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bstract

Crystallinity and conductivity results for a new nanocomposite PEO:LiClO4 with nano-sized Fe3O4 particles are presented in this paper. The
SC measurements have shown a decrease in the degree of crystallinity of PEO by the inclusion of LiClO4 salt and further decrease with the

ddition of Fe3O4 nanoparticles. The nano-sized Fe3O4 surface has a Lewis acidic group capable of interaction with Lewis base centers of the
olymer PEO chain in the nanocomposite electrolyte, resulting in decrease in PEO crystallinity and enhancement of miscibility in the presence
f LiClO4 salt. Annealed at 125 ◦C of the PEO:LiClO4 electrolyte shows melting endotherm at 175 ◦C, but this endotherm is absent with the
ncorporation of nano-sized Fe oxide particles.
This electrolyte system has a one and a half order of magnitude higher ionic conductivity compared to a standard PEO:LiClO4 electrolyte.
ptimized conductivity is found at a 10 wt.% Fe3O4 composition while above this concentration, the conductivity is decreased due to aggregation
f a Fe3O4:Li rich phase.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, substantial interest has been devoted to
anocomposite polymeric materials because of their superior
roperties such as ionic conductivity and mechanical stabil-
ty over pure polymer electrolytes [1–3]. The basic method of
omposite polymer electrolyte formation is the dispersion of
norganic oxides like TiO2, Al2O3, etc., into a polymer–salt
lectrolyte solid matrix. A commonly accepted formation mech-
nism between the inorganic–polymer composite electrolyte is
he complex formation through Lewis acid–base reactions [4–6].
ccording to this model, inorganic surface groups provide cross-

inking centers for the PEO segments. This particular linkage
educes the polymer reorganization tendency and establishes the

tructural modifications of the host polymer matrix. Addition-
lly, the filler surface groups of the inorganic solid oxide forms
on–filler complexes. The major conduction path still originates

∗ Corresponding author. Tel.: +91 40 27154810; fax: +91 40 27682242.
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rom the amorphous polymer region, but additional ion transport
s established from the ion–filler complexes through sequential
eplacement of ions to adjacent “holes” on the inorganic oxide
urface [7].

In the case of composite polymer electrolytes, the ‘best’
istribution of the mobile ions are in the vicinity of available
morphous region or ‘structurally disordered region in PEO’
nd on the available sites of the Fe3O4 oxide surface. Due to
he enhancement of structural disorder, the mobility of the ions
s much higher. At the same time, new dynamic phenomena
re observed on the filler surface. The mobile ions are no longer
ndependent of either PEO or Fe3O4, and the order and directions
f their transport are largely determined by their interactions.
he ionic transport within amorphous PEO and also on the filler
urface seems to be of the same order. The Li+ ions environ-
ent on the filler surface is a salient feature in enhancing the

on conductivity. Apart from the basic ion transport via random

alking through an amorphous PEO, a second conduction path is

stablished on the surface of nano-Fe3O4 where the charge trans-
ort is likely achieved by replacing the nearby vacancy (“hole”)
opping in a sequential manner. The conductivity caused by the
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onic hopping processes is now found to increase with filler con-
ent, where filler content prevented crystallization of the polymer
EO. The hopping rate is high, if the material is of short-range
rder (i.e. amorphous fraction), but much lower, if it has a long-
ange ordered structure.

Interactions in nanocomposite electrolytes can be accounted
or by electrostatic models [8], where Li+ cations will experience
relatively stable potential landscape at the filler surface, which
ill be same order as that in the polymer. Then the lithium ions
ill be free to move by segmental motion and activated hopping,
ith a potential barrier, which has been lowered by the filler. In

he migration process, the Li+ cations form weaker transient
onds with the oxygen atoms on the surface of the filler grains,
imilar to the co-ordinated transient links they form with the
ther oxygens of PEO [9]. This stipulates additional sites for the
ationic transport process, where the bonds between the Li+ ions
nd the oxygen in the filler surface groups are also subjected to
reaking and making.

The purpose of the current study is to examine the crystallinity
nd conductivity in a nanocomposite electrolyte of PEO:LiClO4
y the inclusion of nano-Fe3O4 particles. The nanoparticles have
large surface area [10].

. Experimental

The synthesis of the Fe3O4 nanoparticles is by a chemical
oprecipitation method [11,12]. Deoxygenated distilled water
as used in the synthesis process. The solutions of ferric chlo-

ide hexahydrate FeCl3·6H2O and ferrous chloride tetrahydrate
eCl2·4H2O were prepared as a source of iron with a molar ratio
f 2:1 by dissolving the respective chemicals in deoxygenated
ater under vigorous stirring. A solution of sodium hydrox-

de, NaOH 1 M, was slowly injected with vigorous stirring in
rder to obtain a pH value of 9. This reaction proceeded under
he protection of N2 gas throughout the preparation process to
void possible oxygen contamination. The black precipitate was
solated in a magnetic field, and the supernatant was removed
rom the precipitate by decantation. After washing the precip-
tate several times, 0.01 M HCl was added to neutralize the
nionic charge on the nanoparticle surfaces. Cationic colloidal
articles were separated by centrifugation. The crystal structure
nd phase purity of the Fe3O4 nanoparticles were checked by
owder X-ray diffraction. The average particle size (∼13 nm),
hape, and morphology were examined using transmission elec-
ron micrograph (TEM) and is shown in Fig. 1.

Nanocomposite polymer electrolyte films have been pre-
ared by the blending of poly (ethylene oxide) (PEO) (MW:
× 105, Aldrich), dried LiClO4 salt and Fe3O4 in appropriate
mounts. Initially, the polymer PEO was dissolved in tetrahydro-
uran (THF) followed by the addition of appropriate amounts of
iClO4 and Fe3O3 in 2 h intervals and stirred for 24 h at 60 ◦C.
he homogeneous mixtures were poured into Teflon dishes and
vaporated slowly at 40 ◦C and dried in vacuum. Further drying

as achieved in a dry-box under argon atmosphere to remove

races of solvent completely.
The surface morphology of these composite electrolytes has

een studied by Scanning electron microscopy (SEM) using an

t
P
i
s

Fig. 1. Transmission electron micrograph of Fe3O4 nanoparticles.

itachi (Model 3500N) instrument. Samples were coated with
hin gold films using sputtering. Differential scanning calorime-
ry (DSC) studies were performed using a Perkin-Elmer (DSC

series) system at a heating rate of 5 ◦C min−1. The sample
eights were maintained in the range of 5–6 mg and all experi-
ents were carried out under nitrogen.
Impedance spectroscopy was used to measure the ionic con-

uctivity of these composite films. Measurements were carried
ut over the frequency range of 1 MHz to 10 Hz, with the
elp of a frequency analyzer AUTOLAB/PGSTAT 30 (poten-
ial/galvanostat) electrochemical instrument. These measure-

ents were made over the temperature range 298–373 K, and the
ystem was thermally equilibrated at each selected temperature
or 20 min. The bulk resistance (Rb) was determined from the
quivalent circuit analysis by using frequency response analyzer
FRA) software. The conductivity values (σ) have been calcu-
ated from the equation σ = (1/Rb) (t/A), where t is the thickness
nd A is the area of the sample.

. Results

The electrolyte surface morphology could be modulated by
oth ionic salt and oxide particles [7,13–15]. The surface mor-
hology of pure PEO and Fe3O4 blend PEO:LiClO4 electrolyte
lms are shown in Fig. 2. The appearance of a rough surface

n the SEM micrograph of pure PEO suggests several crys-
alline domains. The PEO surface morphology changes severely
hen LiClO4 and nano-Fe3O4 are incorporated. Fig. 2(b)–(d)

hows the development of the surface morphology from rough

o smooth with increasing the nano-Fe3O4 concentration in
EO:LiClO4. The surface morphology at a 5 wt.% Fe3O4 in PEO

s homogeneously dispersed nano-oxide particles along with a
mooth matrix of the composite film (see Fig. 2(c)), which sug-
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ig. 2. SEM pictures (5000×) of: (a) pure PEO; (b) PEO:LiClO4 (EO/Li ratio
0/1) polymer electrolyte.

ests satisfactory miscibility between the three moieties. The
mooth morphology is closely related to the reduction of PEO
rystallinity due to cross-linking with cations of both lithium salt
nd nano-Fe3O4. At higher contents of nano-Fe3O4 (i.e. above
0 wt.%) in PEO:LiClO4 electrolyte is found to have a rough
urface with an inhomogeneous composite matrix along with
evelopment of aggregated phases. The aggregated phase may
orrespond to nano-Fe3O4 with lithium ions.

Fig. 3 shows the DSC endotherm heating traces of the Fe3O4
anocomposite PEO:LiClO4 polymer electrolyte system. From
ig. 3, the melting endotherm of PEO is broadened and the

elting temperature has been decreased by the inclusion of
iClO4 salt in PEO. The broadening of the melting endotherm

s apparent along with decrease in the heat of fusion (�Hf) by
nclusion of nano-Fe3O4 in PEO:LiClO4 electrolyte matrix. The

ig. 3. DSC heating traces of: (a) pure PEO; (b) PEO:LiClO4; (c) 5 wt.%; (d)
wt.%; (e) 10 wt.%; (f) 15 wt.% of Fe3O4 in PEO:LiClO4 electrolyte films.
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w
F
fi

F
8

); (c) 5 wt.%; (d) 10 wt.%; (e) 15 wt.% of Fe3O4 in PEO:LiClO4 (EO/Li ratio:

rystallization curves of pure PEO and nanocomposite Fe elec-
rolyte films are shown in Fig. 4. The crystallization exotherms
n these composite films are shifted towards lower temperatures
nd broaden with increasing Fe3O4 content in the PEO:LiClO4
olid electrolyte matrix. The occurrence of Tc is lower than the
m, which is a typical characteristic for macromolecular mate-
ials.

Changes in relative crystallinity (χ) in the composite elec-
rolyte films have been calculated by assuming pure PEO being
00% in the equation � = �Hf/�Hf

◦ (where �Hf
◦ is the heat

f fusion of pure PEO and �Hf is related to PEO complex)

7,13,16]. The crystallinity and crystallization temperature (Tc)
ith the function of Fe3O4 content in PEO:LiClO4 are shown in
ig. 5. From, the figure it is seen that χ and Tc decrease with Fe
ller content up to 10 wt.% and further increase of Fe3O4 content

ig. 4. DSC cooling traces of: (a) pure PEO; (b) PEO:LiClO4; (c) 5 wt.%; (d)
wt.%; (e) 10 wt.%; (f) 15 wt.% of Fe3O4 in PEO:LiClO4 electrolyte films.
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ig. 5. Crystallinity and crystallization temperatures of Fe3O4 nanocomposite
EO:LiClO4 polymer electrolyte system.

n PEO:LiClO4 raised χ and Tc. The reduction in crystallinity in
he nanocomposite electrolyte is due to Lewis acid–base inter-
ction between the three moieties of PEO, LiClO4 and Fe3O4,
hich is strong enough to effectively inhibit PEO crystalliza-

ion. The slight rise in χ and Tc at above 10 wt.% of Fe3O4
n PEO:LiClO4 may be due to larger aggregated phases of
e:Li rich domains. This suggests the development of an aggre-
ated phase, which is consistent with the results in the SEM
hotographs of the nanocomposite electrolyte at higher Fe3O4
ontents in PEO:LiClO4 solid matrix.

The DSC traces of the Fe nanocomposite PEO:LiClO4 poly-
er complexed films after an annealing treatment at 125 ◦C for

xtensive period of 12 h are shown in Fig. 6. A new endotherm
s apparent after annealing the PEO:LiClO4 electrolyte, which

ccurred at 175 ◦C. Earlier studies confirm that high temperature
elting peaks can be identified after an annealing treatment of
EO electrolyte systems [17,18]. The apparent endotherm cor-
esponds to a stable PEO:Li salt complex. Although the melting

ig. 6. DSC heating traces of annealed samples at 125 ◦C: (a) PEO:LiClO4; (b)
wt.%; (c) 10 wt.%; (d) 15 wt.% of Fe3O4 in PEO:LiClO4 electrolyte films.
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ccurs over a wide temperature range, and the heat of fusion is
mall, it is nevertheless strong evidence that such a stable com-
lex can be formed between the PEO with a smaller cation such
s lithium. This stable crystal complex phase implies either lower
nthalpy or higher entropy compared to melting endotherm,
hich was found at lower temperature of the PEO complexed
lms. This stable complexed crystal peak is absent in the nano-
e3O4 composite PEO electrolyte films, which suggests that the
ano-Fe oxide prevented formation of additional crystallization
f the PEO:Li stable complex. In the DSC thermal measurement
ith elevated temperature a broad crystallization exothermic

Tce) peak in annealed pure PEO:LiClO4 polymer electrolyte
t 284 ◦C is apparent. The crystallization exotherm (Tce) of
EO:LiClO4 with Fe3O4 nanocomposite are shown in Fig. 7.
he exotherm observed corresponds to PEO:Li crystallization

n the melted liquid phase. This occurs over a wide temperature
ange window, and the heat of fusion is higher. Nevertheless,
t is evidence that such PEO:Li crystalline complexes of long-
ange order can be formed between PEO with lithium in the
elt phase. This polymer PEO–Li crystal complex phase implies

ither a higher enthalpy or lower entropy compared to the crystal-
ization endotherm usually found at lower temperature of PEO
omplexed films while cooling (see Fig. 4). This crystalliza-
ion complex peak is shifted towards lower temperatures with a
maller window in the nano-Fe3O4 nanocomposite PEO:LiClO4
lectrolyte films (see Figs. 6 and 7). The Lewis acidic charac-
er of the nano-Fe oxide interacts with Li ions, which decreases
he crystallization exothermic temperature (Tce) in nanocom-
osite electrolyte films. The increase of Fe3O4 concentration in
he PEO:LiClO4 complex decreases the crystallization exother-
ic temperature (Tce). A reason for the decrease in Tce may

e due to the nano-oxide Fe particles which compete with the
EO polymer chain to form Fe:Li rich domains even at elevated

emperatures in the melt phase.

The isothermal ionic conductivity is a function of the nano-

e3O4 in composite PEO:LiClO4 solid polymer electrolyte is
hown in Fig. 8 at ambient temperature. The ion conductivity
ncreases with the Fe3O4 oxide content and an optimum value

ig. 7. Crystallization exothermic temperature (Tce) of annealed samples.
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ig. 8. Isothermal conductivity of Fe3O4 nanocomposite PEO:LiClO4 polymer
lectrolyte system.

s found at 10 wt.% of Fe3O4 with one and a half order enhance-
ent over a PEO:LiClO4 solid polymer electrolyte. In the case

f 15 wt.% Fe3O4, the conductivity is degraded but still is one
rder larger than that of a pure PEO:LiClO4 solid electrolyte. As
hown by SEM and DSC studies, the organic–inorganic misci-
ility is better at inter-medium compositions and higher fraction
f amorphous phase, but above 10 wt.% Fe3O4 concentration
here occurs aggregation of larger Fe–lithium rich domains.
he conductivity enhancement in this PEO:LiClO4 with Fe3O4
anocomposite can be attributed to an increase in the amorphous
raction. In composite polymer electrolytes the conductivity is
ot a linear function of the filler concentration [5,19–25]. At
low content level of Fe3O4 content in PEO:LiClO4, a dilu-

ion effect causes specific interactions with the Fe3O4 surface,
hich promotes fast ion transport, and overall affect enhances

he amorphous fraction and consequently the increase in ionic
onductivity. The dilution effect may predominate at a high
e3O4 content in PEO:LiClO4 electrolyte, and the conductiv-

ty decays.
The effect of temperature (T) on the conductivity (σ) of the

e3O4 nanocomposite PEO:LiClO4 system is shown in Fig. 9.
he conductivity was found to be larger in the nanocomposite
EO:LiClO4 electrolyte compared to pure PEO:LiClO4 elec-

rolyte in the studied temperature range. A sharp increase occurs
t the PEO melting temperature (Tm). This is due to an increase
n the amorphous domain, which is a typical characteristic of
EO electrolytes [19,26–28]. The log(σ) − 1000/T plots could
e explained by different models in polymer electrolytes. A
EO:LiClO4 electrolyte follows an Arrhenius-type thermally
ctivated process below and above Tm. In this nanocomposite
lectrolyte of Fe3O4 in the PEO:LiClO4 system follows VTF-
ype and Arrhenius-type thermally activated process in region-II
nd region-I, respectively at lower content of Fe3O4 and also at

5 wt.%. But at 10 wt.% Fe3O4 oxide content in PEO:LiClO4
lectrolyte follows the VTF-type thermally activated process
n the studied temperature range, which is the best composi-
ion in this PEO:LiClO4 with Fe3O4 nanocomposite polymer

a
d
c
r

ig. 9. Variable temperature ion conductivity of: (a) PEO:LiClO4; (b) 5 wt.%;
c) 8 wt.%; (d) 10 wt.%; (e) 15 wt.% of Fe3O4 in PEO:LiClO4 electrolyte films.

lectrolyte system. Further work is in progress to study the trans-
ort mechanism and the causes of increase in ionic conductivity
n this PEO:LiClO4 with Fe3O4 nanocomposite polymer elec-
rolyte system.

. Discussion

The SEM, and DSC observations of nanocomposite
e3O4:PEO complex in presence of lithium salt show good

nteractions between the three components of PEO, LiClO4, and
e3O4, where the presence of these interactions inhibited crys-

allization and a produced a pronounced disordered structure (i.e.
morphous). The nano-Fe3O4 surface has a Lewis acidic group
apable of interaction with Lewis base centers of the polymer
EO. Thus, this nano-Fe3O4 oxide not only act as a source of
hysical cross-linking centers for the PEO chains, it could also
acilitate salt dissociation. These interactions are responsible for
eduction of PEO crystallinity, stable structure and favorable
on conductivity to the PEO:LiClO4 with Fe3O4 nanocomposite
lectrolyte. According to Wieczorek and co-workers [29,30] and
ur earlier results [7,13,14] it was demonstrated that the Lewis
cid of the added oxide filler would compete with the Lewis acid
haracter of the lithium cations to form new complexes with the
EO chains. Wong et al. [31] reported that the interactions of the
olymer and cation with surface oxygen atoms occur in the sil-
cate layer. Thus, the Fe3O4 oxide acts as cross-linking centers
or the PEO chains. Such behavior lowers the PEO reorgani-
ation tendency and promoted an overall mechanically stable
tructure.

The prime factor for understanding the observed correlations
n this PEO:LiClO4 with Fe3O4 nanocomposite polymer elec-
rolyte system is the interaction of each Li ion with its dynamic
nvironment. In local equilibrium, each Li ion is surrounded
y an arrangement of its neighbours on the surface of Fe3O4

nd also Li ion along with the PEO chains. In the Li ion con-
uction process, its neighbours may suitably rearrange in the
ourse of their own hopping motion. At high temperatures, the
earrangement of the neighbours is a fast process. Therefore, the
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robability for the Li ion hop to be successful is high. The con-
ectivity of a ‘target site’ (i.e., hole) is of prime importance for
he ion transport dynamics on the Fe3O4 nanooxide surface in
his PEO:LiClO4 with Fe3O4 nanocomposite electrolyte. If the
arget site does not provide access to further sites, then the ion
as to return for geometrical reasons. At higher concentrations
f Fe3O4 in PEO:LiClO4 nanocomposite electrolytes the Li ions
ay get trapped in the Fe:Li rich aggregated phases and act as

mall dipoles. Again, it is important to realise that these dipoles
nteract with each other in the aggregated phases of Fe3O4
ith Lithium ions. As a result, there is a loss in ionic motion

ffect, which retards ionic conductivity at higher concentra-
ions of Fe3O4 in the current nanocomposite of Fe3O4 included
EO:LiClO4 polymer electrolyte system. Further, a 7Li–NMR
pectroscopy study is in progress to exploit the Li ion environ-
ent and its conduction mechanism process in this Fe3O4 in
EO:LiClO4 nancomposite polymer electrolyte system.

. Conclusions

The cross-linking through Lewis acid–base interactions in
nanocomposite electrolyte between three moieties of PEO,
iClO4 and Fe3O4 were strong enough to effectively inhibit
EO crystallization. A stable and strong complex was developed
t 175 ◦C after annealing at 125 ◦C of PEO:LiClO4 electrolyte.
his stable complex was is absent in nano-Fe composite PEO
lectrolyte films.

The Lewis acidic character of the nano-Fe oxide interacts
ith Li ions, which decreases the crystallization exothermic

emperature (Tce) in the melt phase at elevated temperature.
he increase of Fe3O4 concentration in PEO:LiClO4 complex
ecreases the crystallization exothermic (Tce) peak further and
ith a smaller window.
The ion conductivity increases with the Fe3O4 oxide con-

ent and optimum value is found at 10 wt.% Fe3O4 with a one
nd a half order enhancement over a PEO:LiClO4 solid poly-
er electrolyte. In the case of 15 wt.% Fe3O4, the conductivity

s degraded but was still one order larger than that of a pure
EO:LiClO4 solid electrolyte. At higher concentration of Fe3O4

n PEO:LiClO4 electrolyte, the Li ions get trapped in the Fe:Li
ich aggregated phase and act as small dipoles. The dipoles inter-
ct with each other in aggregated phase and a loss in ionic motion
ccurs, which retards ionic conductivity at higher concentrations
f Fe3O4 in this nanocomposite of PEO:LiClO4 polymer elec-
rolyte system.
cknowledgements

The authors thank to the National Science Council, Taiwan
or the award of research project to carryout the experimental

[

[

Sources 161 (2006) 535–540

ork. One of the author MJR grateful to Council of Scientific
nd Industrial Research (CSIR), New Delhi for providing
inancial support in the form of SRA, under Pool Scientist’s
cheme.

eferences

[1] F. Croce, G.B. Appetechi, L. Persi, B. Scrosati, Nature 373 (1995) 557.
[2] F. Croce, F. Serraino Fiory, L. Persi, B. Scrosati, Electrochem. Solid-State

Lett. 4 (2001) A121.
[3] B. Kumar, L.G. Scanlon, J. Electroceram. 5 (2) (2000) 127.
[4] W. Wieczorek, J.R. Stevens, Z. Florjanczyk, Solid State Ionics 85 (1996)

76.
[5] F. Croce, L. Persi, B. Scrosati, F. Serraino-Fiory, E. Plichta, M.A. Hen-

drickson, Electrochim. Acta 46 (2001) 2457.
[6] S.H. Chung, Y. Wang, L. Persi, F. Croce, S.G. Greenbaum, B. Scrosati, E.

Plichta, J. Power Sources 97–98 (2001) 644.
[7] P.P. Chu, M.J. Reddy, H.M. Kao, Solid State Ionics 156 (2003) 141.
[8] A.S. Beast, J. Abebahr, P. Jacobsson, D.R. MacFarlane, M. Forsyth, Macro-

molecules 34 (2001) 4549.
[9] P.A.R.D. Jayathilaka, M.A.K.L. Dissanayake, I. Albinsoon, B.E. Melander,

Electrochim. Acta 47 (2002) 3257.
10] A.S. Edelstein, R.C. Cammarata (Eds.), Nanomaterials: Synthesis, Proper-

ties and Applications, IOP Publication, Bristol and Philadelphia, 1996.
11] J. Tang, M. Myers, K.A. Bosnick, L.E. Brus, J. Phys. Chem. B 107 (2003)

7501.
12] N.G. Rao, Y.D. Yao, Y.L. Chen, K.T. Wu, J.W. Chen, Phys. Rev. E 72

(2005) 31408.
13] M.J. Reddy, P.P. Chu, J. Power Sources (2004).
14] P.P. Chu, M.J. Reddy, J. Power Sources (2003).
15] R. Ribeiro, G. Goulart Silva, N.D.S. Mohallen, Electrochim. Acta 46 (2001)

1679.
16] M.J. Reddy, P.P. Chu, Solid State Ionics 149 (2002) 115.
17] S.M. Zahurak, M.L. Kaplan, E.A. Rietman, D.W. Murphy, R.J. Cava,

Macromolecules 21 (1988) 654.
18] M.J. Reddy, P.P. Chu, Electrochim. Acta 47 (2001) 1189.
19] H.Y. Sun, Y. Takeda, N. Imanishi, O. Yamamoto, H.J. Sohn, J. Electrochem.

Soc. 147 (2000) 2462.
20] S.A. Hashmi, A.K. Takur, H.M. Upadhyaya, Eur. Polym. J. 34 (1998)

1277.
21] Z. Wen, I. Itoh, M. Ikeda, N. Hirata, M. Kub, O. Yamamoto, J. Power

Sources 90 (2000) 20.
22] J. Plocharski, W. Wieczorek, Solid State Ionics 28–30 (1988) 979.
23] F. Capuano, F. Croce, B. Scrosati, J. Electrochem. Soc. 138 (1991) 1918.
24] B. Kumar, L.G. Scanlon, J. Power Sources 52 (1994) 261.
25] K. Nairn, M. Forsyth, H. Every, M. Greville, D.R. MacFarlane, Solid State

Ionics 86–88 (1996) 589.
26] S.A. Hashmi, A. Kumar, K.K. Maurya, S. Chandra, J. Phys. D: Appl. Phys.

23 (1990) 1307.
27] T. Sreekanth, M.J. Reddy, S. Ramalingaiah, U.V. Subba rao, J. Power

Sources 79 (1999) 105.
28] F. Croce, R. Curini, A. Martinelli, L. Persi, F. Ronci, B. Scrosati, R.

Caminiti, J. Phys. Chem. B 103 (1999) 105.
29] J. Przyluski, M. Siekierski, W. Wieczorek, Electrochim. Acta 40 (1995)
2101.
30] W. Wiezorek, Z. Florjancyk, J.R. Stevens, Electrochim. Acta 40 (1995)

2251.
31] S. Wong, R.A. Vaia, E.P. Giannelis, D.B. Zax, Solid State Ionics 86–88

(1996) 547.


	Inhibited crystallization and its effect on conductivity in a nano-sized Fe oxide composite PEO solid electrolyte
	Introduction
	Experimental
	Results
	Discussion
	Conclusions
	Acknowledgements
	References


