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Abstract  Intrinsically conducting polymers have been studied extensively due to their intriguing electronic and redox 
properties and numerous potential applications. To improve and extend their functions, the fabrication of multifunctional 
conducting polymer nanocomposites has attracted a great deal of attention with the advent of nanoscale dimension. In this 
paper we report the comparative study of nanocomposite synthesized by an in-situ oxidative polymerization of aniline 
monomer in the presence of functionalized multiwall carbon nanotubes (MWCNT) with that of pure polyaniline (PANI). 
Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM) and x-ray diffraction (XRD) are em-
ployed to characterize the pure PANI and the PANI-CNT nanocomposite. XRD and SEM reveal the homogeneous coating of 
PANI onto the CNT indicating that carbon nanotubes were well dispersed in polymer matrix. The interaction between the 
quinoid ring of PANI and the MWCNT causes PANI chains to be adsorbed at the surface of MWCNT, thus forming a tubular 
core surrounding the MWCNT was confirmed from FTIR. Nanocomposite shows high electrical conductivity compared to 
pure PANI. The enhancement in conductivity of the nanocomposite is due to the charge transfer effect from the quinoid rings 
of the PANI to the MWCNT. The effect of MWCNT on the transport properties of PANI in the form of the transport pa-
rameters such as charge localization length, most probable hopping distance and charge hopping energy in the temperature 
range 300-430 K was also studied. 
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1. Introduction 
Organic polymers capable of conducting electricity due to 

partial oxidation or reduction (i.e., doping), are prospective 
classes of advanced materials. They possess an extended 
π-conjugation along the polymer backbone and exhibit 
semiconducting behaviour. During the last few decades, 
electrical transport in such conducting polymers has been 
thoroughly studied[1–4]. Organic conducting polymers ex-
hibit the electrical and optical properties of the metals and 
retain the attractive mechanical properties of polymers 
leading to wide range of technological applications. After the 
report of preparation of carbon nanotubes and polymer 
composites by Ajayan et al[5], there have been efforts to 
combine carbon nanotubes and polymers to produce func-
tional composite materials with desirable electrical and 
mechanical properties[6-8]. Hence some properties of 
polymer have been exploited by incorporating the nanoma-
terials into the polymer matrix. Carbon nanotubes have at-
tracted considerable attention due to their potential applica-
tion in electronic devices. They have unique structural, 

 
* Corresponding author: 
sbkondawar@yahoo.co.in (S. B. Kondawar) 
Published online at http://journal.sapub.org/cmaterials 
Copyright © 2012 Scientific & Academic Publishing. All Rights Reserved 

mechanical, electronic, and thermal properties and are at-
tractive building blocks for the development of novel poly-
mer-nanocomposite materials with enhanced functionality, 
especially if it comes to enhanced conductivity, thermal 
stability, and reinforcement properties[9-12]. Sambhu Badra 
et al[13] reported the superiority of polyaniline over all 
other conducting polymers. Polyaniline (PANI) is taken as 
matrix material for our work, because not only it is highly 
stable in air and in some solvents, but also exhibits dramatic 
changes in its electronic structure and physical properties 
Polymerization in the presence of carbon nanotubes leads to 
a more planar conformation of PANI along multiwall car-
bon nanotubes (MWCNT). Because of the formation of 
conducting polymer-CNT networks, these materials are of 
interest for electronic applications including photovoltaic 
cells, organic light emitting diodes, electromagnetic shiel-
ding, electro static dissipation, antennas, and batte-
ries[14-16]. There is a lot of work reported on the prepara-
tion of polyaniline-CNT composites to improve the elec-
trical conductivity of the host polymer, but no one reported 
the change in transport parameters of the composites. Yi 
Zhou et al[17] reported the strong interaction in conjugated 
systems greatly improves the charge-transfer reaction be-
tween polyaniline and the carbon nanotube prepared by an 
in-situ polymerization of aniline monomers using multi-wal
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led carbon nanotubes with minimized defects as templates. 
Polyaniline coated multiwalled carbon nanotubes as addi-
tives has been used for enhancing the electrical conductivity 
of nylone 6 composite was studied by R. R. Vankayala et 
al[18]. Qi Jianga et al reported the preparation of carbon 
nanotube/polyaniline nanofiber by electrospinning[19]. 
Modification of glassy carbon electrode with polyani-
line/multi-walled carbon nanotubes composite prepared by 
Liang Ding et al[20]. Subhodh Srivastva et al[21] reported 
multiwall carbon nanotube (MWNT) doped polyaniline 
(PANI) composite thin films for hydrogen gas sensing ap-
plications. Due to van-der Waals forces, tight bonding of 
CNT limits their applications. In most of the work reported, 
MWCNTs have not functionalized before incorporated into 
PANI matrix. Therefore in our study MWCNT surface is 
functionally modified by ultrasonication using H2SO4 and 
HNO3 to provide specificity for improved interaction be-
tween CNT and polymer matrix which enhances the pro-
cessability and properties of composites. This work de-
scribes the synthesis and characterization of protonic acid 
doped PANI functionalized MWCNT fabricated by an 
in-situ chemical oxidative polymerization method. First 
time we present the detailed electrical transport proper-
ties[22] of PANI/MWCNT composites, in the form of the 
transport parameters such as dc electrical conductivity (σ), 
charge localization length (α-1), most probable hopping dis-
tance ( R ) and charge hopping energy (w) in the tempera-
ture range 300-430 K. 

2. Experimental 
2.1. Materials and Methods 

Aniline (99%) and ammonium persulphate (APS) (99%) 
were purchased from Merck. Aniline was distilled before use 
for polymerization. High purity MWCNT of diameter 30-40 
nm was made available from NPL, New Delhi, India. Other 
supplement chemicals were of AR grade and used as re-
ceived. 

X-ray diffraction (XRD) analysis was carried out on 
Philips PW1710 automatic X-ray diffractometer with Cu-Kα 
radiation (λ = 1.5404 Å), with a scanning speed of 10  min−1. 
FTIR spectra were performed on Shimatzu FTIR-8101A 
Spectrophotometer in the wavelength range of 400–4000 
cm−1. SEM images were taken on JEOL JSM-6360 analytical 
scanning electron microscope. The electrical conductivity of 
the compressed pellets of PANI-MWCNT nanocomposites 
was determined by four probe resistivity technique. The 
pellets were prepared with the help of hydraulic press (Ki-
maya Engineers, India) by applying a pressure of 5000 
kg/cm2.  

2.2. Functionalization of MWCNT 

The solution of 6M H2SO4 and 6M HNO3 in 3:1 ratio was 
stirred for 10 minute. MWCNT was added to it and then 
solution was sonicated for 4 hours at 50oC. After centrifu-
gation MWCNT was filtered, washed and dried to get func-

tionalized MWCNT.  

2.3. Synthesis of PANI-MWCNT Nanocomposite 

The synthesis of PANI-MWCNT nanocomposite was 
performed using in-situ oxidative polymerisation by dis-
persing 100 mg of functionalized MWCNT in 1 M HCl in 
order to have a monomer/MWCNT weight ratio of 100/1, 
and using a monomer/oxidant molar ratio of 1/1 as described 
by Zein et al[23]. The pure conducting polymer (PANI) was 
synthesised by following the same steps carried out for the 
nanocomposite without MWCNT. The final products ob-
tained from the syntheses were the emeraldine salt forms of 
PANI-MWCNT nanocomposite and PANI pure polymer. 

3. Results and Discussion 

 
Figure 1.  XRD pattern of PANI-CNT and pure PANI 

 
Figure 2.  FTIR spectra of PANI-CNT and pure PANI 

The XRD pattern of PANI-CNT and pure PANI are shown 
in figure 1. For PANI, the characteristic peaks appeared at 
15.3, 20.4 and 26.28, corresponding to (011), (020) and (200) 
crystal planes of PANI[20]. When carbon nanotubes were 
incorporated into the PANI matrix, the sharp and strong 
diffraction peak of CNT at (26.28) was observed as overlap 
with the peak of PANI which results in the broad and intense 
peak in the composite. The data indicates that no additional 
crystalline order has been introduced into the composite. 
Compared with functionalized CNT, the obvious character-
istic peaks in PANI/CNT can be ascribed to the formation of 
crystal appearing on the outer layers of nanotubes. This 
result shows that the homogeneous coating of PANI onto the 
CNTs indicating that CNTs were well dispersed in polymer 
matrix as seen from SEM also. 
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Figure 3.  SEM of MWCNT (A), functionalized MWCNT (B), and PANI-CNT composite (C) 

The FTIR spectra of PANI-CNT and pure PANI are 
shown in figure 2. The peak at 835 cm−1 is attributed to the 
N–H out-of-plane bending absorption. Presence of benzoid 
band around 1470 cm-1 and quinoid vibration around 1580 
cm-1 indicate the emeraldine salt form of PANI and 
PANI-CNT composite. The band at 3400 cm-1 indicates the 
stretching of N-H band of aromatic ring in PANI and com-
posite. The peak at around 1590 cm-1 corresponds to the IR 
active phonon mode of the CNT and the peak at around 1730 
cm-1 corresponds to the stretching mode of the carboxylic 
acid groups, indicate the formation of carboxylic acid groups 
at both ends and on the sidewalls of the CNT, responsible for 
mixing CNT with PANI[24]. As compared to pure PANI, 
PANI-CNT composite shows reduced in the ratio of benzoid 
to quinoid intensity indicating the stabilized form of nano-
composite and correlate the result of conductivity. 

SEM images of MWCNT, functionalized MWCNT and 
PANI-CNT composite are shown in figure 3. PANI-CNT 
composite shows the homogeneous coating of PANI onto the 
CNT indicating that carbon nanotubes were well dispersed in 
polymer matrix. Rough surface and increased diameter of the 
composite indicated the coating of PANI over the CNTs 
since diameter of CNTs was 30-40 nm. Nanocomposite 
shows new interwoven fibrous structure acts as conductive 
pathway and leads to high conductivity as compared to that 
of pure PANI. 

The electrical conductivity of PANI and PANI-CNT var-
ies with temperature is shown in figure 4. PANI-CNT 
nanocomposite also follows the “thermal activated” behav-
iour as that of pure PANI. PANI-CNT interaction could 
facilitate the charge transfer process between them and in-
fluence the charge transport properties of composite. The 
room temperature conductivity of the nanocomposite along 
with transport parameters are reported in table 1. To find 
transport parameters of the polymer nanocomposites from 
the data of electrical conductivity, Ziller equation[24] has 
been used, which describes the interchain conductivity 
where only the neighbour variable range hoping (VRH) of 
charge is considered. 

𝜎𝜎(𝑇𝑇) = 𝜎𝜎(𝑜𝑜). 𝑒𝑒�−
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The plot of log σ(T) versus T-1/2 was found to be linear for 

pure PANI and PANI-CNT nanocomposite, hence To was 
determined from the slope of the line. ‘To’ the characteristic 
temperature, can be used to calculate the transport parame-

ters such as charge localization length ( α-1 ), most probable 
hopping distance ( R ) and charge hopping energy (w) using 
the following relations, 

𝛼𝛼−1 = 8 𝑁𝑁(𝐸𝐸𝐸𝐸) 𝑍𝑍𝑍𝑍
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In these relations, Z is the number of nearest neighbouring 

chains (~4), k is Boltzmann constant and N(Ef) is the density 
of states per electron volt (2–ring unit suggested for poly-
aniline)[25]. MWCNT may serve “conducting bridge” con-
necting the PANI conducting domain. Thus functionalized 
MWCNT embedded in the PANI matrix have better con-
ductivity with enhanced solubility and processability as 
compared to that of pure PANI. 

Table 1.  Transport parameters of PANI and PANI-CNT nanocomposites 

Polymers σ(S/cm ) at 
303K To(K) α -1 (nm) R(nm) w(eV) 

PANI 
PANI-CNT 

0.504 
1.954 

4085 
4675 

2.22 
1.93 

2.04 
1.90 

0.088 
0.101 

 
Figure 4.  Electrical conductivity (σ) of PANI and PANI-CNT composite 

4. Conclusions 
PANI-CNT nanocomposite was successfully synthesized 

by an in-situ chemical oxidative polymerization of aniline. 
FTIR, XRD and SEM show the effective structural modifi-
cation and confirm the coating of PANI layer on the CNT 
surface. Incorporation of functionalized CNT into PANI 
matrix improved the transport properties of the nanocompo-
site. Transport parameters of PANI-CNT nanocomposite 
shows the composite is better electronic material than pure 
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polyaniline. 
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