF6 reduces the capacity
fading of the cell drastically up to 0.28% per cycle. The same
authors [127] reported the cycling behavior of LiNi0.8Co0.2O2/
CPE/Li cells at 70 �C. The CPE based on PEO with a hyper-
branched poly[bis(triethylene glycol)benzoate] capped with an
acetyl group (HBP), a ceramic filler, BaTiO3 and LiPF6 as
lithium salt. The conductivity of the polymer electrolyte was
found to be of the order of 10�4 S cm�1 at room temperature.
The time dependence of the bulk resistance, Rb, the interfacial
resistance Ri and charge-transfer resistance Rct have been mea-
sured at 60 �C. The cycling behavior of LiNi0.8Co0.2O2/CPE/
Li cells for different cut-off voltages has also been studied
(Fig. 2). The cell delivered a capacity of 150 mA h g�1, which
is comparable to that of liquid electrolyte. The capacity fade
per cycle 0.12% was attributed to the upper cut-off voltage
of the cell. Table 3 displays the tensile strength of the compos-
ite polymer electrolytes at various temperatures.

Table 2

Properties of composite polymer electrolytes [120]

LiX Ceramic

filler

Conductivity

(S cm�1)

90 �C

Lithium

transference

30 �C

Lithium interface

resistance (Ohm cm�2)

LiCF3SO3 g-LiAlO2 9.0� 10�4 2.9� 10�6 0.29 40 (after

70 days)

LiBF4 g-LiAlO2 6.0� 10�4 2.9� 10�7 0.26 200 (after

70 days)

LiClO4 TiO2 1.8� 10�3 2.3� 10�5 0.5e0.6 55 (initial)

LiClO4 Al2O3 1.1� 10�3 2.9� 10�5 0.31e0.33 80 (after

55 days)
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Appetecchi et al. [128] exploited the ionic conductivity of
PEO-based electrolytes at high temperature for electric vehicle
applications. They assembled a cell by the direct lamination
of the components, namely the lithium foil anode, PEO-based
electrolyte and LiFePO4 composite cathode. The results con-
firmed the good performance of this Li/LiFePO4 cell in terms
of capacity, chargeedischarge efficiency and cycle life. A fade
in capacity was observed at moderate temperatures and at high
rates and are attributed to a decrease in the ionic conductivity
of polymer electrolyte. However, Li/LiFePO4 system has been
found to be optimal in terms of specific energy and power
density for temperatures above 90 �C. The discharge cycling
behavior of Li/CPE/LiFePO4 polymer battery at different
temperatures is shown in Fig. 3. Very recently, Jiang and
co-workers [129] introduced a novel composite electrolyte

Fig. 2. Cycling performance of the cell Li/[PEOe10 wt.% HBP]10 (Li-imide-

10 wt.%)]e10 wt.%.BaTiO3/LiNi0.8Co0.2/Al at 60 �C. Current density: 0.2 mA/

cm2. Cut-off voltage: 2.5e4.4 V [127].

Table 3

Tensile strength of the composite polymer electrolyte films at various temper-

atures [127]

Samples broken point (MPa) Temperature

100% (�C)

Elongation (MPa)

[(PEOe10 wt.% HBP)10

(Li-imidee10 wt.%

LiPF6)]e10 wt.% BaTiO3

30 2.7 3.6

40 1.7

50 1.4

60 0.56 1.3

70 0.33

[(PEOe10 wt.% HBP)25

(Li-imidee10 wt.%

LiPF6)]e10 wt.% BaTiO3

30 3.4

60 0.6

[(PEOe20 wt.% HBP)12

(Li-imide)]e10 wt.% BaTiO3

40 0.33a

60 0.26a

[PEO10(Li-imide)]e10 wt.% BaTiO3 30 0.67

PEOe10 wt.% BaTiO3 60 17

10

PEO 30 14

a Maximum strength yield point.
composed of polyurethane acrylate (PUA) with nanosized SiO2

as ceramic filler and LiN(CF3SO2)2 as salt. The cell, Li/PUAe
SiO2/Li0.33MnO2, exhibited a high initial capacity of about
192 mA h g�1 at 60 �C and a faster capacity fading when
hydrophilic SiO2 was added. However, the fade in capacity
could be considerably reduced upon the addition of hydro-
philic nanosize SiO2 powders. Also the cycling behavior of
Li/LiMn3O6 cells with low particle size filler dispersed com-
posite polymer electrolyte has been reported recently [130].

Panero et al. [131] have analyzed the chargeedischarge
profile of LiNi0.5Mn1.5O4/Li and LiNi0.8Co0.16Al0.04O2/Li
cells with PAN-based electrolytes. The PAN-based electrolyte,
which exhibited an ionic conductivity of the order of 0.8�
10�2 S cm�1, comprised propylene carbonate, Al2O3 as an
inert filler and LiPF6 as lithium salt. The electrochemical sta-
bility of the electrolyte was found to be above 5.5 V vs Li
which makes it suitable for high voltage lithium battery appli-
cations. The cells were able to cycle even at C/3 rates and
some decay in capacity could be noticed which is attributed
to the poor cell structure and electrode formulation. A unique
performance of a novel rechargeable battery with a cathode of
phospho-olivine structure has been demonstrated by Croce and
co-workers [132]. This battery has some promising features in
terms of cycle life and rate-capability. Under the present cir-
cumstances the battery appears to be quite suitable for electric
vehicle applications, which is so urgently required for the con-
trol of air in large urban areas.

Based on the literature available, so far to the best of our
knowledge no attempt has been made on the AlO[OH]n incor-
porated PVdF-HFP composite as possible electrolyte for lith-
ium polymer batteries for elevated temperature applications.
Taking into account the appealing properties of PVdF-HFP as
mentioned earlier, the present study has been made on the elec-
trochemical properties of these electrolytes complexed with
two different lithium salts namely LiClO4 and LiPF6. The inter-
action of Lewis acid groups of the added ceramics (e.g. eOH
groups of the AlO[OH]n) with polymer chain is discussed and
also cycling behavior with nanocrystalline LiCr0.01Mn1.99O4/
CPE/Li cells has been studied and is presented.

Fig. 3. Discharge cycling behavior of a Li/P(EO)35 LiCF3SO3:5%SiO2/

LiFePO4 polymer battery at different temperatures and current densities [128].
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2. Experimental procedure

2.1. Sample preparation

The composite polymer electrolyte samples were prepared
by solution casting technique as reported elsewhere [19e23].
The PVdF-HFP (Kynar flex 2751, Elf Atochem, Japan),
lithium hexafluoro phosphate (LiPF6), lithium perchlorate
(LiClO4), and aluminum oxyhydroxide (AlO[OH]n) (pseudo-
boehmite) were dried by annealing them under vacuum at
100, 80, 90 and 250 �C, respectively, for 24 h. All compo-
nents, namely the selected lithium salt, polymer and the inert
filler, pseudo-boehmite, of particle size 40 nm (Cobot, USA)
were dissolved in an anhydrous tetrahydrofuran (THF). We
set the total weight of polymer, inert filler and lithium salt
to be identical (100%) when preparing the films of various
filler content and polymer ratio. The polymer solution was
cast as film and THF was allowed to evaporate at room tem-
perature. After the evaporation of THF, mechanically stable
films (free standing) of uniform thickness (50e80 mm) were
obtained. The films were further dried in the temperature-
controlled oven at 50 �C for 12 h to remove the traces of
THF, if any. The electrolytes were prepared for different
compositions as depicted in Table 4. All the electrolytes were
prepared in an argon filled glove box (M braun, Germany)
with less than 10 ppm of moisture content.

2.2. Ionic conductivity measurements

The ionic conductivity of the samples was measured by
sandwiching the samples between two stainless steel blocking
electrodes. The measurements were performed using an elec-
trochemical impedance analyzer (Princeton EG & G, USA)
between 100 kHz and 10 mHz at various temperatures ranging
from �15 to 90 �C. A thermostatic bath with 0.1 �C precision
was utilized to control the temperature.

2.3. Compatibility studies

The stability of lithium interface was investigated by mon-
itoring the time dependence of the impedance of symmetrical
Li/PVdF-HFP-composite electrolyte/Li cells by utilizing the
same procedure for ionic conductivity measurements. The
symmetric cells were stored at 60 �C.

Table 4

Composition of polymer, inert filler and lithium salt with corresponding trans-

ference number

S. no Polymer

(wt.%)

AlO[OH]n Salt:

LiClO4/LiPF6

Transference number

LiPF6 LiClO4

S1 95 0 5 0.30 0.34

S2 90 5 5 0.40 0.40

S3 87.5 7.5 5 0.45 0.43

S4 85 10 5 0.50 0.48

S5 82.5 12.5 5 0.56 0.50

S6 80 15 5 0.52 0.50

S7 75 20 5 0.52 0.49
2.4. Transference number

The lithium ion transference number, tLiþ of the samples
was measured by utilizing the method reported in Ref. [16].
The measurements are taken at the initial time of the applied
d.c. voltage pulse (t¼ to, R¼ Ro, I¼ Io) and under steady con-
ditions (t¼ ts, R¼ Rs, I¼ Is). By using the values, the tLiþ is
given by the equation:

tLiþ ¼ IsðV � IoRoÞ=IoðV � IsRsÞ ð1Þ

where V is the value of the d.c. voltage pulse applied to the cell
for the chrono amperometric analysis. (In the present study
V¼ 5 mV.)

2.5. Chargeedischarge studies

The lithium cells composed of nanocrystalline LiCr0.01Mn1.99O4/
CPE/Li was assembled by stacking the lithium metal anode,
CPE and composite cathode in a coin type cell. The preparation
and characterization of composite LiCr0.01Mn1.99O4 have
already been reported by one of the authors [34].

3. Results and discussions

3.1. XRD analysis

Fig. 4a and b displays the XRD pattern of PVdF-HFP poly-
mer and PVdF-HFPeAlO[OH]neLiPF6 sample. The peaks at
2q¼ 18.2, 20, 26.6 and 38 corresponds to (100), (020), (110)
and (021) crystalline peaks of PVdF. This confirms the partial
crystallization of PVdF units in the copolymer and gives
a semi-crystalline structure of PVdF-HFP [29]. A similar
pattern was observed when LiClO4 was incorporated in the
polymer host. The crystallinity of the polymer has consider-
ably been decreased upon the addition of the inert filler and
lithium salt. It is quite obvious from Fig. 4b that the intensity
of the crystalline peaks decreases and broadens. This reduction
in crystallinity upon the addition of inert filler is attributed

Fig. 4. XRD patterns of: (a) PVdF-HFP polymer and (b) composite polymer

electrolyte (CPE).
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to small particles of inert filler which changes the chain
re-organization and facilitates for higher ionic conduction
[64,133] These results are also in accordance with those
reported for TiO2 incorporated PMMA/PEGDA blend com-
posite electrolyte system [111] and PANeLiClO4ea-Al2O3

composite system [104].

3.2. Ionic conductivity

Figs. 5 and 6 depict the ionic conductivity as a function of
filler concentration, [AlO(OH)]n, in the polymer host for fixed
lithium salt content (5%), LiPF6 and LiClO4, respectively. It is
clear from the figure that the ionic conductivity has consider-
ably been increased (up to one order) in both cases upon the
addition of inert filler. The ionic conductivity of the inert filler
system is higher than the undoped system for all the tem-
peratures studied. The ionic conductivity increases with the
increase of filler content up to 12.5% and decreases further
even when the concentration of the filler was increased. These
results are in accordance with those reported earlier in which
Al2O3 was used as filler in PEO-based electrolytes [74]. As
commonly found in composite materials, the conductivity is
not a linear function of the filler concentration. At low concen-
tration levels the dilution effect, which tends to depress the
conductivity, is effectively contrasted by the specific inter-
actions of the ceramic surfaces, which promotes fast ion trans-
port. Hence an apparent enhancement in conductivity is seen
in both cases. At higher filler content, the dilution effect pre-
dominates and the conductivity is lowered. On the other hand,
when the concentration of the filler was increased the dilution
effect predominates and the conductivity decreases [86]. Thus
the maximum conductivity is achieved only in the concentra-
tion region of 8e10 wt.%. According to the NMR studies of
Scrosati and co-workers [44] the local dynamics of the lithium
ions, in particular lithium mobility, is not changed by filler
which supports the idea that the enhancement of conductivity
by adding a filler is caused by stabilizing and increasing the
fraction of amorphous phase. Our XRD result also substanti-
ates this point. However, indeed, this point does not hold
good solely for the enhancement of conductivity where the
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Fig. 5. Temperature dependence of PVdF-HFPeAlO[OH]neLiPF6 composite

polymer electrolyte as a function of ionic conductivity (samples S1eS7).
polymer has amorphous phase by its own nature. According
to Scrosati et al. [86], the Lewis acid groups of the added inert
filler may compete with the Lewis acid lithium-cations for
the formation of complexes with the PEO chains as well as
the anions of the added lithium salt. Subsequently, this results
in structural modifications on the filler surfaces, due to the
specific actions of the polar surface groups of the inorganic
filler. The Lewis acidebase interaction centers with the elec-
trolytic species, thus lowering the ionic coupling and promotes
the salt dissociation via a sort of ‘‘ion-filler complex’’ forma-
tion. In the present study, the filler, AlO[OH]n, which has a
basic center can react with the Lewis acid centers of the poly-
mer chain and these interactions lead to the reduction in the
crystallinity of the polymer host and indeed, this effect could
be the reason for the observed enhancement in the ionic con-
ductivity for both systems studied [92].

It is also clear from both figures (Figs. 5 and 6) that the
films with LiPF6 as salt exhibited higher ionic conductivity
than those with LiClO4. Since both anions are counter ions of
strong acids the difference in conductivity is presumably due
to the difference in lattice energies. LiPF6 has the lower lattice
energy and bulky fluorinated anion and therefore leads to an
easier solvation of Liþ ion by the polymer matrix, which facil-
itates for higher ionic conductivity. Similar observation has
been reported by Immanuel et al. [134] in which MEEP was
used as a host and also by us [21e23] when the ionic conduc-
tivity of PVC/PMMA blend electrolytes had been studied.

3.3. Compatibility

Lithium metal is found to be an attractive anode material
for lithium secondary battery that provides a larger capacity
of 3800 mA h g�1, which is about 10 times higher than that
of carbon-based anode (372 mA h g�1) with a composition
of LiC6. However, the cycle life of lithium metal secondary
cells is very short due to the low cycling efficiency of lithium
metal anode as it reacts with both aprotic and protic solvents
at its surface. Many reasons have been offered for this poor
cycling, which include the electrochemical reactions between
the anode and the electrolyte and loss of electronic contact
between the electrode and dendritic lithium. In the polymer
electrolyte systems, on the other hand, a resistive layer covers
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the lithium and the resistance of this layer grows with time,
which can reach values over 10 kOhm cm�2. Although, the
structure of this layer is not understood, but it is known that
uncontrolled passivation phenomena affect the cyclability of
lithium electrodes and thereby entire lithium battery system.
The nature of this layer depends mainly on the purity and com-
position of the electrolyte. This solid electrolyte interface
(SEI) plays a crucial role in determining their properties,
which include shelf life, safety and lithium deposition and dis-
solution efficiency and cycle life. Also, it has been reported
[135] that the rate of SEI formation is in a time domain less
than 100 ms and the characteristics of the formed layer are
very inhomogeneous. As is well known, uncontrolled passiv-
ation phenomena affects the lithium electrode and thus the
entire battery system and may lead to serious safety hazards
eventually. Therefore, the criteria for the selection of proper
battery electrolyte must be based not only on fast transport
properties but also, and perhaps principally, on favorable inter-
facial properties [132,136]. In the present study, the compati-
bility studies have been examined with proper attention for
PVdF-HFP membranes as described in the earlier section.
Also the sample S5 was examined as this composition was
found to be optimal in ionic conductivity point of view.

Fig. 7 displays the variation of interfacial resistance ‘‘Ri’’ as
a function of time for the composite polymer electrolytes con-
taining two different lithium salts, namely LiClO4 and LiPF6.
It is observed from the figure that the polymer electrolyte con-
taining LiClO4 as salt is more suitable when lithium metal was
used as anode. On the other hand, the film with LiPF6 as salt
exhibits a little higher interfacial resistance values. The poor
compatibility of polymer electrolytes containing fluorinated
lithium salts with lithium metal anode may be attributed to
the following reasons. As confirmed by XPS analysis the
amount of the fluorine substances on the lithium surface in-
creases according to the storage time [137,138]. An important
reason for the increase in ‘‘Ri’’ is supposed to be the formation
of fluorine compound on lithium surface [135e138]. Also the
PVdF-HFP copolymer reacts with lithium at ambient and ele-
vated temperatures. The growth of interfacial resistance does
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Fig. 7. Variation of interfacial resistance ‘Ri’ as a function of time for the

symmetric cells stored at 60 �C. (:) PVdF-HFPeLiPF6; (C) PVdF-HFPe
AlO[OH]neLiPF6; (-) PVdF-HFPeAlO[OH]neLiClO4.
not follow a regular trend for all the samples studied. After
200 h the resistance values remain unchanged. This may be
attributed by assuming that the morphology of the passivation
films changes with time to finally acquire a non-compact, pos-
sibly porous structure [16]. Furthermore it is quite obvious
from the figure that the interfacial resistance of the polymer
host has considerably been reduced upon the incorporation
of the inert filler (lower than filler-free membrane). According
to Kumar et al. [62] nanosize inert fillers are more compatible
than the fillers with micron size. As depicted in Fig. 8, the
inert particles depending upon the volume fraction would
tend to minimize the area of lithium electrode exposed to
polymers containing O, OH-species and thus reduce the pas-
sivation process. It is also foreseeable that smaller size parti-
cles for a similar volume fraction of the ceramic phase
would impart an improved performance as compared to larger
size particles because they will cover more surface area [62].
The formation of an insulated layer of ceramic particles at the
electrode surface is probable at higher volume fraction of
a passive ceramic phase. This insulating layer will impede
electrode reactions. This may very well have happened when
excessive amount of the passive ceramic phase was introduced
into the polymer matrix.

3.4. Transference number

In order to substantiate the conductivity results further, we
have measured the Liþ transference number, tLiþ , for all the
samples and are displayed in Table 4. This table reports the
results in terms of numerical values of tLiþ . The transference
number values may equally be affected by the interfacial
properties with lithium metal anode also [139]. An apparent
increase in the transference number, tLiþ (Table 1), is observed
when passing from the filler-free to the filler incorporated
composite electrolytes. This further supports the ionic conduc-
tivity results.

Fig. 8. Schematic representation of polymer host, nano and micron sized inor-

ganic filler in the polymer host. Particles of (a) micron sized (b) nanosized

[62].
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3.5. Chargeedischarge studies

Fig. 9 demonstrates the chargeedischarge behavior of
LiCr0.01Mn1.99O4/PVdF-HFPþAlO[OH]n 10%þLiPF6/Li and
LiMn2O4/PVdF-HFPþAlO[OH]n 10%þLiPF6/Li cells at
60 �C. In the present study, the sample S5 has been employed
as it was found to be optimal in ionic conductivity and from
compatibility point of view. The lower and upper cut-off volt-
age of the cell was fixed as 2.8 and 4.2 V, respectively, for the
fear of decomposition of the electrolyte. The cells were cycled
at 0.1C rate. The polymer cell composed of LiCr0.01Mn1.99O4/
PVdF-HFPþAlO[OH]n 10%þLiPF6/Li and LiCr0.01Mn1.99O4/
PVdF-HFPþAlO[OH]n 10%þLiPF6/Li delivered an initial
capacity of 128 and 125 mA h g�1 and their fade in capacity
of the cells is 0.32 and 0.36 mA h g�1, respectively. The cell
which possess LiPF6 salt undergoes fade in capacity even after
25 cycles and is attributed to high interfacial resistance of the
system, Li/PVdF-HFPþAlO[OH]n 10%þLiPF6/Li as de-
picted in Fig. 4. A similar observation has been reported for
PEOeLiBF4eBaTiO3 systems by Yamamoto et al. [125]. In
addition to that, the characteristics and composition of the
cathode materials also play a vital role on that. The fade in ca-
pacity of the systems may also be attributed to the JahneTeller
distortion of the cathode material, LiMn2O4, when operated at
higher temperature especially above 50 �C [140e143].

4. Conclusions

Based on the literature available, so far, much studies have
been devoted on the development of poly(ethylene oxide)-
based composite electrolytes. Only a very few literatures are
available on other composite polymer electrolytes. In the pres-
ent study, the PVdF-HFP composite polymer electrolytes in-
corporated with AlO[OH]n as an inert filler with two
different lithium salts namely, LiPF6 and LiClO4 have been
prepared and their electrochemical studies have been made.
The incorporation of the inert filler not only reduces the crys-
tallinity of the polymer host and acts as ‘solid plasticizer’ ca-
pable of enhancing the transport properties but also provides
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Fig. 9. Cycling behavior of LiCr0.01Mn1.99O4/CPE/Li cells at 60 �C. -

LiCr0.01Mn1.99O4/PVdF-HFPþAlO[OH]n 10%þLiPF6/Li.; C LiCr0.01Mn1.99O4/

PVdF-HFPþAlO[OH]n 10%þLiClO4/Li.
better interfacial property towards lithium metal anode. The
cycling behavior of the LiCr0.01Mn1.99O4/CPE/Li cells shows
convincing results at elevated temperature and may be em-
ployed as a separator for lithium polymer batteries for hybrid
electric vehicle applications.
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