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a b s t r a c t

Nanoscopic confinement of a cation coordinated polymer in the channels of organo-modified montmo-
rillonite clay results in substantial improvement in conductivity, cation transport and stability properties
required for energy storage/conversion devices. X-ray diffraction analysis confirms composite formation
as evidenced by: (i) intercalation of PEO8–LiClO4 into the clay channels for clay loading ≥7.5 wt.% and
(ii) partial intercalation/exfoliation for a lower clay loading (≤5 wt.%). Transmission electron microscopy
analysis corroborates these findings as indicated by an enhancement in clay gallery width from 6 to
9 Å for 20 wt.% clay providing evidence for intercalation at higher clay loadings. Energy dispersive X-ray
dot-mapping images confirm the homogeneous distribution of clay in nanocomposites. Thermal analysis
indicates a strong dependence of thermodynamic parameters, e.g., glass transition (Tg), crystalline melt-
ing (Tm), melting enthalpy, glass transition width (�Tg), and thermal relaxation strength (�Cp), on clay
on transport
lectrochemical power source

concentration. These observations agree well with changes in electrical properties on nanocomposite for-
mation. Substantial enhancement in ambient conductivity (∼208 times) occurs in a nanocomposite film
(2 wt.% clay) relative to a clay-free film. The temperature dependence of conductivity obeys Arrhenius
behaviour below Tm and the VTF (Vogel–Tamman–Fulcher) relationship above Tm. The ionic transport
number (∼99.9%) confirms ionic charge transport with a cation contribution (tLi+ ) ∼ 0.5 for 2 wt.% clay.
It represents an increase by ∼65% in comparison with PEO8–LiClO4. Improvement in voltage and thermal

with
stability is also observed

. Introduction

Ion-conducting polymers have drawn considerable attention
or more than a decade in view of their potential application in
onic devices such as high specific energy solid-state batteries,
upercapacitors, and proton-exchange membrane fuel cells. An ion-
onducting solid polymer film has the ability to function both as
he separator and an electrolyte in storage devices unlike the case
f present-generation Li-ion cells. Due to this, the development and
caling-up of the properties of ionically conducting solid polymer
embranes, conventionally known as solid polymer electrolytes

SPEs), is considered attractive and challenging. It has always been
n important and highly competitive research and development

ctivity due to the stringent requirements of the material parame-
ers driven by the application criteria and the high-end commercial
alue of the SPEs for electrochemical power sources. As a conse-
uence, there has been a pressing demand for the development

∗ Corresponding author. Tel.: +91 3222 283834; fax: +91 3222 255303.
E-mail address: akt@phy.iitkgp.ernet.in (A.K. Thakur).
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the nanocomposites.
© 2009 Elsevier B.V. All rights reserved.

of a suitable ion-conducting polymer based separator along with
the parallel development of electrode materials for application in
energy-conversion/storage devices.

Inherent deficiencies of stability and ambient conductivity have
been identified as the major drawback of SPEs. The primary factors
that imposed severe restraint on the applicability of ion-conducting
polymer films in devices are: (i) low ambient ionic conduction; (ii)
concentration polarization; (iii) poor stability properties (thermal,
electrochemical, mechanical interfacial, etc.). One of the major rea-
sons for poor ionic conductivity and concentration polarization has
been attributed to possibility of an ion-association (ion-pairing)
effect [1]. It arises due to columbic interaction between cations
and anions in the solid polymer matrix. This is because the mobile
charges in the polymer-based ion-conducting films originate due
to dissociation of cations (M+) and anions (X−) of the salt (MX) in
the host polymer, having weak permittivity (∼3–5), swollen into

a volatile polar organic solvent. Thus there is a high probability of
ions remaining both as free charges (cation/anion) and ion-pairs
[2–4]. Ion-pair formation can cause concentration polarization and
immobilization of conducting species whenever an excess number
of ion-pairs are present in the host polymer matrix in comparison

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:akt@phy.iitkgp.ernet.in
dx.doi.org/10.1016/j.jpowsour.2009.01.100
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ith the available number (fraction) of free-charge carriers (i.e., the
nions and hence the cations). The overall effect is a lowering in
lectrical conductivity that imposes serious limitations on the suit-
bility of SPEs for devices. This has therefore prompted the search
or new alternative materials with superior properties.

A number of approaches have been proposed to solve the state-
f-the-art problems of ion-conducting polymers [5,6]. Nanocom-
osite formation is the latest suggestion. Polymer nanocomposite
PNCE) films formed via the intercalation of cation-coordinated
olymers in the nanometric channels of inorganic clay (e.g., mont-
orillonite, zeolite etc.) have drawn considerable attention in

ecent years. They are known as “intercalation nanocomposites”.
he intercalation of an ion-conducting polymer–salt (PS) complex
n the nanometric channels of an organo-modified clay such as

ontmorillonite, which is endowed with an organophilic property
n modification, is considered effective in minimizing the ion-
airing effect. The central idea is based on the concept that organic
odification of the clay causes an accumulation of negative charge

n its surface and thereby restricts the entry of bulky anions into
he nanometric channels (galleries). On the other hand, clay gal-
eries develop a capability for accommodating cation-coordinated
olymer chains favoured by Coulombic interaction. In view of this,
he intercalation approach of nanocomposite formation appears to
e a novel procedure [7,8] to overcome existing challenges with
olymer-based ionic conductors. In addition, this approach seems
o be attractive with definite scope to minimize concentration
olarization (i.e., to reduce ion-pairing) due to an effective sepa-
ation between the cations and anions on nanoscopic confinement
f the ion-coordinated polymer chains into the clay channels.

Aranda and Hitzky [9] first attempted nanocomposite forma-
ion by direct intercalation of an insulating polymer, polyethylene
xide (PEO), into montmorillonite (MMT) clay. They succeeded in
ntercalation without any significant achievement of the desirable
roperties (e.g., conductivity) of the nanocomposite for applica-
ions in devices under ambient conditions. Subsequently, Giannelis
nd co-workers [7,8,10–12] explored the possibility of intercalation
n the basis of thermodynamical free energy considerations and
imulation studies to investigate the conformational and structural
rrangement of polymer chains between successive clay layers.
hey observed that the intercalation of a cation-coordinated poly-
er chain via an ion-exchange reaction is easier than intercalating

ure PEO. Following these reports in the literature, a large number
f smectic clays such as montmorillonite [5–9], hectorite [13,14],
nd laponite [15] have been used for composite formation in com-
ination with different polymers. Of these, montmorillonite is still
favoured choice in view of its special features of high aspect

atio (∼1000), high cation-exchange capacity (CEC ∼ 80 meq/100 g),
arge specific surface area (∼31.82 m2 g−1), appropriate interlayer
harge (∼0.55) and length scale (clay channel width ≡ 16 Å). Never-
heless organo-modification of the clay is an essential prerequisite
o make it organophilic [2] in order to achieve the desirable features
n the material system to be fabricated.

Recently, Kim et al. [16] reported composite formation of a
lasticized polymer electrolyte (PEO16LiClO4 + 50 wt.% EC) with
allow modified Na-MMT. They observed an optimum value of
oom temperature conductivity of ∼10−5 S cm−1 for the plasticized
lectrolyte and ∼10−4 S cm−1 for the composite (10 wt.% modified
MT). Fan et al. [17] studied composite formation with combina-

ion of organo-modified Li-MMT/Na-MMT and PEO16LiClO4. They
eported an enhancement in conductivity at room temperature by
0 times for the composite polymer film (∼3.5 × 10−6 S cm−1) in

omparison with that of pure PEO16LiClO4 (∼1.2 × 10−7 S cm−1).
hese reports could not, however, cover a number of scientifi-
ally and technologically important aspects such as the stability
thermal, voltage), ion transport properties and confirmation of the
hase structure (i.e., intercalation) of the composite polymer film.
er Sources 191 (2009) 601–613

In addition, the ambient conductivity is still far below the desirable
value for device application. Further, use of a plasticizer is normally
expected to degrade the stability of solid polymer films. The prob-
lem of relatively lower ambient conductivity in the above studies
may be related to the selection of the polymer–salt stoichiometric
ratio. Literature reveals that an optimized ratio of Ö/Li ≡ 8:1 repre-
sents a eutectic composition in the case of a PEO:LiClO4 complex
that shows maximum conductivity and a lower crystalline melting
point (Tm) [18,19].

Based on these reports, the present experimental investigation
has been conducted with emphasis on analyzing the proper-
ties of polymer nanocomposite films to judge their suitability
for application in energy storage/conversion devices. The work
aims to demonstrate a practical approach to overcome the inher-
ent problems of ion conducting solid polymer films by means
of nanoscopic confinement of an optimized combination of a
Li+ cation coordinated polymer matrix into dodecyl amine (DDA)
modified montmorillonite clay (DMMT) galleries having a chan-
nel width of ∼16 Å. Structural, microstructural, stability (thermal,
voltage), electrical conductivity (before and after polymer phase
transition) and ion transport properties are analyzed.

2. Materials and methods

2.1. Sample preparation

Free-standing polymer clay nanocomposite (PNCE) films were
prepared using high purity (AR grade) poly(ethylene oxide) (PEO)
from Aldrich (USA), salt (LiClO4) from (M/s Acros Organics) and
Na-montmorillonite (MMT) (SWy-2) supplied by the Clay Minerals
Society (USA). The MMT is organically modified using dodecy-
lamine as a surfactant by an ion-exchange reaction. In the process,
Na+ ions, the natural occupants of clay channels, are replaced by
dodecyl ammonium ion and hence the MMT becomes organophilic.
As a result, the ambiguity of the presence of the two alkali cations
(Li+ and Na+) of the PNCE films in the clay channel is resolved. The
process for organo-modification of clay was followed from litera-
ture [20]. PCNE films were prepared by a solution-casting technique
with different weight ratios of modified montmorillonite clay. The
precursors were vacuum dried and the host polymer (PEO) and salt
(LiClO4) were dissolved in acetonitrile at a constant ratio of ether
oxygen to lithium ion (O/Li) ∼8:1. The polymer–salt solution was
stirred for 8 h followed by the addition of modified montmorillonite
(MMT) clay. Subsequently, this viscous composite fluid was cast
into a polypropylene dish and the solvent was allowed to evaporate
slowly. The resulting free-standing clay based polymer nanocom-
posite (PNCE) films have the general formula: ((PEO)8LiClO4 + xwt.%
DMMT) where x varies from 0 (pure polymer–salt complex, PS) to
20 wt.% with respect to the host polymer (w/w).

2.2. Sample analysis

X-ray powder diffraction (XRD) patterns of the PNCEs were taken
using Rigaku Miniflex X-ray diffractometer with Cu K� radiation
(� = 1.5405 Å). Sample microstructure was studied by transmission
electron microscopy (TEM) analysis using C M 12 PHILIPS TEM
equipment. Samples for TEM analysis were prepared by a drop
casting-technique on a carbon coated copper grid. The samples
were dried for 24 h in vacuum prior to scanning under the transmis-
sion electron microscope. The distribution of clay particulates in the

PS matrix was examined by an energy dispersive X-ray (EDAX) dot
mapping technique available in the scanning electron microscope
(SEM JOEL-JSM Model 5800). Thermal analysis techniques of differ-
ential scanning calorimetry (DSC) and thermo-gravimetric analysis
(TGA) were carried out using PerkinElmer (Model: Sapphire DSC)



S.R. Mohapatra et al. / Journal of Power Sources 191 (2009) 601–613 603

er na

a
i
s
c
m
t
m
f
fi
i
J
w
s
m
t
s
i
u
w
a
v
a
t
v
w
t
b
e
a
m
w

t

3

3

fi
D
t
c
o
l
t
(

of the PS matrix on nanocomposite formation are listed in Table 1
though there is not any major change in terms of the d-spacing of
PS peaks.
Fig. 1. X-ray diffraction pattern of PEO8LiClO4 + xwt.% DMMT based polym

nd (Model: Diamond TG/DTA) set-ups, respectively. Nanocompos-
te film samples of weight ∼10–15 mg were hermitically sealed in
tandard aluminum pans prior to experiment and put in the DSC
hamber. Thermograms were recorded at a scan rate of 10 ◦C per
in in an argon atmosphere with a flow rate of 50 ml per min in

he temperature range of −90 to 150 ◦C for DSC and 200 ml per
in for TGA measurements up to a temperature of 500 ◦C starting

rom room temperature. The electrical conductivity (dc) of the PNCE
lms was determined with a two probe ac technique of complex

mpedance spectroscopy with a HIOKI LCR Hi-Tester (Model 3532,
apan) in the frequency range of 100 Hz to 1 MHz. The film samples
ere placed in a symmetrical cell configuration of SS|PNCE|SS (SS

tands for stainless-steel blocking electrodes and PNCE for the poly-
er nanocomposite electrolyte). An ac input signal of 20 mV (peak

o peak) was applied across the cell for recording the impedance
pectra of the films over a range of temperature. The experimental
mpedance data were subjected to non-linear least squares fitting
sing a ZSimWin-2.00 program. The electrochemical stability (i.e.,
orking voltage) of the PNCE films was measured from the vari-

tion of residual electronic current as a function of the applied
oltage across the test cell. The resulting I–V characteristics gave
n estimate of the “optimum working voltage” limit estimated in
erms of the point of intercept of the suddenly rising current on the
oltage axis. The ion transport numbers of the sample materials
ere determined by measuring the polarization current as a func-

ion of time across the given material sample inserted between two
locking electrodes at a constant applied dc voltage ∼50 mV. The
xperimental values of the total current (IT) on immediate voltage
pplication and the saturated electronic current (Ie) give an esti-
ate of the ionic and electronic transport numbers in accordance
ith the relation;

ion = IT − Ie
IT

, where Iion + Ie = IT and tion + te = 1 (1)

. Results and discussion

.1. Structural analysis

The X-ray diffraction (XRD) patterns of polymer nanocomposite
lms based on the stoichiometric combination PEO8LiClO4 + xwt.%
MMT are shown in Fig. 1. The characteristic features of the diffrac-

ion patterns are: (i) the presence of a broad background hump for

lay free PS film, (ii) the typical signature of the crystalline phase
f PEO major peaks appearing at ∼19.5 and ∼23.5◦ followed by
ow intensity diffraction peaks at 26.3◦ and 27◦ and (iii) diffrac-
ion peaks of the PS and DMMT clay based polymer nanocomposite
PNCE) films appearing as independent entities. These observations
nocomposite (PNCE) films: (a) x = 0, (b) x = 2, (c) x = 5, (d) x = 15, (e) x = 20.

confirm composite formation and multiphase characteristics of the
PNCE films that are comprised of amorphous and crystalline com-
ponents. Distinct changes appear in the XRD pattern upon addition
of clay to the PS matrix. The diffraction peaks of the PEO–salt com-
plex are indexed as (1 2 0), (1 1 2)/(0 3 2), 2 1 1̄ and (0 4 0) at 19.2◦,
23.4◦, 26.3◦ and 27◦ respectively. The indexing sequence suggests
that the PEO–LiClO4 (PS) matrix still has the helical structure inher-
ited from the parent polymer [21,22]. However, the helical structure
may have become distorted to some extent in order to accommo-
date the lithium ion within its backbone on complexation. Further,
polymer–salt complexation causes a small shift in peak position for
both the main PEO peaks (at 19.5◦, 23.5◦). The profile of these peaks
changes significantly on composite formation with clay. In order to
observe the effect of clay loading on PS crystal structure, the main
PEO peaks (at ∼19.5◦ and ∼23.5◦) are analyzed separately (Fig. 2).
The XRD spectra show that PEO peaks shift to the higher angle side
and thereby indicate a definite effect of clay on the crystalline phase
of PS film. The changes in the crystallite size of the semicrystalline
Fig. 2. XRD pattern of PEO main peaks of PEO8LiClO4 + xwt.% DMMT based polymer
nanocomposite films: (a) x = 0, (b) x = 2, (c) x = 5, (d) x = 7.5, (e) x = 5, (f) x = 20.
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Table 1
Effect of clay on changes in profile of PEO main XRD peak [(1 1 2), (0 3 2)] at 2� ∼ 23◦ for PEO8LiClO4 + xwt.% DMMT.

Clay concentration (xwt.%) 2� = 23◦

d-Spacing (Å) Change in intensity ratio (Icomp/IPS)a FWHM (rad × 103) Crystallite size (lc) (nm) Change in lc (%)

0 3.78 100 11.6 16.9 100
1 3.77 78.4 13.2 14.4 85
2 3.79 95.8 12.9 15.9 94
5 3.74 87.4 13.0 13.6 80
7.5 3.77 122.1 13.5 13.9 82

15 3.79 108.0 12.9 15.6 92
2

comp

t
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i
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p
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t
o
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h
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F
m
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0 3.76 87.9

a IPS and Icomp are the peak intensities for clay free PEO8LiClO4 complex and nano

It appears from the XRD data presented in Table 1 that
he changes in the PEO peaks observed in terms of peak shift,
ntensity variation and general profile tunability with changing
lay concentration (Fig. 2) are significant. On immediate clay
ddition (say 1 wt.%) substantial lowering of the peak intensity
Icomp/IPS ∼ 78%) and appreciable increase in full width at half max-
mum (FWHM ∼ 14%) provide unambiguous evidence of a strong
nteraction of clay with the host polymer in the polymer nanocom-
osite (PNCE) film. Further, Table 1 also presents a comparative
alues of the interplanner spacing (d-spacing) and Scherrer length
lc) calculated for the most intense PEO peak. There is an initial
eak shift towards a higher angle side for x ≤ 10 wt.% clay beyond
hich PEO peaks again show backward shift on the diffraction angle

2�) scale for x > 10 wt.%, whereas the d-spacing remains almost
naffected by changes in clay concentration. On the other hand, a
omparison of the Scherrer length (lc) of PEO for different clay con-
entrations indicates that the crystallite size of the PEO has been
ffected significantly in the PNCE films. This is also corroborated
y a lowering in the intensity of the [(1 1 2)/(0 3 2)] peak of PEO in
he PNCE films relative to the PS film intensity (expressed in terms

f the ratio Icomp/IPS in Table 1). Such a lowering in the intensity
ccompanied by an enhancement in the FWHM in the PNCE films
uggests suppression of the crystalline component of the polymer
ost (PEO) on clay addition due to a strong interaction between the
S–clay components. This possibility appears to be consistent with

ig. 3. Changes in d0 0 1 (basal spacing) of clay peak in PNCE films for (a) organo
odified montmorillonite, (b) x = 2% (c) x = 5%, (d) x = 10% and (e) x = 20% of mont-
orillonite in PEO8LiClO4 + xwt.% DMMT.
13.2 13.9 82

osites, respectively.

a previous report [8] that the crystallinity of the host polymer in
a polymer–clay nanocomposite decreases on intercalation of PS in
the clay channels (galleries) of nanometer dimension. PS intercala-
tion also results in a lowering of its density inside the clay galleries.
However, this result does not indicate whether PS intercalation into
the clay is partial or complete. In contrast to this observation, a
published study [23] of melt intercalated PNCEs claimed that full
intercalation occurs at a critical polymer:clay ratio of ∼28:72. [23].
Such a PNCE basically represents clay as matrix with significant loss
of dimensional stability and the advantage of using a polymer. In
order to obtain convincing evidence of PS intercalation into the clay
galleries, we have carried out a systematic analysis of the changes
in the clay peak profiles of the PNCE films.

The feasibility of PS intercalation in clay galleries has to be inves-
tigated with reference to the basic crystal structure of the inorganic
clay and changes occurring therein on modification, if any. The Na-
montmorillonite clay used in the present studies, in its naturally
occurring form, has a triclinic crystal structure with the crystal
axes ‘a’ and ‘b’ being continuous such that they stack one upon
another in ‘c’-direction forming layers. The layers are comprised
of edge-sharing octahedral sheets of aluminium hydroxide flanked
by a tetrahedral silicate sheet on either side. The space between
the edge-shared octahedral and tetrahedral silicate sheets of the
clay, which has a width of nanometer size, gives rise to the nano-
metric clay channel/gallery. The width can be estimated from the
XRD data in accordance with the relation: Wcg = d0 0 1 − Wcl, where
Wcg = width of the clay channel (gallery), d0 0 1 = basal spacing in c
direction, Wcl = clay layer width in c-axis.

In an unmodified clay, Wcl = 9.6 Å [9], and d0 0 1 = 12.0 Å so that
the width of the clay gallery (channel) is such that (Wcg) = 2.4 Å.
This width is occupied mostly by hydrated cations in the natu-
ral clay, which are exchangeable. On modification of this natural
clay by dodecyl amine (DDA) under controlled conditions, the
hydrophilic cations are exchanged by dodecyl ammonium ion and
result in an increase in gallery width to 6 Å from its initial value of
2.4 Å (Table 2). Information on such changes occurring in the clay
layers has been obtained by profile analysis of the most intense
XRD peak of the clay that occurs at 2� = 5◦ and is attributed to
dh k l = (0 0 1) [24]. Substantial changes in the d0 0 1 peak profile of
the organo-modified montmorillonite (DMMT) clay in the PNCE
film are observed when compared with that of pure clay, as shown
in Fig. 3. The changes are evident in terms of a peak shift towards
the lower angle side, an increase in d-spacing, an increase in peak
intensity and an enhancement in the clay gallery width in the PNCE
film when compared with pure clay peak data for these parameters
(Table 2). The appearance of a peak shift towards the low angle
side and an appreciable increase in the basal plane spacing (d0 0 1)

of the clay occurs immediately on clay addition (∼1–2 wt.%) to the
PS matrix. Further, the clay channel (gallery) width (Wcg) has also
been found to increase by ∼46% on the addition of an even small
amount (∼2 wt.%) of clay to the PS matrix. A comparison indicates
that this width (Wcg) increases by ∼53% with increase in clay of up
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Table 2
Basal spacing, gallery width and Scherrer length in the (0 0 1) direction of MMT clay.

Clay concentration (xwt.%) Peak position (2�◦) d-Spacing (Å) Clay gallery width (Å) Peak width × 103 (rad) Crystallite size (nm)

Unmodified MMT 7.3 12 2.4 28.0 5.0
Mod. MMT 5.6 15.7 6.0 17.2 8.0
2 4.8 18.3 8.7 6.2 22.3
5 9
1 9
1 7
2 8

t
a
i

p
a
d
9
w
(
s
f
a
p
c
m
s
o
a
p
s
t
c
i

3

h
s
i
t
c
T
P
T
i
p
p
f
p
b
p
t
p
l
d
t
t
t
i
i
P
I
e

4.7 18.6
0 4.7 18.6
5 5.1 17.3
0 5.1 17.5

o ∼10 wt.% in the PNCE film. For a clay concentration (x) > 10 wt.%,
relative decrease in the clay gallery width (Wcg) occurs with min-

mum value of 32% at 20 wt.% clay in the PNCE film.
The above findings from the clay XRD patterns of the PNCE films

rovide reasonable and convincing evidence of a very strong inter-
ction of the PS with the clay matrix that is possibly assisted by
ipolar interaction. Further, an increase in clay gallery width up to
Å in the PNCE films is in sharp contrast with that of the DMMT clay
idth ∼6 Å (Table 2) and confirms the possibility of intercalation

Fig. 3) of the PS matrix into clay channels of nanometer dimen-
ion. This conclusion seems to be logical and consistent with the
act that the PEO–LiClO4 complex (PS) has a helical structure with

tunnel radius in the range of ∼(1.3–1.5) Å [25]. In view of the
hysical dimensions of the PS structure and clay channels, inter-
alation of either two layers of the helically structured PS or a
onolayer of randomly oriented PS can be expected. The latter pos-

ibility has been predicted from theoretical considerations and also
bserved experimentally [16]. However, the possibilities discussed
bove based on XRD results require further confirmation and sup-
ort by TEM analysis. Further, the observations from XRD analysis
uggest that the PNCE films have a multiphase combination of crys-
alline and amorphous PS phases, an amorphous phase boundary,
rystalline clay and amorphous PS inside the clay galleries at the
nterface of the clay layers and PS matrix.

.2. Microstructural studies

It is well established from experimental results that MMT clay
as channels/galleries of nanometer dimensions [5–8]. Transmis-
ion electron microscopy (TEM) analysis has been carried out to
nvestigate the microstructural features of the PNCE films and also
o observe the change in surface property/morphology on inter-
alation of PS into the nanometric clay channels. Representative
EM micrographs and selected area diffraction (SAED) patterns of
NCE films with varying clay concentration are given in Fig. 4a–f.
he typical morphology of the clay-free PS matrix (Fig. 4a) exhibits
ts multiphase character that is comprised of crystalline and amor-
hous components. This observation is corroborated by the SEAD
attern of the PS sample that shows well-defined rings at the centre
ollowed by hollow region thereafter (Fig. 4b). The surface mor-
hology of the clay dispersed films changes drastically as revealed
y TEM micrographs (Fig. 4c and e) and the corresponding SAED
atterns (Fig. 4d and f) for 5 and 20 wt.% clay reinforcement in
he PS film. It is believed that the degree of dispersion of the clay
articulates into the PS matrix controls the structure and morpho-

ogical features of the composite nanostructures. The dispersion
epends on the nature and strength of the interaction between
he PS and clay components in the PNCE films. TEM results in
he present study provide direct evidence of the clay concentra-
ion dependant interaction among the components (PS and clay)

n the PNCE films. At a low concentration of clay (≤5 wt.%), the
ndividual layered silicates appear to be dispersed randomly in the
S matrix to field an exfoliated structure in the nanocomposite.
n addition to this feature, evidence of alignment of silicate lay-
rs (marked with arrow) for 5 wt.% clay sample (Fig. 4c) is also
.0 8.3 16.5

.0 9.4 14.6

.7 9.1 15.2

.0 10.4 13.2

observed. The results suggest that, although exfoliation is likely at
a low clay loading, the possibility of intercalation cannot be ruled
out. The TEM micrographs for clay loadings ≤5 wt.%, together with
the SAED pattern for the 5 wt.% clay film (Fig. 4c and d), provide con-
vincing evidence for partially exfoliated and intercalated structures
in PNCE films. This conclusion also appears to be well correlated
with XRD analysis and is in accord with previous investigation
[26,27].

As the clay concentration increases (≥7.5 wt.%), coherent stack-
ing of silicate layers of nanometer dimensions occurs as shown in
Fig. 4e. The dark lines are silicate layers of the organo-modified
clay with which the PS matrix has been reinforced in the polymer
nanocomposite film. The presence of the silicate layers, separated
from each other by ∼1 nm in excellent agreement with the calcu-
lated values from XRD results, provides unambiguous evidence of
an intercalated composite nanostructure. The origin of such nanos-
tructure lies in the entry of a cation coordinated single polymer
chain into the nanometric channels between the silicate layers.

The evidence of exfoliation/intercalation at low clay concen-
trations has prompted further investigation of the concentration
profile of clay particulates in the PS matrix by means of a EDAX
dot-mapping technique. Dot mapped micrographs depicting the
distribution of the Si-atoms of the silicate clay are shown in
Fig. 5a–d. The DMMT clay particulates are homogeneously dis-
tributed throughout the matrix without any sign of aggregation at
low clay loadings up to 10 wt.% (Fig. 5a–c). At higher clay concentra-
tions, however, though the distribution of clay particulates is still
homogeneous, there is evidence of tiny clay clusters in 20 wt.% of
clay, as demonstrated in Fig. 5d.

3.3. Thermal analysis

The differential scanning calorimetry (DSC) patterns of the PS
and clay intercalated polymer nanocomposite (PNCE) films are
shown in Fig. 6a–g. A comparison of the DSC thermograms for PS
with those of PNCE films suggests substantial changes in thermal
transitions and their profiles observed in terms of thermodynamic
parameters of the system under study such as glass transition
temperature (Tg), broadening width of Tg (�Tg), heat capac-
ity change (�Cp), crystalline melting temperature (Tm), enthalpy
change (�Hm), and fraction of crystalline content (Xc). A quantita-
tive estimation of these parameters from DSC results has been made
for the PNCE films of different clay concentrations and is recorded
in Table 3. The DSC pattern of the PS film comprises of a step
change in the sub-ambient temperature range owing to glass tran-
sition temperature occurring at Tg ∼ −39 ◦C. Relative changes in the
value of the PS glass transition temperature (Tg), estimated from the
mid-point of the step change in the DSC thermogram, with clay con-
centration are given in Table 3. The data show a systematic decrease
in the value of the Tg up to 5 wt.% clay and thereafter increases for

7.5 wt.% clay. In general, the Tg values for the PNCE films are mostly
lower than those of PS. This may be attributed to improvement in
the flexibility of the polymer host backbone assisted by interca-
lation on nanocomposite formation. Further, changes in Tg of the
polymer host with clay concentration in the PNCE films also sug-
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Fig. 4. TEM micrograph of PS, 5 wt.% and 20 wt.% DMMT dispersed PNCEs in (a), (c) and (e) respectively. Selective area electron diffraction (SAED) patterns are given sequentially
in (b), (d) and (f) next to corresponding image patterns.

Fig. 5. EDAX dot mapping images (of Si atom in clay layers) for PNCEs showing concentration profile of montmorillonite clay particulates in PS matrix.
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ig. 6. Differential scanning calorimetry (DSC) plots of polymer nanocomposite
lms based on (PEO)8LiClO4 + xwt.%; DMMT clay for (a) x = 0, (b) x = 1, (c) x = 5, (d)
= 7.5, (e) x = 10, (f) x = 15, (g) x = 20.

est a strong possibility of clay interaction with the PS component
n the composite films.

It is believed that the glass transition temperature determines
he extent of flexibility of the polymer network. So a lowering in the
alue in the PNCE films provides clear evidence of the polymer host

hase transition from a rigid framework structure to a flexible elas-
omeric phase on nanocomposite formation. Thermodynamically,
uch a phase transformation is denoted as a second-order phase
ransformation. The strength of such a transition can thereafter be
valuated in terms of glass transition width (�Tg) and changes in

able 3
hermodynamical parameters calculated from DSC results of PEO8LiClO4 + xwt.% DMMT b

lay loading (wt.%) Glass transition parameters

Glass Transition Tg

(◦C)
Width of Tg (�Tg)
(◦C)

�Cp (J g−1 ◦

0 −39 16 0.69
1 −40 16 0.55
2 −40 22 0.13
5 −44 22 0.19
7.5 −39 18 0.36

10 −44 21 0.41
15 −39 19 0.54
0 −40 21 0.50
er Sources 191 (2009) 601–613 607

the heat capacity (�Cp) of the PS film as a function of clay con-
centration. These parameters provide vital information on the type
of thermal transition process occurring in the ionically conducting
polymer–salt complex film and on the effect of clay concentration
on intercalation nanocomposite formation. The observed values of
�Tg and �Cp are given in Table 3 for different clay concentrations
in the PNCE films. �Tg, which represents the difference between
the onset and end-point of glass transition phenomena, is a direct
indicator of the mechanism (number/type) of relaxation process
occurring during glass transition. A relative increase in �Tg with
increase in the clay concentration in the PNCE films indicates a
broadening of the glass transition process on intercalation of PS into
the clay channel in the PNCE films. In turn this broadening causes a
lowering of Tg and a significant change in the relaxation mode of the
polymer chain with increasing clay concentration in the PNCE films.
The presence of thermally activated relaxation, indicated by �Tg

broadening in the PNCE films that have a heterogeneous composi-
tion, appears to be logical in view of a number of possibilities such
as: (i) dipole–dipole interaction due to the presence of free cations,
a cation coordinated polymer, free anions, ion-pairs and dipolar
clay; (ii) changes in the orientation of polymer chain with tem-
perature in a matrix having Coulombic interaction; (iii) hydrogen
bonding. Each of these individual contributions has its own char-
acteristic relaxation time whose complex interaction ultimately
results in broadening of the glass transition region. The highest
value of �Tg ∼ 22 ◦C for PNCE films with 2–5 wt.% clay followed by
�Tg ∼ 21 ◦C for 10 wt.% clay has been recorded. This indicates that
there are two critical concentrations in the PNCE series of films
where interaction among constituents favours a broadened glass
transition that results in chain flexibility/relaxation. A quantitative
estimation of this relaxation strength near the kinetic glass transi-
tion may be obtained in terms of the change in free volume of the
system in the relevant temperature range. It is expressed in terms of
caloric relaxation strength (�Cp) and the values are given in Table 3
for different clay concentrations in the PNCE films. It appears that
the value of �Cp is, in general, lower for all composite films in com-
parison with that of a PS film with its minimum value for 2–5 wt.%
of clay composition. This result suggests the possibility of a very
strong interaction of the PS with clay surfactants on nanocompos-
ite formation in good agreement with the results of XRD and TEM
analyses in the present studies. This interaction causes a lowering
of entropy, free energy and Tg as indicated by the discontinuous
change in the sub-ambient region which according to:

−Cp

T
= −

(
∂S

∂T

)
P

=
(

∂2G

∂T2

)
P

(2)
It is a characteristic feature of the second-order phase transition
attributed to the host polymer where a non-linearity in �Cp relative
to the clay concentration is indicative of a process with very strong
interaction among the constituents of the nanocomposite system.

ased nanocomposite films.

Crystalline melting
point (Tm) (◦C)

Enthalpy (J g−1)
normalized

PEO crystallinity
(%Xc)

C−1)

48.4 42.2 29.1
– – –

55.3 20.8 14.5
61.2 80.4 57.5
49.5 41.1 30.0
46.6 28.7 21.3
48.2 35.6 27.4
44.6 25.1 20.0
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ig. 7. Thermogravimetry analysis (TGA) plots of polymer–salt complex (PS) and
olymer based nanocomposite (PNCE) films having different clay concentration
ompared with TGA pattern of pure PEO (inset).

The DSC thermogram of the PNCE film in the temperature range
◦C < T ≤ 60 ◦C is comprised of endotherms observed at ∼30 and
0 ◦C which are followed by a broad region in the temperature range
0–120 ◦C. The latter effect is a predominant feature in the PNCE
ample with 1 wt.% clay concentration. The endotherms observed
t 30 ◦C have been attributed to dehydration of residual acetonitrile
olvent used in the sample preparation whereas the predomi-
ant endotherms observed in the temperature range 48–61 ◦C are
ssigned to the crystalline melting of uncomplexed PEO. The sec-
nd endotherm is a characteristic feature in such multi-phase PNCE
lms and suggests the presence of an uncomplexed PEO component
aving uncoordinated ether oxygen in the host matrix. The area of
his endotherm gives an estimate of the net heat flow (enthalpy)
uring structural phase transformation of PEO under the influ-
nce of temperature. This phase transformation is essentially of the
rst-order type and the net heat flow during the process gives an
stimate of the change in crystallinity of the host PEO on composite
ormation. These parameters, as evaluated from DSC data, are given
n Table 3.

Thermogravimetric analysis (TGA) results indicate a distinct
hange in the mass of the PNCE films relative to their initial mass
Fig. 7). The TGA patterns of PS and PNCE indicate that each can be
ivided into four regions: (i) a very slowly varying flat region from
0 to 300 ◦C; (ii) a sharply falling region (300–350 ◦C) that provides
signal for thermal degradation; (iii) a steadily decreasing mass loss

egion after a kink (300–400 ◦C); (iv) a flat region above 400 ◦C. The
hermal stability has been estimated in terms of the degradation
emperature (Td) values observed from the TGA data. A comparison
f the Td of PS and PNCEs with that of pure PEO (Fig. 7, inset) indi-
ates that the thermal stability of PS is certainly lower than that of
EO. However, the loss of stability in the PS matrix gets adequately
ompensated on nanocomposite formation with lower clay con-
ent (2–5 wt.%). In fact, thermal stability is significantly improved
n intercalation when a cation coordinated polymer chain enters
nto the clay galleries. The variation of Td with respect to clay con-
entration, shown in Fig. 8, clearly suggests that thermal stability
mproves on nanocomposite formation up to 5 wt.% of clay. Beyond
his, thermal stability decreases monotonously for higher clay con-
entrations (>5 wt.%). It is noted that Td has a value of 314 and 305 ◦C

or 2 and 5 wt.% clay loaded PNCE films respectively. This is in sharp
ontrast to the Td ∼ 302 ◦C of PS. In view of the experimental results
bserved in the present studies, it appears very difficult to gen-
ralize that the stacking of polymer chains into clay galleries will
Fig. 8. Variation of degradation temperature (Td) as function of DMMT clay weight
fraction.

offer protection from thermal degradation. On the contrary, it can
be presumed that the thermal stability in the PNCE films depends
on two competing processes [28,29]: (i) a barrier effect—the clay
layers may be acting as a barrier for decomposition of PS inside
the clay galleries; (ii) a catalytic effect—such that the clay sheets
act as a thermal reservoir and cause an accumulation of heat. This
effect may be expected to accelerate PS decomposition and result
in a lowering of the degradation temperature (thermal stability).
The second possibility seems to be more effective with increase in
clay concentration in the PNCE. As a consequence, the degradation
temperatures of PNCE films for clay loadings >5 wt.% are lower than
that of PS. This inference is logical based on experimental evidence
and is consistent with reports in the literature [30–32].

Further, the appearance of a kink during the decomposition pro-
cess is observed for PS and PNCE, invariably for the whole range of
clay concentration under investigation. Such a kink is not present
in pure PEO (inset). A comparison of this feature in PEO and PS
indicates that the origin of the kink lies in the polymer–salt com-
plexation process. On clay addition, the kink exhibits a relative
change in its profile in the PNCE films according to the clay loading.
This result is a specific one in the present investigation and can be
used to estimate the fraction of uncomplexed polymer in the PS and
PNCE films by comparing the changes in the kink profile for sam-
ple films with of different clay reinforcements. The estimated value
shows that PS has a 15 wt.% uncomplexed PEO fraction whose value
in the PNCE films varies with clay concentration. Composites with
better thermal stability have lower amounts of uncomplexed PEO.
The results indicate that composites with lower clay concentra-
tion (1–5 wt.%) have 10–15 wt.% pure PEO, whereas the value from
20 to 25 wt.% for composites with higher clay content. A relative
decrease in the uncomplexed PEO fraction in the PNCE films with
low clay content may be related to a higher degree of cation coor-
dination assisted by strong interaction of the PS matrix with the
clay layers. On the other hand, increase in the fraction of uncom-
plexed polymer at higher clay loadings (≥5 wt.%) may possibly be
the result of enhanced ion-pair formation that reduces the num-
ber of cations available for coordination with the host polymer.
This possibility appears to be feasible in view of the vibrational
spectroscopy analysis reported elsewhere [33]. The inference also
appears to be consistent and convincing based on previous reports
in literature [2–4]. The overall impact of interaction of the PS matrix

with clay is to effect a change in the dynamics of the polymer chain
mobility that, in turn controls the electrical properties. This aspect
is discussed in the next section.
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ig. 9. Room temperature (30 ◦C) complex impedance (Z′–Z′′) plot for PNCE films
icrograph (inset) of polymer–salt complex showing spherulitic multiphase charac

.4. Electrical analysis

The complex impedance spectra (CIS) of PS and clay-based
anocomposite films at room temperature are shown in Fig. 9. The
IS pattern of the PS film consists of a high-frequency semicircu-

ar arc followed by another arc at an intermediate frequency and a
mall spike evolving at the lower end of the frequency spectrum.
he high frequency arc is attributed to contributions due to the
ulk sample whereas the second semicircular arc can be related
o the presence of a phase boundary effect that is predominantly
ue to the semicrystalline microstructure as revealed in its opti-
al micrographs shown in the inset of Fig. 9a [34]. The presence
f a spike in the low-frequency region suggests the formation of
space-charge layer, commonly referred to as the double-layer

apacitive effect, due to a non-Faradaic process occurring at the
olymer film|electrode interface [35]. The presence of two semicir-
les followed by a weak spike suggests that the PS film is electrically
quivalent to a series combination of two parallel cascading of
esistors (R) and constant phase element (cpe) in conjunction with
nother cpe. The term ‘cpe’ is more often used in place of capaci-
ance in impedance fittings where material behaviour is different
rom that of a pure capacitor characterized by marked depression
n the ideal semicircular pattern. The impedance associated with
cpe’ is expressed as: Zcpe = Y−1

o (jω)−n, where j = √−1, and Yo and n
re the fitting parameters. Resistance, Warburg impedance, capac-
tance and inductance are examples of cpe for n = 0, 0.5, 1, and −1,
espectively [36]. The dimension of cpe is �−1 sn whereas that of
apacitance is �−1 s.

On the addition of clay, the CIS pattern shows a drastic change.
n the high-frequency region, there is only one semicircular arc
ollowed by a spike in the low-frequency region of the disper-
ion pattern. Such a modification in the impedance spectrum of
he nanocomposite films suggests a drastic change in the electrical
roperties of the PS film on intercalation in the clay matrix. The

lectrical properties now appear to be mainly due to the bulk con-
ribution, possibly from intermingling of the phase boundary with
he bulk matrix, such that the whole of the polymer matrix behaves
s one component. The low-frequency response in the CIS pattern
emains almost the same for the PNCE films as in the case of PS
ferent clay concentrations: (a) x = 0, (b) x = 2, (c) x = 7.5, (d) x = 20 wt.% and optical

film irrespective of clay concentration. This behaviour results from
the accumulation of space charge at the interface of the ionically
conducting polymer film and stainless-steel blocking electrode.

The impedance spectra of PS and PNCE films of different clay
concentrations have been fitted using the computer program ZSim-
pWin. The theoretical and experimental patterns appear to be in
good agreement. The estimated values of the electrical parameters
from the ‘equivalent electrical circuit’ are given in Fig. 9a–d, inset.
From the values of R, Q and n, it appears that the clay concentra-
tion affects markedly the electrical properties of the PNCE films.
The values also indicate that the cpe attributed to the bulk semi-
circle behaves more like a capacitor, whereas the cpe attributed to
the spike exhibits a capacitive effect at low clay concentration and
assumes near-Warburg type impedance characteristics at higher
clay loadings in the PS matrix. This inference is also supported by
an increase in interfacial capacitance by one order of magnitude
in composites with a higher clay loading (i.e. 12 �F for 7.5 wt.%
DMMT and 25 �F for 20 wt.% DMMT) than PS and PNCE with a low
clay content (0.6 �F for PS and 3.3 �F for 2 wt.% DMMT). The inter-
cept of the high-frequency semicircular arc with the real axis gives
an estimate of the bulk (dc) resistance (Rb) and its value for the
PS film is ∼18.5 k� at room temperature (T = 30 ◦C). On the other
hand, the bulk resistance value of composites has been estimated
to be reduced by two orders of magnitude. The bulk and interfacial
capacitive components for different clay loadings estimated from
CIS results (Fig. 9) are in the order of nF and �F, respectively.

The CIS pattern of the PNCE film at 70 ◦C (above crystalline melt-
ing temperature, Tm) is shown in Fig. 10a–d. The impedance pattern
at this temperature has the typical feature of a very small arc in
the high-frequency region followed by a steep spike in both the
PS and PNCE films, irrespective of their composition. The equiva-
lent electrical circuit used to fit the impedance plot with software
ZSimWin is given in the insets of Fig. 10a–d. It comprises of a par-
allel combination of resistance with capacitance arising from the

bulk contribution to impedance response. The values of the R and
C components are drastically reduced and this may be correlated
with a lowering of the barrier to the mobility of charge carriers on
the crystalline to amorphous phase transition of the host polymer.
The reduced value of bulk resistance is followed by an enhanced
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ig. 10. Complex impedance (Z′–Z′′) plot for PNCE films for different clay concentration: (

ig. 11. Variation of dc conductivity of PS and PNCEs with 103/T: (a) and (b) showing va
rrhenius relation, (e) and (f) shows fitting of �T vs. 103/T − To below Tm with VTF relation.
a) x = 0, (b) x = 2, (c) x = 7.5, (d) x = 20 wt.% at 70 ◦C (above crystalline melting point).

riation of �T vs. 103/T, (c) and (d) shows the fitting of �T vs. 103/T below Tm with
To is fitting temperature and is equal to Tg − 50 K. Tg is estimated from DSC analysis.
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Table 4
dc conductivity parameters (activation energy and pre-exponential factor) in the Arrhenius region (below crystalline melting point; Tm) and VTF region (beyond Tm).

DMMT clay content
(wt.%)

Polymer matrix
crystallinity (%) (Xc)

dc conductivity (�dc) (S cm−1)

Before crystalline melting After crystalline melting

30 ◦C ln(�0 S−1 cm K−1) Arrhenius Ea (eV) 70 ◦C ln(�0 S−1 cm K−0.5) VTF Ea (eV)

0 29 4.44 × 10−7 31.18 1.78 2.19 × 10−4 4.44 0.14
1 . . . 9.16 × 10−5 27.00 0.81 9.43 × 10−4 2.86 0.10
2 15 6.12 × 10−5 33.23 1.01 4.66 × 10−4 3.34 0.12
5 57 3.27 × 10−5 29.27 0.89 6.16 × 10−4 2.35 0.10
7.5 30 3.11 × 10−5 33.32 1.01 7.99 × 10−4 3.90 0.12
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which it rises suddenly by about three orders of magnitude (∼�A
range). A similar variation is observed for nanocomposite films. The
voltage limit beyond which the residual electronic current rises
to a very high value is indicative of the sample breakdown volt-
age (also known as the ‘working voltage’ limit). It sets a threshold
10 21 6.48 × 10 45.50
15 27 3.73 × 10−5 25.84
0 20 5.59 × 10−5 30.00

nterfacial polarization effect indicated by the cpe element in the
quivalent circuit and is attributed to the appearance of a steep
pike at high temperature due to accumulation of space charge
t the interface. The interfacial capacitive components of PS and
NCE at low clay contents (2–5 wt.%) are of the same order at 70 ◦C.
n the other hand, a comparison of the interfacial capacitance of
S at room temperature (0.6 �F for PS) with that at 70 ◦C (4.7 �F)
ndicates a major change in the double-layer interfacial capacitance
alue for PS. This large (∼8 times) enhancement at high temperature
an be attributed to increased charge accumulation at the interface
ssisted by faster ion (charge) transport in the PS film at T ≥ Tm. An
lmost identical observation has been made for clay loaded PNCE
lms.

The variation of dc conductivity (�dc) from room temperature
o 150 ◦C is shown in Fig. 11a–f. A semi-logarithmic plot of �T vs.
03/T for PS (Fig. 11a) and for PNCEs (Fig. 11b) shows a typical lin-
ar change in conductivity at low temperature followed by marked
on-linearity with increase in temperature at and above ∼65 ◦C.
his transition in behaviour is observed for almost all the com-
ositions and can be correlated to the structural phase transition
crystalline → amorphous) of the host polymer (PEO) that assists in
iquid-like ion transport despite being solid in physical form. The
onductivity pattern at low temperature exhibits typical Arrhenius
ehaviour, i.e.,

= �o exp
(−Ea

kBT

)
(3)

his indicates a thermally activated charge transport process that
ccurs via hopping of ions from one preferred site to another. The
on-linear conductivity bhaviour at higher temperatures (T ≥ Tm),
t which the polymer matrix becomes predominantly amorphous
ith minimum internal friction (resistance) within the sample
atrix, can be explained by the Vogel–Tamman–Fulcher (VTF)
odel of charge transport expressed by the relation;

= �0T−1/2 exp
−Ea

k�[T − T0]
(4)

here �0 is a pre-exponential factor, k� is the Boltzman constant, Ea

s the activation energy, To is a fitting parameter called the reference
emperature and is also identified as the glass transition tempera-
ure (Tg) of the polymer host above which the polymer backbone
ecomes flexible and permits motion of the polymer segment/chain

n the matrix. The VTF model proposes that the ionic mobility at
igh temperatures (T ≥ Tm) is favoured as a result of cooperative
egmental motion of the polymer chain in the matrix. A linear fit of
he temperature dependent conductivity data of the PS and PNCE

lms, fitted separately in the temperature range below and above
olymer host Tm, is shown in Fig. 11c–f. The results agree well with
he Arrhenius and VTF relations (Eqs. (3) and (4)) for T ≤ Tm and
≥ Tm, respectively. Conductivity data and other related parameters

activation energy and pre-exponential factors) estimated from the
1.38 2.28 × 10 2.63 0.12
0.79 8.21 × 10−4 3.45 0.11
0.91 6.63 × 10−4 3.06 0.11

linear fits for each composite film are given in Table 4. The room-
temperature conductivity shows a jump by two orders of magnitude
(∼208 times) from 4.44 × 10−7 S cm−1 for PS to 9.16 × 10−5 S cm−1

for the PNCE film even for a low clay loading (1 wt.%). There is a
strong dependence of the conductivity of PNCE films on clay con-
centration. On the other hand, the conductivity of PNCE and PS is in
the same range of ∼10−4 S cm−1 at ∼70 ◦C. The highest conductiv-
ity achieved is ∼9.43 × 10−4 S cm−1 for a 1 wt.% clay-loaded PNCE
film. The activation energy for PS before and after Tm is the highest,
whereas its value is relatively lower in PNCE films though there is
a concentration dependent variation. The mean activation energy
in the VTF region is ∼0.1 eV, which is one order of magnitude less
than that in the Arrhenius region ∼1.0 eV. These observations sug-
gest a thermally activated hopping type mechanism of conductivity
in the low temperature region (T ≤ Tm). In contrast, electrical con-
duction behavior above Tm (T ≤ Tm) may be related to liquid like ion
transport in the amorphous phase of the host polymer matrix that
is aided by the local chain mobility in the polymer backbone.

3.5. Electrochemical stability and ion transport results

The residual current as a function of applied dc bias for PS and
PNCE films is presented in Fig. 12. This is the voltage stability of
the samples under study observed in terms of the breakdown volt-
age. For the PS film, the increase in residual current is progressive
(∼nA range) until the applied voltage is around ∼2.75 V, beyond
Fig. 12. Variation of residual electronic current as function of applied dc voltage for
different organo-clay concentration (x = 0, 2, 5, 7.5, 15).
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Table 5
Experimental values of ionic transport (tion), electronic transport (te) and voltage stability (breakdown voltage) for PNCE films.

Clay (wt.%) Ionic transport number (%) Electronic transport number (%) Ionic conductivity (S cm−1) Electronic conductivity (S cm−1) Breakdown voltage (V)

0 99.9 0.1 4.4 × 10−7 −10

2 99.9 0.1 6.1 × 10
7.5 99.9 0.1 3.1 × 10

15 99.7 0.3 3.7 × 10
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ig. 13. Variation of polarization current as function of time under constant applied
oltage (V = 50 mV) for different concentration (x = 0, 1, 7.5, 15) of DMMT clay.

imit of voltage stability for the ion-conducting polymer films, the
alue is obtained from the intercept of the tangent drawn over the
on-linear portion of the current rise with the voltage axis. A volt-
ge stability of 3.0 V is observed for the 7.5 wt.% clay composite in
omparison with 2.75 V for the clay-free PS film. There is a clear
mprovement in the voltage stability factor in the PNCE films.

The ionic transport number, ‘tion’, of selected compositions of
he PNCE films has been measured using a dc polarization tech-
ique with a fixed applied voltage (i.e., 50 mV) across the sample
ells (kept well within the electrochemical stability range). The vari-
tion in the polarization current as a function of time at a fixed dc is
hown in Fig. 13. The results show a high initial current (IT) followed
y attainment of saturation current (Ie) after a few hours. The high
alue of the initial current is attributed to the combined contribu-
ion of both the ionic and the electronic components in the sample
hereas the final saturation current is related to a steady-state cur-

ent due to the mobility of electrons only [37]. The experimental
alues of IT and Ie for different PNCE films enable separation of the
onic (tion) and electronic (te) components in the overall electrical
ransport in the sample films in accordance with the Eq. (1). The
alculated value of the ion transport number (tion) for the clay-free
S film is 99.9% and is almost the same for PNCE films irrespec-
ive of clay concentration. Transport number data have also been
sed to estimate the ionic and electronic contribution to the elec-
ric conductivity for various clay concentrations in the PNCE films
Table 5). The electronic conductivity of the PNCE films is very much
ithin the desirable limit (≤10−7 S cm−1) for its utility in device

pplications.
In addition to separate ionic (tion) and electronic (te) contribu-

ion to the electrical transport, the actual contribution of cations
o the transport properties in PNCE films is estimated by means of
combined dc polarization/ac impedance measurement technique
38]. The cation transport number is calculated using the formula:

Li+ = Is
Ii

(
�V − IiRi1

�V − IsRs2

)
(5)
4.4 × 10 2.75
−5 6.1 × 10−8 2.85
−5 3.1 × 10−8 3.0
−5 3.7 × 10−8 2.4

where �V is the applied dc bias, Ri1 is the bulk resistance before
polarization and Rs2 is the resistance after polarization. The exper-
imental value of Li+ ion transport (tLi

+), estimated from the results
in accordance with Eq. (5) for a 2 wt.% clay-loaded PNCE film, is
tLi

+ ∼ 0.50. This value is very high, i.e., an enhancement by ∼65%
when compared with the corresponding value of tLi

+ ∼ 0.25–0.30
for the clay-free PS, complexes, PEO8LiClO4 [39] and PEO10LiClO4
[40] reported by other workers.

4. Summary and conclusions

Intercalation-type polymer nanocomposite (PNCE) films have
been prepared via incorporation of DMMT clay, arranged at the
nanometer scale, into an ion conducting polymer matrix. The
PNCE films show substantial enhancement in ambient tempera-
ture conductivity, reasonable improvements in stability properties
(thermal/voltage), drastic increase in cation transport, and excel-
lent correlation of electrical properties with the composite
nanostructure. X-ray diffraction results confirm nanocomposite
formation and intercalation of the cation-coordinated polymer
chain with an optimized stoichiometric ratio of Ö/Li ∼ 8 into the
nanometric channels of organo-modified montmorillonite (DMMT)
clay. The XRD observations appear to be in good agreement with
TEM results. The latter micrographs clearly reveal the topogra-
phy of the intercalated PNCE film with an enlarged clay gallery
width ∼18 Å for 20 wt.% loading of DMMT clay. The variation
of dc conductivity with clay concentration appears to be well
correlated with clay-dependent changes in the matrix phase struc-
ture expressed in terms of crystallinity fraction (Xc), Tg and Tm.
Measurements of ion transport suggest that PNCE films have
predominantly ionic character with convincing improvement in
cation transport, voltage stability and thermal stability in com-
parison with the clay-free PS film. A substantial enhancement
(∼2 orders of magnitude) in dc conductivity at room tempera-
ture is displayed by clay-based PNCE films when compared with
the clay-free polymer salt complex film. The improvement in
the conductivity, stability and cation transport properties of the
PNCE films suggests their suitability for energy storage devices
such as: lithium polymer batteries and polymeric supercapaci-
tor.
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