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Abstract. Polyaniline/Carbon Nanotube (PANI/CNT) composite films doped with dodecyl benzene 

sulfonic acid were synthesized by cyclic voltammetry on an ITO-deposited polyethylene 

terephthalate substrate. The SEM and FTIR were used to characterize the micro-morphology and 

chemical structure. The effect of CNT concentration on the electrical conductivity of the film was 

measured by a four-probe resistivity instrument. The electrochromic behavior of the composite film 

was characterized by a spectral photometer and an electrochemistry analyzer. The results show that 

CNTs act as a skeleton on which aniline can polymerize in the polymerization of PAN/CNT 

composite film. The film exhibits a porous network structure which can offer more approaches for 

electron transport and facilitate ion transmission. The cyclic voltammetry current density in the third 

polymerization cycle is the maximum because of the dense criss-cross network in the film. The CNT 

concentration takes great effects on the performance of PANI/CNT composite film, and the electric 

conductivity of the film improves with the CNT concentration rising within some limits. The CNT 

percolation threshold of the film is about 3.5wt.%. The PANI/CNT film polymerized at a CNT 

concentration of 2.5 wt.%, shows a reflectance change range of 38.8% at 540nm as well as a 

coloration efficiency of 386.4cm
-2

/C, which means that the PANI/CNT composite film has good 

behavior of voltage response.  

Introduction 

Polyaniline (PANI) is a kind of conductive polymer which has benzene ring of conjugate 

long-chain molecules. It is actively investigated and employed due to the cheapness and easy 

availability of raw materials, ease of synthesis, good environmental stability, high electrical 

conductivity and simple doping/dedoping chemistry
[1]

. One of the more popular and attractive 

property is electrochromism and the ease of reversible color-conversion, which may be widely used 

in electrochromic devices (ECDs)
[2, 3, 4]

. However, the long-term application of PANI-based ECD has 

been restricted due to the poor ion transport behavior and short cycle life of PANI. 

Carbon nanotubes (CNTs) have unique mechanical, electrical, magnetic, optical and thermal 

properties and are being studied for some special applications, such as molecular electronics and 

sensors etc.
[5, 6]

. They have been good candidates for complementing the weak electric conductivity 

of some materials since discovered, because of their high electrical conductivity, strength, stability 

and large aspect ratio.  

Previous research has proved that the polymerization of aniline in the presence of CNTs produces a 

coaxial coating of the CNTs with PANI
[7]

. One of the important characteristics of PANI/CNTs is an 

interaction between the π-bonded surfaces of CNTs with conjugated structure of PANI. This 
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interaction of CNTs, as an electron acceptor, and PANI, as an electron donor, facilitates charge 

transfer between these two materials and stabilizes the delocalized electronic structures. The 

PANI/CNT composites introduce the excellent conducting and nanostructure properties of CNTs into 

PANI polymer matrix. The synergistic effects of components promote the conductivity, reversibility 

of PANI and the dispersity of CNTs
[8]

. Zuzana et al. used in-situ polymerization to enhance thermal 

stability of MWCNTs/PANI composites
[9]

; Zhou et al. prepared PANI/CNTs composites with 

core-shell structure consisting of polyaniline and carbon nanotubes as supercapacitor electrode 

materials via in-situ polymerization method
[10]

. Marcela et al. synthesized nanostructures of PANI 

with embedded carbon nanotubes through a chemical method of self-organization and evaluated the 

specific capacitance. The results confirmed that the developed morphologies brought on by CNTs 

strongly influenced the property of PANI
[11]

. 

Over the past several years, the preparation of PANI/CNT composite is mainly accomplished by 

chemical polymerization, which leads to a powder-like composite product
[12]

. The humdrum form of 

the product will restrict the exploration and application of PANI/CNT composites in some special 

fields. In this paper, we prepared PANI/CNT composite film doped with dodecyl benzene sulfonic 

acid (DBSA) by electrochemical polymerization. The composite film adheres to the electrode 

compactly and uniformly, and can show a good and stable electrochromic behavior. 

Experimental 

Raw Materials  

Aniline with a purity of 99% was distilled twice and then used as the monomer of PANI. 

Multi-walled carbon nanotubes (with an external diameter of 20~40nm and a length=of 1~30μm) 

were obtained by ethylene chemical vapor deposition(CVD) using Al2O3 supported Fe2O3 

catalysts
[13]

, and were acidized and dispersed for 2 hours in a baker. The other reagents, such as 

dodecyl benzene sulfonic acid (DBSA) and ethyl alcohol (C2H5OH) are all analytically pure. 

Electro-polymerization  

The electrochemical polymerization of aniline in the presence of CNTs was performed in the  CHI 

760D electrochemistry workstation, where potential zone was set from -0.2 to1.0V, and scan rate was 

at 56mV/s. Indium tin oxide (ITO) film (Rsh=8Ω/sq) deposited on a polyethylene terephthalate (PET) 

substrate  was used as the working electrode. The ITO/PET composite substrate was treated by the 

following procedures including ultrasonic cleaning in absolute ethyl alcohol for 15min, and then in 

deionized water for15min. A Pt sheet was served as the counter electrode. The reference electrode 

was saturated calomel electrode. 

The electrochemical bath solution was composed of 0.25molL
-1

 aniline monomer, 0.6 molL
-1

 

DBSA, 5 molL
-1

 C2H5OH and CNTs with a series of concentration dispersed in deionized water. The 

CNT concentration was 0 wt.%, 0.5 wt.%, 1.5 wt.%, 2.5 wt.%, 3.5 wt.%, 4.5 wt.% and 5.5 wt.%, and 

the corresponding products were called P-0, CP-1, CP-2, CP-3, CP-4, CP-5, and CP-6, respectively. 

Characterization Techniques 

The morphologies of PANI/CNT composite films were characterized in a JEOL JSM-6700F 

scanning electron microscopy (SEM).The infrared spectra of the composite film was carried out with 

a FTIR VER TEX 80+HYPERION 2000 spectrometer with a swept area between 400 and 2500 cm
-1

; 

Electrochemical cyclic voltammetry (CV) curves were obtained in a CHI 760D electrochemistry 

workstation; The electrical conductivity was measured by an SX-1934 four-point probe resistivity 

instrument at the room temperature; The reflectance spectra of the film were obtained in a HITACHI 

U-4100 UV/vis/NIR spectrometer at 400800nm range. 
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Results and Discussion 

Morphologies 

The morphology images of polymer composite films prepared by cyclic voltammetry with one 

cycle, two cycles and three cycles, are shown in Fig.1, respectively.  It can be clearly seen that the 

film exhibits the early time of polymerization phenomena after one cycle, and there are some 

clustered nucleus on the ITO/PET substrate. These clustered nucleuses may be oligomer of PANI. 

However, the film has a loose network structure after two cycles, which is composed of criss-cross 

PANI/CNTs composite fibers. During the second cyclic voltammetry cycle, polyaniline fibers grow 

radially and quickly around the CNTs, and form a loose three-dimensional network structure. After 

three polymerization cycles, the film exhibits a denser network, which is obviously different from the 

former. The cage-like voids among the composite fibers become shrunk and disappear. CNTs play a 

role of framework in the synthetic process of PANI/CNT films. According to the SEM images, it is 

found that the work electrode is completely covered by PANI/CNT composites after three cycles. The 

porous network structure of PANI/CNT films can offer more approaches for electron transport and 

facilitate ion transmission
[14]

. 

Electropolymerization CV Curves of PANI/CNTs 

The typical CV curves of PANI/CNT polymerization process are showed in Fig 2. The CV curves 

has two pairs of distinct redox current peaks centered roughly at 0.2V and 0.6V, and their peak 

heights increase with the cycle index increasing in the first three periods. The peak height has reduced 

slightly when the forth cycle finished. From the cycle one and two curves, in other words, the “Phase 

ring” can be found, which proves that crystal nucleus have formed on the electrode surface according 

to the electro-crystallization theory
[15]

. The CV current density of the third polymerization cycle is the 

maximum because of the dense criss-cross network in the film. The “Phase ring” in the CV curve 

disappears as the polymerization continues, and the current density reduces, too. In conclusion, the 

PANI/CNTs composite film can cover all the surface of the electrode in three cycle period with a 

good and even 3D net structure
[16]

. 

 

Fig.2 The CV Curves of PANI/CNTs Polymerization Process 

   
(a) (b) (c) 

Fig.1 The SEM Images of PANI/CNT Composites Electrochemically Polymerized after (a) 1cycle 

(b) 2 cycles and (c) 3 cycles 
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Fig.3 FTIR Patterns of PANI/CNTs with Various CNTs Content 

FTIR Spectra of PANI/CNTs 

The FTIR spectra of the pure PANI and PANI/CNT composites with a series of CNT concentration 

are recorded in the region 5002500cm
-1

, and the patterns are showed in Fig.3. The absorption bands 

at 1555 cm
-1

, 1470 cm
-1

 and 1238 cm
-1

 were attributed to the vibration of aromatic ring skeleton, 

N-B-N and C-H among benzene rings, respectively
[17, 18, 19]

. The weak absorption peak at 790 cm
-1

 is 

attributed to the bending vibration of C-H in aromatic ring skeleton
[20]

. The strongest band appearing 

near 1108cm
-1

 is called “Electronic state peak” , which can be used to represent the electric 

conductivity of PANI The sharper and higher the peak at 1108 cm
-1

, the better electric conductivity of 

PANI
[21]

. The electronic state peaks at 1108 cm
-1 

in the FTIR patterns of PANI/CNTs are stronger 

than that of pure PANI, and become stronger and stronger with the concentration of CNTs increasing. 

The results indicate that the CNTs have involved in the polymerization of PANI, and the synergistic 

effect between CNTs and PANI has established a conductive network which can increase the 

effective charge delocalization and electric conductivity
 [22]

. 

Reflectance Spectra and Coloration Efficiency 

Due to the superior electrical conductivity, The CP-4 composite film is chosen for the further study 

of its electrochromic property. The reflectance spectra of the CP-4 films are showed in Fig.4. It can be 

seen that the largest difference of reflectivity peak value occurs near 540nm, and the largest 

reflectance change range of 38.8% can be gotten when the applied potential shifts from -0.4V up to 

0.8V with an increasing step of 0.2V. The PANI/CNT film shows steadily reversible electrochromic 

characteristics. The relationship between the optical density change (ΔOD) at 540nm and the charge 

density are shown in Fig.5, respectively. The coloration efficiency, which is defined as the slope of 

the plot, is 368.4cm
-2

C
-1

. The electrochromic behavior of the PANI/CNT film is better than that of a 

typical PANI film
[24]

. 

 

Fig.4 The Reflectance Spectra of PANI/CNTs Film between -0.4 and 0.8V 
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Fig.5 The Relationship between the Optical Density Change (ΔOD) at 540nm and the Charge Density 

Electrical Conductivity  

Tab.1 Room Temperture Electric Conductivities of PANI/CNTs with 

Different CNTs Concentration 

PANI/CNTs CNT concentration (wt.%) Conductivity(S·cm
-1

) 

P-0 0 1.123 

CP-1 0.5 1.927 

CP-2 1.5 9.224 

CP-3 2.5 19.465 

CP-4 3.5 24.653 

CP-5 4.5 25.127 

CP-6 5.5 25.437 

Conclusion 

The improved PANI/CNT composite film has been successfully polymerized by cyclic 

voltammetry method in the solution consisting of 0.25mol·L
-1

 aniline monomer, 0.6 mol·L
-1 

DBSA, 5 

mol·L
-1

 C2H5OH and different concentrations of CNTs. CNTs may act as a skeleton on which aniline 

can polymerize in the  polymerization of PAN/CNT composite film. The film exhibits a porous 

network structure which can offer more approaches for electron transport and facilitate ion 

transmission. The CNT concentration takes great effects on the performance of PAN/CNT composite 

film, and the electric conductivity of the film improves with the CNT concentration rising within 

some limits. The CNT percolation threshold of the film is about 3.5wt.%. The PAN/CNT film 

polymerized at the CNT concentration of 2.5wt.%, shows a reflectance change range of 38.8% at 

540nm as well as a coloration efficiency of 386.4cm
-2

/C, which means that the PAN/CNT composite 

film has good behavior of voltage response. 

From what has been stated above, this work brings supporting evidence for the efficient effect of 

CNTs in obtaining composite films. The finely composite films paved the way towards novel 

electrochromic materials. 
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