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Abstract In the present research, to enhance the
alternating current conductivity of polyaniline
(PANI), carboxymethyl cellulose (CMC), a biopoly-
mer, is used to prepare optimized polyaniline-car-
boxymethyl cellulose (PANI-CMC) composite. The
composite was synthesized by in situ polymerization
and then characterized by Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD) and
scanning electron microscopy (SEM) techniques.
Improvement in m-electron delocalization in the
composite due to CMC was confirmed from FTIR
studies. Decrease in d-spacing and inter-chain sepa-
ration of PANI chains and increase in the degree of
crystallinity of the composite, all determined from
XRD studies suggested increase in conductivity of the
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composite. SEM image of the composite has shown
crumpled PANI on CMC forming a kind of network
facilitating easier transport of charge carriers. Alter-
nating current (AC) response characteristics of PANI-
CMC composite were investigated in the frequency
range 100 Hz—-1 MHz and comparatively analyzed
with those of pristine PANI. Increase in AC conduc-
tivity of PANI-CMC composite by one order magni-
tude as compared to that of PANI, mainly due to the
presence of CMC in it, was confirmed experimentally.
Decrease in density of states at Fermi level of PANI-
CMC composite as compared to that of PANI
calculated as per correlated barrier hopping model
confirmed and supported experimentally observed
increase in AC conductivity of the composite. So,
CMC as a component of PANI based composites can
effectively replace metals/metal oxides in increasing
AC conductivity of such composites and has the
potential for applications in electronic circuit elements
and sensors.

Keywords Polyaniline - Carboxymethyl cellulose -
AC conductivity - Correlated barrier hopping model

Introduction
Since the discovery of conducting polymers, their

potential for technological applications is evolving
mainly because of their ability to combine the
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chemical properties of polymers with the electronic
properties of metals/metal oxides and semiconductors
(Kotresh et al. 2017; Basavaraja et al. 2008). The
major advantage of these conducting polymers is the
possibility of tuning their electrical properties by
many routes such as doping, varying methods of
preparation and their viability in preparing their blends
and composites (Megha et al. 2017a). Such materials
have found applications in super capacitors, electro-
magnetic shielding, catalysis and sensors etc. (Peng
et al. 2016; Babayan et al. 2017; Mu et al. 2015;
Kotresh et al. 2016a). Among the conducting poly-
mers, polyaniline (PANI) has received considerable
attention because of its unique characteristics like
controllable chemical and electrical properties, simple
preparation, low cost and excellent environmental
stability. Because of all these properties, it has found
wide variety of technological applications in many
fields (Kotresh et al. 2015; Prasanna et al. 2016;
Nagesh Sastry et al. 2013). In particular, researchers
working on improving the conductivity of PANI make
use of the unique feature of PANI chains-chemically
flexible N-H group flanked on either side of phenylene
ring (Fig. 1a) (Himanshu et al. 2011) and tune its
electrical properties by different routes such as by
synthesizing PANI using different methods or by ion
beam irradiations or by incorporating PANI with
suitable inorganic materials so as to enhance the scope
of their applications. Some of the related works are
reviewed here:

In a report by Hazarika et al. (2012) camphorsul-
fonic acid doped PANI has shown increase in
conductivity when irradiated with increasing fluencies
of radiations of Ni'*™ jons of 160 MeV energy.
According to a report by Megha et al. (2017a) AC
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Fig. 1 Structure of a emeralidine salt form of PANI and b CMC
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conductivity of PANI has increased, when n-type
NiFeQ, particles prepared by sol-gel auto combustion
method were composited with it by insitu polymer-
ization method to form optimized PANI-NiFeO,
nanocomposite. AC conductivity of PANI has
increased when gold nanoparticles prepared by col-
loidal dispersion method were composited with it by
interfacial chemical polymerization method to form
PANI-Au nanocomposite as reported by Bogdanovic
et al. (2014). Nagaraju et al. (2015) have reported that
AC conductivity of PANI has increased when it is
composited with TiO, using camphorsulfonic acid as a
dopant.

In all these works, though improvement in AC
conductivity of PANI has been reportedly achieved,
they suffer from some major disadvantages like use of
chemicals which are expensive, less abundant and also
not biocompatible and their methods of preparation
are complex, in some cases requiring harmful radia-
tions. So, in the present work, we aimed at overcoming
these disadvantages simultaneously improving con-
ductivity of PANI by incorporating it with a suit-
able biopolymer to form PANI-biopolymer hybrid
system. Among such hybrids, cellulose as a biopoly-
mer component is preferred because of its unique
properties like renewability, biocompatibility, abun-
dance, high specific strength and non-abrasiveness
during processing (Ravikiran et al. 2014; Guo et al.
2013). Also, there are reports on the mechanical and
electrical conductivity study of such cellulose based
composites such as bacterial cellulose (BC) compos-
ited with conducting polymers like poly(3,4-ethylene-
dioxythiophene)-poly(styrenesulfonate)/polyaniline
and also with metal oxides (Khan et al. 2015a; Feng
et al. 2012; Jasim et al. 2017) and these composites
have found applications in biomedical and optoelec-
tronic fields (Khan et al. 2015b; Ul-Islam et al. 2014;
Khan et al. 2015a). But in some cases, when BC is
composited with conducting polymer by in situ poly-
merization method, BC matrix may get damaged and
may limit their applications (Khan et al. 2015a). So,
with all these perspectives, as a novel alternative, we
considered carboxymethyl cellulose (CMC) to be
composited with PANI. Moreover, CMC is water
soluble polysaccharide cellulosic ether which can be
extracted from the fibrous tissue of plants (Basavaraja
etal. 2013). Also, CMC molecules can readily interact
with host molecules to form a composite system due to
the presence of carboxymethyl groups (Fig. 1b) with
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opposite electric charges in it and so would greatly
contribute to synergistic effects in a composite system
thus offering scope for tailoring their physical, and
electrical properties (Guo et al. 2015; Abdel-Galil
et al. 2014; El-Sayed and El-Gamal 2015).

So, as a first ever attempt, to exploit the advanta-
geous properties of PANI and CMC to improve AC
conductivity of PANI we have synthesized PANI-
CMC composite by in situ polymerization method in
which PANI acts as the host material and CMC as the
supportive guest material. Then PANI, CMC and the
composite were structurally characterized using FTIR,
XRD and SEM techniques. Further to achieve best
synergistic effects for maximizing conductivity, the
concentration of CMC in the composite was opti-
mized. Besides improving conductivity, the optimized
composite is also expected to contribute towards
improving efficiency and stability in multifunctional
materials particularly in electronic circuit elements
and sensors and thus would enhance the scope of its
selection in such devices (Ravikiran et al. 2014;
Megha et al. 2017a). To the best of our knowledge, this
work is also the first ever attempt to study AC
conductivity of PANI-CMC composite experimen-
tally as well as theoretically through the parameters of
correlated barrier hopping (CBH) model. Applications
of this model throwing light on AC conductivity of
such composites have been reported in recent litera-
tures (Ghoswami et al. 2011; Mini et al. 2016). Such a
study would provide an insight into the design of new
materials and so would be beneficial in the selection of
multifunctional materials in device technology
(Megha et al. 2017b; Nandapure et al. 2013).

Materials and methods
Materials

Aniline [C¢HsNH,], ammonium persulfate [(NHy),.
S,0g], hydrochloric acid [HCI] and carboxymethyl
cellulose, all of analytical grade reagents, were
purchased from S.D. Fine Chemicals, India. The
aniline monomer was doubly distilled before use. De-
ionized water was used throughout the synthesis work.

Preparation of PANI-CMC composite

The PANI-CMC composite was synthesized as fol-
lows: 0.6 g of CMC was dissolved in 180 ml de-
ionized water at ambient temperature. 2.4 g aniline
monomer and 60 ml of 1 M HCIl solution were
introduced into the above solution and the mixture
was sonicated for 15 min to facilitate adsorption of
aniline on CMC. With continuous stirring of the
mixture, previously prepared 7.5 g ammonium per-
sulfate in 60 ml de-ionized water was added drop wise
into it and then was allowed to polymerize at room
temperature for at least 8—10 h. The reaction product
was collected by centrifugation and washed 5-6 times
successively with 1 M HCI, de-ionized water and
acetone until the filtrate became colorless. The filtrate
is then dried in vacuum at 100 °C for 24 h when the
required composite in the form of dark green powder
was obtained. Pristine PANI was similarly synthesized
under the same conditions but without CMC. The
method of synthesis of PANI-CMC composite is
illustrated in Fig. 2.

Characterization

The FTIR spectra of PANI, CMC and PANI-CMC
composite were recorded in the range 400-4000 cm ™'
using a Nicolet 750 FT-IR spectrometer (USA). For
the purpose, each sample in powder form was
dispersed in dry potassium bromide in the ratio 1:25
by weight and was ground to obtain uniform disper-
sion. Then the mixed powders of the samples were
pressed separately in a cylindrical dye to obtain
transparent discs of approximately 1 mm thickness
which were then exposed to IR radiations and the
spectra recorded. The powder XRD patterns of PANI,
CMC and PANI-CMC composite were recorded in the
range 20 = 10°-80° using a Siemens D-5000 powder
X-Ray diffractometer (Germany) with CuKao source
radiation (2 = 1.54 x 107" m) at a scanning rate of
2° min~'.The SEM images of the prepared PANI,
CMC and PANI-CMC composite were recorded using
an Hitachi S-520 scanning electron microscope (Ja-
pan). For recording the image, each powder sample
was dispersed on the surface of carbon tape mounted
on an aluminum tab and conducting gold was
sputtered on the sample to avoid charging at the
sample surfaces and hence selected areas were
photographed.
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Fig. 2 The illustration of formation of PANI-CMC composite

The characteristic XRD parameters of CMC, PANI
and PANI-CMC composite viz., d-space, inter-chain
separation and degree of crystallinity were calculated
using the formulae given below.

The d-spacing is estimated from the Bragg’s
relation (Bhadra et al. 2009)

@ Springer

ni = 2dsin 0 (1)

The inter-chain separation length is estimated from the
relation given by Klug and Alexander (Hazarika and
Kumar 2016)

R= % |:SIJW:| (2)

The percentage of degree of crystallinity is calculated
from the Eq. (3) (Hazarika and Kumar 2016)

Al
where A’ is the area of broad diffraction peak and A7 is
the total area under broad diffractogram.

AC response measurements

The AC response parameters of pristine PANI and
PANI-CMC composite in the form of cylindrical
pellets (0.8 cm dia x 1 mm thick, with silver paste
electrodes) were studied using a Hioki Model 3532-50
programmable computer (Japan) interfaced with a
digital LCR meter in the selected frequency range
100 Hz-1 MHz.

The real part of complex conductivity, complex
permittivity, complex impedance and the imaginary
part of complex impedance for pristine PANI and
PANI-CMC composite were calculated using the
formulae given below (Ravikiran et al. 2006).

d'(w) = weye” (4)
! = /Gy 5)
' =¢/wCpRp or &' =¢'D (6)
Z' = Zcos (7)
Z" =Zsin0 (8)

where C, is the equivalent parallel capacitance and
Co = (0.08854 x A/t) pf, is the geometrical capaci-
tance in vacuum with the same dimensions as that of
the sample; A and ¢ are the area and the thickness of
the samples respectively; Z and 6 are the impedance
and the phase angle respectively.
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Results and discussions
Fourier transform infrared spectroscopy

The FTIR spectra of PANI, CMC and PANI-CMC
composite are shown in Fig. 3. In the FTIR spectrum
of pristine PANI (Fig. 3a), the absorption bands at
3438, 1575, 1492, 1376, 1294, 1137 and 797 cm ™" are
attributed to the PANI chain assigned respectively, to
the N-H stretching of aromatic amine, C=C stretching
deformation of quinoid rings, C=C stretching
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Fig. 3 Fourier transform infrared spectra of a pristine PANI,
b CMC and ¢ PANI-CMC composite

deformation of benzenoid rings, C-N stretching band
of an aromatic amine, CCC ring in-plane deformation,
in-plane bending vibration of C-H mode and out-of-
plane deformation of C-H in the 1,4- disubstituted
benzene ring of PANI respectively and all these band
agree well with those published in literature (Gautam
et al. 2016; Kotresh et al. 2016b). In particular, the
appearance of band at 1492 cm ™' and relatively less
absorption intensity band at 1575 cm ™! together with
the appearance of band at 3438 cm™' confirm emer-
alidine salt form of PANI (Ontolan et al. 2015; Khalid
et al. 2014). The FTIR spectrum of CMC (Fig. 3b)
shows strong absorption bands at 3420, 2926, 1609,
1423, 1328, 1266, 1059, 702 and 587 cm ™' which are
the characteristic vibrations of CMC assigned respec-
tively, to the O-H stretching vibration, the aliphatic
C—H stretching vibration, the asymmetric stretching of
carboxyl group (-COO™), —C-H stretching of —CH,
group, —OH bending vibration, alcohol —-C-OH
stretching vibration, CHO-CH, stretching, ring
stretching of a-D-(1-4) linkage and ring deformation
of a-D-(1-6) linkage and all these have agreed well
with those published in the literature (Hebeish et al.
2010; Gautam et al. 2016).

The FTIR spectrum of PANI-CMC composite
(Fig. 3c) shows appearance of characteristic bands of
both PANI and CMC with small shifts thus confirming
the interaction of PANI with CMC during the forma-
tion of the composite (Gautam et al. 2016). The
driving force for this interaction is the hydrogen
bonding between the dopant ions of PANI and the
polar molecules of CMC (Wheelwright et al. 2012).
This interaction mechanism has been represented
schematically in Fig. 4. Also, the variation in depth
of characteristic bands of PANI in the composite—
decrease in depth of 1290 cm ™' band and increase in
depth of 1376 cm™'- further confirm the formation of
the integrated composite (Gautam et al. 2016). In
addition, a greater depth in charge delocalization band
of PANI in the composite at 1114 cm™" indicating
improved  m-electron  delocalization  confirms
increased conductivity of the composite. Similar
observations for PANI in such composites have been
reported in earlier literatures (Vijayakumar et al. 2012;
Megha et al. 2017a). Further, the N-H band of PANI at
3438 cm™' in the composite has not disappeared
implying weak interaction between NH of PANI and
carboxylic group of CMC in the composite. This
suggests increase in electron density of PANI chains

@ Springer
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Fig. 4 A schematic
representation of
mechanism of interaction
between PANI and CMC

A=CI"'RCOO

resulting in increase in conductivity of the composite
(Ozkazanc et al. 2012; Sharma et al. 2009).

X-ray diffraction

The XRD patterns of PANI, CMC and PANI-CMC
composite are shown in Fig. 5. The XRD pattern of
pristine PANI (Fig. 5a) revealed some degree of
crystallinity with the appearance of three broad peaks
in the region of 20 = 15°-25°, similar to those
observed in studies of PANI by others (Ravikiran
et al. 2014). Among these peaks, the two minor peaks
at 20 = 15° and at 20 = 20° assigned to (010) and
(100) planes are attributed to periodicity parallel to the
polymer chains and a major peak at 20 = 25° assigned
to (110) plane is attributed to periodicity perpendicular
to the polymer chains. The CMC, a typically non-
crystalline polymer (Fig. 5b) showed a broad peak at
20 = 20°, indicating its amorphous nature as is well
established by the published literature (Upadhyaya
et al. 2014; Basavaraja et al. 2012). The diffraction
peaks of the PANI-CMC composite (Fig. 5c) were
similar to those of pristine PANI and no obvious
diffraction peak of CMC at about 26 = 20° appeared
which may be because the content of CMC in the
composite was only about 20% and more likely
because, the CMC might have dissolved uniformly in

@ Springer

PANI in the aqueous medium during the formation of
the composite.

The respective numerical values of the XRD
parameters of CMC, PANI and PANI-CMC composite
calculated are given in Table 1. Significant revelations
and hence inferences from the comparative analysis of
the respective parameters of CMC, PANI and the
composite are: As compared to those of PANI and
CMC, the d-spacing and the inter-chain separation of
PANI chains have decreased indicating improved n-
electrons delocalisation, easier charge transport in it
and hence increased conductivity of the composite
(Vijayakumar et al. 2012). The calculated degree of
crystallinity of pristine PANI and confirmed from
reported literatures is 21% (Hazarika et al. 2012) while
that of the composite is 25%. So it can be inferred that
the relatively higher degree of crystallinity acquired
by the composite has caused increase in its conduc-
tivity and is due mainly to the presence of CMC
(Bhadra et al. 2009; Hazarika and Kumar 2016). This
result also correlates very well with the result obtained
from FTIR studies.

Scanning electron microscopy

The morphologies of CMC and the composite are
shown in Fig. 6. The SEM image of CMC (Fig. 6a)
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Fig. 5 X-ray diffraction patterns of a pristine PANI, b CMC
and ¢ PANI-CMC composite

Table 1 d-spacing (d), inter-chain separation (R) and degree
of crystallinity (K) of CMC, pristine PANI and the composite

Samples d (A) R (A) K (%)
CMC 436 5.45 -
PANI 428 5.35 21
PANI-CMC 427 5.33 25

reveals a uniform thick surface with various fractures
(Kotresh et al. 2016a; Basavaraja et al. 2012).

The morphology of PANI-CMC composite
(Fig. 6b) shows crumpled PANI on CMC thus forming
a kind of network which might have facilitated easier
transport of charge carriers causing increase in elec-
trical conductivity of the composite. This composite
showing such morphology has also been reported in
literatures (Ravikiran et al. 2014; Basavaraja et al.
2013). As an extension of the morphological study, the

size of several grains of the composite were calculated
using image J software and the average grain size was
determined by the related number frequency his-
togram. The accuracy of average grain size was
confirmed by applying log-normal distribution func-
tion (Fig. 6¢). The average grain size so obtained was
120 nm.

AC response studies

The frequency dependence of AC conductivity of
pristine PANI and the composite at 303 K are shown
in Fig. 7. It is clear from the figure that the AC
conductivity of the composite has increased as com-
pared to that of PANI. This may be because, during the
formation of the composite, HCl might have promoted
the dissociation of neutral -COONa of CMC into
negatively charged -COO™. The negatively charged
CMC chains naturally get adsorbed to —-NH, groups of
the aniline monomer via electrostatic interaction. Thus
the CMC might have served as a dopant for PANI
during the polymerization of aniline, which might
have promoted increase in conductivity of the com-
posite (Peng et al. 2012).

This observed AC conductivity result can further be
theoretically confirmed by fitting the experimentally
measured AC conductivity data of pristine PANI and
the PANI-CMC composite to CBH model and then
studying the comparative variation in the parameters
of CBH model as discussed below.

The plots of AC conductivity with frequency for
PANI and the composite (Fig. 7) show two similar
distinct trends in the measured frequency range
100 Hz-1 MHz: (1) the plot below the critical fre-
quency showing conductivity independent of fre-
quency-referred to as DC conductivity-due to long
range motion of charge carriers and (2) the plot above
the critical frequency indicating increase in conduc-
tivity with increase in frequency in accordance with
the exponential power law-due to short range back and
forth motion of charge carriers (Hazarika and Kumar
2014). These two trends appearing over the whole
frequency range can be expressed by the general
Eq. (9)

a(w) = 04c + A0’ 9)

where A is a temperature dependent pre-exponential
factor and s is the frequecncy exponent lying between
0 and 1.

@ Springer
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Fig. 6 Scanning electron micrographs of a CMC b PANI-CMC composite and ¢ Number frequency (%) histograms showing grain size
distribution of PANI-CMC composite, based on image analysis. Solid line is the best fit obtained using log-normal distribution

For applying a suitable theoretical model to under-
stand the actual transport mechanism, the nature of
variation of s with temperature is a determining factor.
So the value of s for PANI and the composite was
determined from the plot of experimentally obtained
values of log g (w) versus log w. Then, the variation of
s at different temperatures was studied and found that
for both PANI and the composite, s decreased with
increase in temperature (Fig. 8) decisively suggesting
that AC conduction mechanism can be clearly under-
stood through CBH model. The foundational aspect of
this model is that charge transport is suggested to be
due to thermal activation over the barrier between the

@ Springer

two sites, each having a coulombic potential well
associated with it (Elliott 1987).

So as a first step in applying CBH model, binding
energy as a function of temperature (for higher binding
energies) for both PANI and the composite were
obtained from the plot of 1-s versus T (Fig. 9)
(Ozkazanc 2016) in accordance with the Eq. (10),

 6kgT
=

1—ys

(10)

Then, the hopping distance R, at a particular fre-
quency @ and at a particular temperature 7 was
calculated using the Eq. (11),
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“ " meeo[Wy — kgT In(1/w1,)] (1)

where e is the electron charge, ¢ is the permittivity of
free space and ¢ is the permittivity of the medium at a
particular temperature and at a fixed frequency which
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Fig. 9 Plots of 1-s versus T for pristine PANI and the
composite

have been obtained experimentally from the plots
shown in Fig. 10. A noteworthy inference from both
the plots in Fig. 10 is that the permittivity has
decreased with increase in frequency due to Max-
well-Wagner polarization which is also in conformity
with the related earlier studies on such composites
(Chitra et al. 2015).
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Fig. 10 Frequency dependence of real permittivity of PANI
and the composite at 303 K
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The characteristic relaxation time 7y at 303 K has
been determined experimentally from the relaxation
frequency peak wn.x (= 1/79) (Ravikiran et al. 2006,
Varade et al. 2013) of the complex plane impedance
plot shown in Fig. 11. The value of 7, so obtained
experimentally for PANI and the composite was used
in Eq. (11) to calculate R,,. It may be pointed out that
the complex plane impedance plot for PANI and the
composite is nearly a semicircle indicating absence of
contact effects and is reminiscent of simple Debye
model (Megha et al. 2017a). The semicircle plot also
indicates that the contribution to conductivity from the
grain boundaries is higher than that from its grains
(Ravikiran et al. 2014).

Finally, the values of density of states N(Er) at
Fermi level were calculated using the Eq. (12)

a(w) SN?eegwR® (12)

where N = KTN(Ey), and values of o(w) for PANI
and the composite have been obtained from the plot
shown in Fig. 7.

The values of polaron binding energy W,,, hopping
distance R, and the density of states N(Er) so
calculated for PANI and the composite at 303 K and
at 100 kHz are given in Table 2. From the analysis of
this data, the following observations supporting the
measured AC conductivity of PANI and the composite
can be made: First, the calculated binding energy
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Fig. 11 Complex plane impedance plots of pristine PANI and
the composite at 303 K
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Table 2 Binding energy (W,,), hopping distance (R,) and
density of states N(Ef) of pristine PANI and the composite at
100 kHz and at 303 K

Samples Wy R, x 1077 MEgp) x 107
eV) (A) eV em™)

PANI 0.41 1.24 7.03

PANI-CMC 0.32 4.17 1.02

values of polarons of PANI and the composite are less
than one, varying from 0.32 to 0.41 Ev, confirming
that the single polarons are the major charge carriers
and not the bipolarons for which the binding energy
would be four times higher (Banerjee and Kumar
2011; Chutia and Kumar 2014). Second, the binding
energy of these single polarons of the composite is
lesser than that of PANI implying lesser energy for
hopping (Hazarika and Kumar 2016; Banerjee and
Kumar 2010). Third, as compared to that of PANI, the
hopping distance of polarons in the composite is
longer which is attributed to the increased mobility of
its charge carriers (Gmati et al. 2008). And fourth, the
value of the density of states at Fermi level of the
composite is lower as compared to that of PANI
indicating increased delocalization of electronic states
in its band gap (Banerjee and Kumar 2011; Banerjee
and Kumar 2010). Thus, all the parameters of CBH
model determined above summarily suggest increased
conductivity of the composite as compared to that of
PANI and so are in good agreement with the exper-
imental result which also correlate very well with the
structural characterizations studies.

Conclusions

The purpose of using a biopolymer CMC to make
composite with PANI in order to improve AC
conductivity of PANI has been achieved. The study
establishes successful synergistic effects between the
two components mainly because of the preparation of
optimized PANI-CMC composite by simple in situ
polymerization method. This work has also confirmed
that CMC, apart from its role as a guest material in the
composite also acts as a dopant which is advantageous
as far as the processability of PANI is concerned as it
avoids complex doping techniques thus saving cost
and time. Another important feature of the work, a first
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of its kind is the application of CBH model to
understand charge transport mechanism in this com-
posite in support of experimental AC conductivity
measurements. Such an understanding through models
would be helpful in selection of suitable materials for
multifunctional devices.
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