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Abstract Composite polymer electrolyte membranes com-
posed of poly(ethylene oxide) (PEO), poly(vinylidene
fluoride-hexafluoropropylene) {P(VdF-HFP)} blends,
dedoped (insulating) polyaniline (PAni) nanofibers, and
LiClO4 as salt have been synthesized with varying fraction
of dedoped PAni nanofibers (from 2 to 10 wt.%). The ionic
conductivity of PEO–P(VdF-HFP)–LiClO4 electrolyte sys-
tem increases with increase in the fraction of dedoped
polyaniline nanofibers. This could be attributed to the
incorporation of nanofibers (aspect ratio >50), which may
provide high ion conducting path along the interface due to
Lewis acid–base interactions between Li+ ions and lone pair
of electrons of nitrogen atom of polyaniline. However, at
higher fraction (>6 wt.%), the nanofibers get phase separated
from the polymer matrix and form domain-like structures,
which may act as physical barrier to the conduction of Li+

ions resulting in decreased ionic conductivity. Electrochemical
potential window and interfacial stability of nanofibers
dispersed polymer electrolyte membranes are also better than
that of nanofibers free membranes.

Keywords Nanocomposites . Interface . Polymer
electrolytes . XRD . Ionic conductivity

Introduction

The increasing energy needs of modern society have
spurred all-embracing development and research in the

field of polymer electrolytes for applications in various
electrochemical devices particularly in solid-state recharge-
able lithium batteries [1]. In batteries, being a separator
membrane, polymer electrolyte must meet the requirements
in terms of ionic conductivity, electrochemical perform-
ances, processibility, and safety. The most commonly
studied polymer electrolyte membranes are complexes of
Li salts with a high molecular weight polyethylene oxide
(PEO) [2]. PEO excels as a polymer host because of its
high solvating power for lithium ions and its compatibility
with the lithium electrode [3]. However, high ionic
conductivity (10−3–10−4 S cm−1) of most PEO-based
polymer electrolytes is achieved at the temperature range
of 80–100 °C [2–6], while at low temperature PEO is low
conductive (10−7–10−8 S cm−1) because of the high
crystallinity of PEO [5, 6].

Intensive efforts have been devoted to increase the
ambient ionic conductivity of PEO-based polymer electro-
lytes [7]. A common approach is to add liquid plasticizers
such as ethylene carbonate, propylene carbonate, diethyl
carbonate etc. to the polymer matrix. These plasticized or
gelled polymer electrolytes can exhibit ionic conductivity
as high as 10−3 S cm−1 [8]. However, plasticized electro-
lytes exhibit drawbacks, such as increased reactivity with
lithium metal electrode, solvent volatility, and poor me-
chanical properties at high degree of plasticization [7].
Another method to increase the ionic conductivity of PEO-
based polymer electrolyte membranes is the addition of
nano-scale inorganic fillers such as TiO2, SiO2, and Al2O3

[9–13]. The enhancement in ionic conductivity upon
addition of nano-scale inorganic fillers has been interpreted
assuming a specific role for ceramic fillers that not only
prevents crystallization of polymer chains, but also pro-
motes the interaction between the surface groups of the
filler and the PEO segments [14, 15]. It has been reported
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that the interfacial stability of composite polymer electro-
lytes with lithium electrode is higher than that with filler-
free polymer electrolytes [16].

Blending of different polymers provides easy preparation
and control of the physical properties within the miscibility
compositional regime and often exhibit properties that are
superior to the properties of individual component of the blend
[17–19]. Recently, many efforts have been devoted to
increase the ionic conductivity of blend-based polymer
electrolyte membranes such as P(VdF-HFP)/PVAc [20],
PEO/PAN [21], and PVDF/PEO [22]. Fan et al. [23] reported
that the blend of PEO and P(VdF-HFP) could hinder the
crystallinity of PEO, and achieve a good combination of high
ionic conductivity and good mechanical strength. Moreover,
P(VdF-HFP) has excellent chemical stability due to VdF unit
and plasticity due to HFP unit [24].

In the present work, we report a novel blend-based
composite polymer electrolyte membrane by incorporating
dedoped (insulating) polyaniline nanofiber into P(VdF-
HFP)–PEO–LiClO4 polymer electrolyte system. The frac-
tion of dedoped polyaniline nanofibers has been varied
keeping the PEO–P(VdF-HFP) ratio constant, and its
effects on ionic transport and interfacial stability in P
(VdF-HFP)–PEO–LiClO4 polymer electrolyte have been
investigated.

Experimental

Polyaniline nanofibers have been synthesized by the
interfacial polymerization technique [25]. The interfacial
polymerization reaction was carried out in 30-ml glass
vials. One molar of aniline was dissolved in 10 ml of
organic solvent (chloroform). Ammonium peroxydisulfate
(0.25 M) was dissolved in 10 ml of double distilled water
and 1 M dopant acid (H2SO4). The polyaniline nanofibers
were dedoped with 1 M NaOH. The electronic conductivity
of PAni nanofibers was measured with Keithley 2400 LV
sourcemeter. We also employed four-probe method to
measure the conductivity of doped and undoped nanofibers.
This method contains four collinearly placed pointed
stainless steel electrodes separated by a distance 1 cm,
each which are made to contact the nanofiber samples.
Current I is made to flow between the outer probes and
voltage V is measured between the two inner probes. Since
the contact area between the point probes and the sample is
very small and a marginal distance separates the probes,
local doping and dedoping of the sample can be omitted.
The electronic conductivity of doped nanofibers was of the
order of 10−4 S cm−1, whereas after dedoping with base
NaOH conductivity was found to be of the order of
10−11 S cm−1. This confirms the insulating nature of
dedoped PAni nanofibers.

The host polymer PEO (MW=600,000), the co-polymer
P(VdF-HFP) (MW=400,000), and salt lithium perchlorate
(LiClO4) were received from Aldrich, USA. All the raw
materials were heated at 50 °C under vacuum. Organic
solvents acetonitrile and acetone were used as received
from E-merck to prepare thin polymer electrolyte mem-
branes by solution casting technique. Appropriate amount
of PEO and salt LiClO4 (O/Li=8) were dissolved in
acetonitrile and then mixed together, stirred and heated at
50 °C. P(VdF-HFP), fixed at 40 wt.% of PEO for all
samples, was stirred in presence of acetone at 50 °C.
Subsequently, both the polymer solutions were mixed,
stirred, and heated at 50 °C for 12–14 h. Dedoped
polyaniline nanofibers were then added in the blend
polymer solutions and allowed to stir for another 7–8 h.
The viscous solution thus obtained was cast onto Petri dish
and allowed to dry at room temperature. This procedure
provided mechanically stable, free standing, and flexible
membranes. The blend-based composite polymer electro-
lyte membranes used in this study were denoted as PEO–
LiClO4–P(VdF-HFP)–x% dedoped polyaniline nanofibers
(x=0, 2, 4, 6, 8, 10).

The ionic conductivity of the membranes was deter-
mined from the complex impedance plots obtained by using
a Hioki 3532-50 LCR HiTester in the frequency range
42 Hz to 5 MHz. A two-electrode system was employed for
ionic conductivity measurements wherein the polymer
electrolyte membrane was inserted between the two
stainless steel electrodes. An ac sinusoidal signal of 3 mV
with varying frequencies is applied across the cell and the
impedance modulus and phase shift of the electrode/
electrolyte/electrode cell assembly were measured. The
nature of conductivity of nanofibers dispersed polymer
electrolytes was determined by Wagner polarization tech-
nique with polymer electrolyte between graphite blocking
electrodes. The transference number was found to be 0.97
indicating that conductivity was essentially ionic in nature.
X-ray diffractograms were studied by Rigaku miniflex X-
ray diffractometer. Surface morphology of the composite
electrolytes was studied by using scanning electron micro-
scope (Jeol model JSM 6390 LV). Fourier transform
infrared spectroscopy (FTIR) studies were carried out using
Nicolet Impact 410 spectrophotometer. The diameter of
polyaniline nanofibers was measured by TEM (JEOL-
TEM-100 CXII). The average diameter and length of the
fibers are found to be 20–30 and 1,000 nm as reported in
our previous work [26]. Linear sweep voltammetry curve
was obtained using electrochemical workstation (Sycopel
AEW 2, UK). The electrochemical cell in this case was
comprised of stainless steel working electrode and lithium
metal as a reference electrode and the voltage was swept
between the potential ranges from 2 to 6 V with a scan rate
0.1 mVs−1. The interfacial stability of nanocomposite

36 J Solid State Electrochem (2012) 16:35–44



polymer electrolytes was studied by fabricating Li/polymer
electrolyte/Li cells at room temperature and was monitored
for 15 days.

Results and discussion

TEM studies

Figure 1 shows the TEM micrograph of PAni nanofibers.
From the figure it is observed that nanofiber is composed of
randomly packed polymer chains. As the PAni nanofibers
are synthesized by interfacial polymerization, no over-
growth of polyaniline on the nanofiber scaffolds does take
place and nanofibrillar morphological units are formed. The
diameter and length of the fibers are found to be 20 to
30 nm and more than 1,000 nm, respectively.

X-ray diffraction studies

X-ray diffraction patterns of pure PEO, P(VdF-HFP), and
dedoped polyaniline nanofibers are presented in Fig. 2.
High intensity peaks at 2θ=20° and 2θ=23° are observed
in the XRD pattern of dedoped polyaniline nanofibers
(Fig. 2c). The peaks at 2θ=20° and 38° correspond to (020)
and (202) crystalline peaks of P(VdF-HFP). This confirms
the partial crystallization of PVdF units in the copolymer
and semi-crystalline structure of P(VdF-HFP) [27]. PEO
shows a characteristic peak at 2θ=19° (Fig. 2a). Figure 3
shows the XRD patterns of PEO–P(VdF-HFP)–LiClO4–x%
dedoped polyaniline nanofibers composite polymer electro-
lytes. It is observed that when P(VdF-HFP) is blended with
PEO, no additional peak appears; only the intensity of
crystalline peaks slightly decreases and broadens as
compared to pure PEO suggesting that the amorphicity

increases [28]. When dedoped polyaniline nanofibers are
incorporated in the PEO–P(VdF-HFP)–LiClO4 the crystal-
line peak further broadens while the intensity of the small
peak at 2θ=39° decreases significantly as shown in
Fig. 3b–f. The degree of crystallinity is determined by a
method described elsewhere [29]. Calculated values of
degree of crystallinity with increasing fraction of dedoped
PAni nanofibers are given in Table 1. It is observed that the
degree of crystallinity decreases with increasing nanofibers
content and reaches a minimum at 6 wt.% nanofibers
fraction. This reduction in crystallinity upon addition of
nanofibers is attributed to the suppression of the reorgani-
zation of polymer chains by the nanofibers [30]. However,
at higher fraction of nanofibers (>6 wt.%), the degree of

Fig. 1 TEM image of dedoped polyaniline nanofibers

Fig. 2 XRD patterns of (a) PEO, (b) P(VdF-HFP), (c) dedoped
polyaniline nanofibers

Fig. 3 XRD patterns of PEO–P(VdF-HFP)–LiClO4–x% dedoped
polyaniline nanofibers polymer electrolyte membranes (a) x=0, (b) x=
2, (c) x=4, (d) x=6, (e) x=8, and (f) x=10
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crystallinity increases with increasing nanofibers content
indicating that crystalline phase starts increasing above
6 wt.% of nanofibers fraction due to reorganization of
polymer chains in PEO–P(VdF-HFP)–LiClO4 electrolyte
system. At 8 and 10 wt.% of nanofibers fraction an
additional peak appears at 2θ=23°, which can be assigned
to dedoped polyaniline nanofibers suggesting that above
15 wt.% polyaniline nanofibers get phase separated from
the PEO–P(VdF-HFP)–LiClO4 polymer electrolyte phase.

Ionic conductivity measurements

The complex impedance plots for PEO–P(VdF-HFP)–
LiClO4 polymer electrolyte membranes with different
weight fraction of polyaniline nanofibers are presented in
Fig. 4a–f. All plots comprise a semicircular arc in the high-
frequency region and an oblique line in the low-frequency
region. The ionic conductivity is calculated from the
relation σ= l/Rbr

2π; where l and r are thickness and radius
of the sample membrane disks and Rb is the bulk resistance.
The value of the bulk resistance (Rb) was extracted from the
point where the high-frequency semicircles intercept the
abscissa (Z′). The thickness of the nanocomposite films was
found to be in the range from 350 to 400 μm while the area
was 0.785 cm2, which is the area of the sample membrane
disk. This response of the electrode/electrolyte/electrode
cell assembly can be simulated as an equivalent circuit
comprising a combination of a bulk resistance “Rb” of the
sample in parallel with its geometrical capacitance “Cg” in
series with a constant phase element (CPE) consisting of a
double-layer interfacial capacitor Cdl and a charge transfer
resistance [31]. The total impedance of the equivalent
circuit at frequency ω can be written as:

ZTotal ¼ 1

1þ wRbCg

� �2

" #

� jRb
wRbCg

1þ wRbCg

� �2

" #

þ 1

wCdl
ð1Þ

At high frequencies when the reactance and the bulk
resistance of the sample are comparable, i.e., 1

wCg
� Rb,

parallel combination of bulk resistance Rb and capacitance
Cg contribute dominantly to the overall impedance which
gives rise to a semicircle [31]. At low frequencies when

1
wCg

� Rb, the contribution of Cg becomes negligible to the
overall impedance and the equivalent circuit behaves as a
series combination of Rb and constant phase element giving
an inclined spike displaced by Rb on the abscissa of the
impedance plot. However, a 90° line in addition to the
semicircle is obtained for perfectly smooth surfaces. The
slope of the line decreases with increasing roughness. The
CPE mentioned above has been modeled to account for the
semicircle flattening and spike tilting as observed in the
Nyquist plot. It may be considered as a leaky capacitor
where current is not exactly ahead of voltage by 90° as in
ideal capacitor. The physical origin of CPE for polymer
electrolytes is related to the presence of crystalline noncon-
ducting regions interconnected with conducting amorphous
material within the PEO spherulites [32]. Inset of Fig. 4
shows the equivalent circuit for the impedance spectra
obtained in this study. The impedance of CPE is given by

ZCPE ¼ k jwð Þ�pwhere 0 < p < 1 ð2Þ
When p=0, Z is frequency independent, and k is just the

resistance and when p=1, Z=k/jω=−j/ω(k), the constant k−1

now corresponds to the capacitance. When p is between 0
and 1, the CPE acts in a way intermediate between a
resistor and a capacitor. The series CPE terms tilt the spike

Concentration of dedoped PAni nanofibers (wt.%) Degree of crystallinity (%)

0 34.5

2 30.1

4 25.4

6 19.3

8 21.7

10 27.3

Table 1 Degree of crystallinity
of PEO–P(VdF-HFP)–LiClO4–x
% dedoped polyaniline nanofib-
ers polymer electrolytes at dif-
ferent concentration of
polyaniline nanofibers

Fig. 4 Complex impedance spectra of PEO–P(VdF-HFP)–LiClO4–x
% dedoped polyaniline nanofibers polymer electrolyte membranes (a)
x=0, (b) x=2, (c) x=4, (d) x=6, (e) x=8, and (f) x=10. Inset shows the
equivalent circuit representing the actual cell assembly
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and parallel CPE terms broaden the semicircle [32]. The
values for Rb and Cg estimated from Nyquist plots are
presented in Table 2. The bulk resistance (Rb) for nanofiber
free polymer electrolyte is estimated to be ~341 Ω at room
temperature, which decreases significantly upon addition of
PAni nanofiber in the PEO/P(VdF-HFP)/LiClO4 complex.
On the other hand, the values for geometrical capacitance
(Cg) for all compositions are in the range of nF, which
implies that the high-frequency semicircles arise due to
bulk of the material. Variation of ionic conductivity with
increasing fraction of nanofibers is shown in Fig. 5. It is
observed that the σionic increases with the increase of
weight fraction of nanofibers. Maximum conductivity was
found to be 3.1×10−4 S cm−1 at room temperature for 6 wt.
% dedoped polyaniline nanofiber fillers, which is over
seven times higher as compared to that (4.5×10−5 S cm−1)
for polymer electrolyte without nanofibers. However, as the
filler (dedoped nanofibers) fraction increases beyond 6 wt.
%, the ionic conductivity decreases.

The enhancement of up to 6 wt.% of nanofibers content
seems to be correlated with the fact that the dispersion of
dedoped polyaniline nanofibers to PEO–P(VdF-HFP) pre-
vents polymer chain reorganization due to the high aspect
ratio (>50) of nanofibers, resulting in reduction in polymer
crystallinity, which gives rise to an increase in ionic
conductivity. The increase in ionic conductivity may also
result from Lewis acid–base interaction [33–36]. In the
present composite polymer electrolytes, the oxygen atom in
PEO has two lone pair of electrons and nitrogen atom in
PAni nanofibers has one lone pair of electrons, which act as
strong Lewis base centers and Li+ cations as strong Lewis
acid giving rise to numerous acid–base complexes in the
composite polymer electrolyte. Accordingly, three types of
Lewis acid–base complexes can be formed [37]. First type of
complexes involve PEO–Li+–PEO interaction, which leads
to the transient cross-linking of PEO chains via Li+ cations
resulting in the reduction of ionic conductivity. Second type
of interaction is due to mixed PEO–Li+–PAni nanofibers
complexes, which involves Lewis base oxygen from PEO
chain and Lewis base nitrogen from polyaniline. The third
type of interaction involves only the Lewis base nitrogen
from polyaniline and Li+ cations. The formation of second
and third type of complexes leads to lowering of concentra-

tion of first type of complexes and hence density of transient
cross-linking is reduced. [37]. This allows mobile ions to
move more freely either on the surface of the nanofibers or
through a low-density polymer phase at the interface, which
results in enhanced ionic conductivity. The reduction in
crystallinity upon addition of polyaniline nanofibers up to
6 wt.% is consistent with XRD results. Enhancement in ionic
conductivity can also be attributed to the creation of
polymer–filler interface. The filler–polymer interface is a
site of high defect concentration providing channels for
faster ionic transport [38] and the structure and chemistry of
filler–polymer interface may have even more important role
than the formation of amorphous phase in the electrolyte.

On the other hand, the decrease in ionic conductivity for
fraction of nanofibers higher than 6 wt.% can be attributed
to the blocking effect on the transport of charge carriers
resulting from the phase separation of nanofibers [39].
Besides, above 6 wt.% a depressed semicircle is seen in the
impedance spectra, which is characteristic of a system
where more than one conduction processes are present
simultaneously [40]. SEM micrographs show that, at higher
weight fraction of nanofibers (6 wt.%), a two-phase
microstructure is observed. This could be attributed to the
fact that at higher fraction of nanofibers, uniform dispersion
of nanofibers in PEO–P(VdF-HFP) matrix is difficult to

wt.% of dedoped PAni nanofibers Bulk resistance, Rb (Ω) Capacitance, Cg (nF)

0 341 4.5

2 234 2.9

4 215 3.7

6 143 2.1

8 182 3.2

10 254 4

Table 2 Values of bulk resis-
tance (Rb) and geometrical ca-
pacitance (Cg) for different
weight fraction of dedoped PAni
nanofibers in PEO/P(VdF-HFP)/
LiClO4 complex estimated from
observed impedance spectra

Fig. 5 Variation of ionic conductivity with different weight fraction of
dedoped polyaniline nanofibers
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achieve due to formation of phase-separated morphologies.
This is expected to affect the conductivity of the system,
since a large number of Li+ cations are trapped in the phase
separated nanofibers. Thus, the decrease of ionic conduc-
tivity above 6 wt.% nanofibers content can be attributed to
the effect of phase separation, which is consistent with the
XRD and SEM results.

Figure 6 shows the conductivity versus temperature
inverse plots of polymer electrolyte films in the temperature
range from 25 to 80 °C. The figure shows that the ionic
conduction in nanocomposite polymer electrolytes obeys
the Arrhenius relation with two degree of slopes:

s ¼ s0expð�Ea=kTÞ ð3Þ
where σ, σ0, Ea, k, and T are the ionic conductivity, the pre-
exponential factor, the activation energy, the Boltzmann
constant, and the absolute temperature, respectively [41,
42]. All the samples show a break point at around 60 °C,
near the melting temperature of PEO, reflecting the well-
known transition from PEO crystalline to amorphous phase.
As expected the increase in temperature leads to increase in
ionic conductivity because as the temperature increases the
polymer chains flex at increased rate to produce larger free
volume, which leads to enhanced polymer segmental and
ionic mobilities. The enhancement of ionic conductivity by
the dedoped polyaniline nanofibers can be explained by the
fact that the nanofibers inhibit the recrystallization kinetics,
helping to retain the amorphous phase down to relatively
low temperatures [43].

Scanning electron microscopy studies

The SEM micrographs for PEO–P(VdF-HFP)–LiClO4–x%
dedoped polyaniline nanofibers membranes are presented in

Fig. 7a–f. In general, three-four phases are known to
coexist in the PEO-based polymer electrolytes viz. crystal-
line PEO phase, crystalline PEO–Li salt complex phase,
and amorphous PEO phase. It is observed that below 6 wt.
% nanofibers content in PEO–P(VdF-HFP) matrix (Fig. 7a–
c), the surface morphology is granular and smooth, which
could be attributed to the reduction of PEO crystallinity due
to complexation with lithium salt and polyaniline nano-
fibers. At 6 wt.%, rough morphology and sharp interfaces
are observed (Fig. 7d) which may facilitate lithium ion
conduction along the interface [44].

Figure 7e shows a two-phase microstructure, marked by
circles, at 8 wt% of nanofibers content due to phase
segregation of nanofibers. Phase separation becomes more
prominent at 10 wt.% of nanofibers as shown in Fig. 7f.
The nanofibers get phase separated from the PEO–P(VdF-
HFP) polymer matrix and form domain-like regions, which
may act as physical barriers to the effective motion of the
ions leading to decrease in ionic conductivity.

FTIR analysis

FTIR is a powerful tool to characterize the chain structure
of polymers and has led the way in interpreting the
reactions of multifunctional monomers including rearrange-
ments and isomerizations [45, 46]. FTIR spectra of LiClO4,
dedoped polyaniline nanofibers, P(VdF-HFP), PEO, and
polymer complexes are shown in Fig. 8. The symmetric and
asymmetric C–H stretching vibrations of pure P(VdF-HFP)
are observed at 3,000 cm−1. Frequencies 1,286–1,066 cm−1

are assigned to –C–F– and –CF2– stretching vibration of P
(VdF-HFP). Frequency 883 cm−1 is assigned to vinylidene
group of polymer. Stretching and bending modes of (CH2)α
for pure PEO are observed at 1,470.25 and 1,353.91 cm−1,
respectively. The peak at 1,104.2 cm−1 is assigned to ν (C–
O–C) of PEO molecule [47]. Frequency 1,120 cm−1 is
assigned to the in-plane C–H bending of polyaniline
nanofibers [48]. The ammonium ion displays broad
absorption in the frequency region 3,350–3,050 cm−1

because of N–H stretching vibration. The N–H bending
vibration of secondary aromatic amine of polyaniline
nanofibers occurs at 1,507 cm−1. The frequency
1,650 cm−1 of polyaniline nanofibers is assigned to C=C
of aromatic ring.

The assigned peaks of dedoped polyaniline nanofibers
get shifted towards lower frequency after incorporation
into the polymer electrolyte system signifying their
effect on the electrolyte system. The peak for in-plane
C–H bending of polyaniline nanofibers at 1,120 cm−1 is
shifted to 1,170 cm−1 for 2 wt.% and to 1,185 cm−1 for
6 wt.% of dedoped nanofibers. The peak at 1,507 cm−1

due to N–H bending vibration of secondary aromatic
amine of polyaniline nanofibers gets shifted in case of

Fig. 6 logσ vs. temperature inverse curve PEO–P(VdF-HFP)–
LiClO4–x% dedoped polyaniline nanofibers polymer electrolyte
membranes (a) x=0, (b) x=2, (c) x=4, (d) x=6, (e) x=8, and (f) x=10
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composite polymer electrolytes to 1,550 cm−1 (for 2 wt.%)
and 1,580 cm−1 (for 6 wt.%). The peaks at 1,690 cm−1 (for
2 wt.%) and 1,730 cm−1 (for 6 wt.%) are evidence of
shifting of C=C of aromatic ring peak (1,650 cm−1) of
pure dedoped polyaniline nanofibers. However, FTIR
spectra of PEO–P(VdF-HFP) polymer electrolyte con-
taining 8 wt.% of dedoped nanofibers show all the
peaks of the dedoped nanofibers at their original
assigned positions. This result strongly corroborates the
occurrence of phase separation at higher fraction of
nanofibers (>6 wt.%) and is consistent with XRD and
SEM results.

Electrochemical studies

Figure 9 displays the current–voltage response obtained for
PEO–LiClO4, PEO–P(VdF-HFP)–LiClO4, and PEO–P
(VdF-HFP)–LiClO4–6 wt.% dedoped polyaniline nano-
fibers composite. The onset of current identifies the anodic
decomposition voltage of the electrolytes. It is observed
that PEO–LiClO4 shows decomposition voltage at 4.3 V
whereas after blending with P(VdF-HFP), the decomposi-
tion voltage is slightly increased (4.4 V). However, after
incorporation of dedoped PAni nanofibers (6 wt.% in this
case) in the blend system, the value of decomposition

Fig. 7 SEM micrographs of PEO–P(VdF-HFP)–LiClO4–x% dedoped polyaniline nanofibers polymer electrolytes a x=0, b x=2, c x=4, d x=6, e
x=8, and f x=10
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voltage increases significantly and sets at about 4.8 V.
Thus, there is a clear improvement in the voltage stability
factor in the electrolyte films containing dedoped PAni
nanofibers. This value of working voltage range (i.e.,

electrochemical potential window) appears to be high
enough to use the nanocomposite polymer electrolyte films
as a solid-state separator/electrolyte in Li batteries.

Compatibility of nanocomposite polymer electrolyte
with electrode materials is an important factor for polymer
battery applications. Due to the reactivity of electrode
materials, most of the polymer electrolytes passivate
lithium, which result in the formation of a non-uniform
solid electrolyte interface (SEI) layer [26]. Formation of
this passivation layer increases the resistance to the flow of
ions through the interface resulting in the decrease in
overall current in the circuit, i.e., through the electrolyte.
The decrease in conductivity is essentially a decrease in the
conductance of the electrolyte due to formation of SEI
layer. The interfacial stability is a measure of resistance to
the formation of SEI layer. In order to examine the
interfacial stability of polymer electrolytes before and after
incorporating dedoped polyaniline nanofibers, the ionic
conductivity was measured by fabricating Li/polymer
electrolyte membrane/Li cells at room temperature and
monitored for 15 days. Three systems viz. PEO–LiClO4,
PEO–P(VdF-HFP)–LiClO4, and PEO–P(VdF-HFP)–
LiClO4–6 wt.% dedoped PAni nanofibers have been
selected for the compatibility study and the results are
shown in Fig. 10. It reveals that ionic conductivity of all the
electrolyte systems decreases with time but decrease of
ionic conductivity in PEO–LiClO4 electrolyte is much
larger than the other two systems. It is well known that
PEO–LiClO4 exhibits highly crystalline structure at room
temperature. The existence of crystallites in PEO–LiClO4

affects the charge transfer reaction because the interface
between the lithium electrode and crystalline polymer

Fig. 9 Linear sweep voltammetry plots of (a) PEO–LiClO4, (b) PEO–
P(VdF-HFP)–LiClO4, and (c) PEO–P(VdF-HFP)–LiClO4–6 wt.%
dedoped polyaniline nanofibers

Fig. 8 FTIR spectra of (a) LiClO4, (b) dedoped polyaniline nano-
fibers, (c) P(VdF-HFP), (d) PEO, (e) PEO–P(VdF-HFP)–LiClO4–
2 wt.% dedoped polyaniline nanofibers, (f) PEO–P(VdF-HFP)–
LiClO4–6 wt.% dedoped polyaniline nanofibers, and (g) PEO–P
(VdF-HFP)–LiClO4–8 wt.% dedoped polyaniline nanofibers

Fig. 10 Interfacial stability of (a) PEO–LiClO4, (b) PEO–P(VdF-
HFP)–LiClO4, and (c) PEO–P(VdF-HFP)–LiClO4–6 wt.% dedoped
polyaniline nanofibers
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function as a barrier for electrochemical reaction of lithium
[49], which gives rise to increase in interfacial resistance.
When PEO is blended with P(VdF-HFP) the crystallinity of
the system is greatly reduced, as confirmed by XRD results,
resulting in higher interfacial stability than PEO–LiClO4.
On the other hand, PEO–P(VdF-HFP)–LiClO4–6 wt.%
dedoped PAni nanofibers membrane shows highest interfa-
cial stability (Fig. 8c). The highest interfacial stability of
nanofibers dispersed polymer electrolyte seems to be
associated with the fact that the high aspect ratio (>50)
nanofibers form a barrier layer at the electrode, which
effectively impedes the electrode–electrolyte reaction [28,
50]. This in turn reduces the passivation layer on the
electrode leading to better interfacial stability between
electrode and electrolyte.

Conclusions

Polymer electrolytes nanocomposite membranes based on
PEO–P(VdF-HFP)–LiClO4 with dedoped polyaniline nano-
fibers have been developed and investigated. The ac
impedance analysis shows that the ionic conductivity of
the polymer electrolyte membranes increases when
dedoped polyaniline nanofibers are added as filler up to a
fraction of 6 wt.%. XRD results show a gradual decrease in
degree of crystallinity with increase in dedoped polyaniline
nanofibers up to 6 wt.%. At higher fraction (>6 wt.%) the
polyaniline nanofibers get phase separated from the
polymer matrix as revealed by the occurrence of new peaks
in the XRD spectra. SEM studies reveal two-phase
morphology above 6 wt.% nanofibers indicating the phase
separation of polyaniline nanofibers. FTIR spectra also
confirm the phase separation at nanofibers fraction greater
than 6 wt.% showing peaks for dedoped polyaniline
nanofibers at their assigned positions. The three moieties
PEO, P(VdF-HFP), and dedoped polyaniline nanofibers no
longer remain a miscible uniform phase and nanofibers get
phase separated from the polymer matrix giving the
domain-like structures. These domains may create barrier
in the conduction path leading to the decrease in ionic
conductivity. The interfacial stability of the nanofibers
dispersed composite polymer electrolytes is observed to
be better than that of PEO–P(VdF-HFP)–LiClO4 and PEO–
LiClO4. Incorporation of dedoped (insulating) nanofibers
up to a critical fraction increases the ionic conductivity of
the polymer electrolyte system making them new promising
potential membrane for lithium rechargeable batteries.
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