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Nanoporous composite films of single–walled carbon nanotubes (SWCNTs) and polyaniline, were grown electrochemically from 
aqueous solutions such that constituents were deposited simultaneously onto substrate electrodes. Scanning electron microscopy 
(SEM) revealed that the composite films consisted of nanoporous networks of SWCNTs coated with polymeric film. Cyclic 
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) demonstrated that these composite films had similar 
electrochemical response rates to pure polymeric films but a lower resistance and much improved mechanical integrity. The 
negatively charged functionalized carbon nanotubes (CNTsF) served as anionic dopant during the electropolymerization to 
synthesize polymer/CNTsF composite films. The specific electrochemical capacitance of the composite films is a significantly 
greater value than that for pure polymer films prepared similarly. Using these composite films, the modified electrodes with 
improved properties were obtained. 

 
 

INTRODUCTION∗ 

Recent researches have sought to combine carbon 
nanotubes and conducting polymers for use as 
modified electrodes in different promising 
applications including conductive and high-strength 
composites, energy storage and energy conversion 
devices, sensors, field emission displays and radiation 
sources, hydrogen storage media etc.  

When the thickness of the polymer film increases, 
charge transport kinetics in the polymer becomes 
slow. These difficulties are all addressed by the 
addition of carbon nanotubes. Nanotubes themselves 
have provoked enormous interest over recent years, 
as a result of their unique properties and broad range 
of potential applications. Their very high mechanical 
resilience, high electrical conductivity and large 
surface areas are particularly relevant to their 
applications in supercapacitors.  
                                                 
∗ Corresponding author: fbrinzoi@chimfiz.icf.ro 

Carbon nanotubes (CNTS) and conductive 
polymers (CPs) are both interesting for their 
unique electrochemical properties. Composite 
materials based on the coupling of CPs and CNTs 
have been shown to possess properties of the 
individual components with a synergistic effect.1-3 
Many efforts have focused on the design and 
preparation of CNTs-CPs composites, in order to 
obtain a new material that would possess 
properties that would be useful in particular 
applications. The CNTs doped CPs (conductive 
polymers) exibit dramatically different electronic 
properties compared to CPs prepared with small 
anionic dopants. Such differences reflect to 
conductivity of the CNTS dopant compared to the 
common insulating dopants. The electron flow 
within the CPs/CNTs is apparently increased by 
the entrapped CNTs due to an increased degree of 
delocalization and CNTs bridging. In fact, 
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impedance studies indicated that CPs/CNTs films 
are conducting even in their reduced state.4 
However, CNTs are difficult to process and 
insoluble in most solvents. CNTs can be divided 
into two main categories: single-walled carbon 
nanotubes (SWCNTs) and multi-walled carbon 
nanotubes (MWCNTs).The first is formed by a 
single graphene sheet. The latter are formed by 
additional graphene sheets wrapped around the 
SWCNT core. In order to broaden their 
applications it was found necessary to tailor their 
solubility properties. For this reason, it was 
developed single-walled nanotubes (SWCNTs) that 
were covalent functionalized with a water soluble 
conducting polymer (m-aminobenzene sulfonic 
acid), which was noted thus: SWCNTS-PABS. The 
SWCNTS-PABS graft copolymer has excellent 
solubilities in water and some organic solvents and 
it also exhibits an order of magnitude increase 
electrical conductivity over neat (PABS).5-6 It was 
also demonstrated that “SWCNTS-PABS” showed 
on improved sensor performance for the detection 
of NH3 compared to unfunctionalized SWCNTS 
because PABS is a conducting polymer in its own 
right.7 The presence of numerous free amine groups 
in SWCNTS-PABS means that there is potential for 
covalent immobilization  of various biomolecules. 
Further, its zwitterionic electronic structure and 
water solubility have been exploited in biological 
studies on the interactions of neurons with CNTs.8 

Based on the above we expect composite materials 
based on the coupling of CPs and SWCNTs-PABS 
to possess properties of each of the individual 
components with a synergistic effect. 

In fact, composites of conducting polymers and 
carbon nanotubes have been synthesized by either 
chemical or electrochemical polymerization in the 
presence of carbon nanotubes (CNTs). In the 
chemical approach, an oxidant is needed and 
converted to a reduction product that may, if 
present, affect the properties of the product. The 
reaction product is always a powder which means a 
binder has to be used for the construction of an 
electrode.9-11 The binder is often an insulator and 
hydrophobic and hence , inevitably compromises 
the electrical and electrochemical performance. On 
the other hand, electrochemical polymerization has 
a number of advantages. Particularly, there is no 
need for added oxidants and electrodeposited 
conducting polymers are naturally integrated as a 
continuous uniform film on electrode, saving the 
use of a binder. Consequently, both the contact 
resistance within the polymer and between the 
polymer and the current collector are smaller than 

those of chemically prepared ones. Therefore, 
electrodeposited films are ideal for the study of the 
electrochemical properties of these composites and 
for practical uses, such as sensors, electrocatalysts 
and supercapacitors as discussed before.12-14  

In this paper is described electrochemical 
synthesis of nanocomposite films from conducting 
polymers and functionalized carbon nanotubes 
(SWCNTsF) and electrochemical characterization 
of these nanocomposites by cyclic voltammetry, 
electrochemical impedance spectroscopy and 
scanning electron microscopy. 

EXPERIMENTAL 

The electrochemical polymerizations were,carried out using 
a conventional three electrodes system. A platinum electrode 
and a saturated calomel electrode (SCE) were used as counter 
and reference electrode, respectively. The reference electrode 
was placed in a separate cell and was connected to the 
electrolytic cell via a salt bridge that ends as a Luggin capillary 
in the electrolytic cell. This arrangement helps in reducing the 
ohmic resistance of the electrochemical system.The working 
electrode was made from a platinum wire. PABS functionalized 
SWCNTs were provided by Carbon Solutions, Inc 
(www.carbonsolution.com, Riverside, CA), Aniline (99.5% 
Fluka) was used as supplied. Bidistilled water was used for all 
sample preparations. Cyclic voltammetry and electrochemical 
impedance spectroscopy were used to investigate the 
electrochemical properties of the composite films. 
Electrochemical experiments were carried out with an 
automated model VoltaLab 40 potentiostat / galvanostat with 
EIS dynamic controlled by a personal computer. All the 
following potentials reported in this work are against the SCE. 
Scanning electron microscopy (SEM) was used to compare the 
microstructures of the deposited films. 

Preparation of modified electrodes 

The Pt electrode was carefully polished with aqueous 
slurries of fine alumina powder 0.05 µm on a polishing cloth 
until a mirror finish was obtained. After 10 min sonication, the 
electrodes were immersed in concentrated H2SO4, followed 
by thorough rinsing with water and ethanol. The prepared 
electrodes were dried and used for modification immediately. 
Nanocomposite films of CPs/CNTsF were prepared by 
electrochemical polymerization from a solution containing 
both the functionalized CNTsF(functionalizated carbon 
nanotubes in this case SWCNTs-PABS) and the corresponding 
monomer.The chemical structure of SWCNT-PABS is given 
in Fig. 1. In a first step, the CNTsF aqueous suspension 
(usually 10mg/L) was prepared via sonication (1 hour) and 
then the synthesis solution was prepared straightaway by 
dissolving the monomer and the corresponding supporting 
electrolyte in the CNTsF aqueous suspension. The negatively 
charged SWCNTs-PABS in solution acted as sole supporting 
electrolyte and dopant for the PANI depositions.For this 
reason CNTsF are enwrapped in polymers during the 
electropolymerization process in the form of counter ions or 
dopants.
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Fig. 1 – Chemical structure of SWNT functionalized with PABS. 
 

Thus, PANI-CNTsF composite films were prepared,from 
an aqueous solution containing 0.2 mol/L aniline + 0.25 mol/L 
H2SO4 + 10 mg/L CNTsF by cyclic voltammetry in the 
potential scanning range of -250 to +900 mV at a scan rate of 
10mV/s and for a  cycles number of 10. The pure PANI films 
were prepared from an aqueous solution of 0.2mol/L aniline + 
0.25 mol/L H2SO4, without adding CNTsF.  

Characterization of the modified electrodes 

Electrochemical impedance spectroscopy (EIS) and cyclic 
voltammetry (CV) were used to investigate the electrochemical 
properties of the composite films. The electrochemical 
characterisation of the PANI-CNTsF and PANI films was 
carried out in 0.25 mol/L H2SO4 aqueous solution and 0.25 
mol/L Na2SO4 for comparison . The impedance measurements 
were performed using a VoltaLab 40 potentiostat /galvanostat 
with EIS dynamic in the frequency range of 100 kHz ÷ 1 mHz 
with an AC wave of 5 mV (peak-to-peak) overlaid on a DC 
bias potential and the impedance data were obtained at a rate 
of 10 points per decade change in frequency. All tests have 

been performed at 25° C under atmospheric oxygen without 
agitation. 

RESULTS AND DISCUSSION 

First we obtained the PANI films on the 
platinum substrate in a synthesis solution of  
0.2 mol/L aniline + 0.25 mol/L H2SO4  by cyclic 
voltammetry in the scanning potential  range of –
250 to +900 mV at a scan rate of 10 mV/s and for 
10 cycles. As we can see from Fig. 2, at the cyclic 
potential sweep on the range –250 mV up to +900 
mV, on  the cyclic voltammograms appear three 
anodic oxidation peaks while, at the reverse 
potential sweep on the cathodic branch appears 
also three reduction peaks. 

 

 
Fig. 2 – Polymerization cyclovoltammograms of aniline in 0.25 M H2SO4 aqueous solution at 25°. 

 
This behaviour can be explained in the 

following mode: it is well known that polyaniline 
can exist in three different oxidation states such as 

leucoemeraldine (fully reduced form), emeraldine 
(partially oxidized form) and pernigraniline (fully 
oxidized form) as shown in the following scheme: 
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A very important characteristic of polyaniline 
consists in the fact that its structural units contain 
two different entities with different ponderables. 
Taking into account this property we can write 
thus: when y = 1, we have leucoemeraldine base, 
when y = 0 we obtained pernigraniline base and 
when y = 0.5 an intermediate state between 
leucoemeraldine and pernigraniline is obtained 
which is called emeraldine base. These forms of 
polyaniline are dependent on the applied potential. 
At the increasing anodic potential sweep the 

oxidation forms of polyaniline are obtained and on 
the anodic branch of the cyclovoltammogram 
appear the oxidation peaks while at the reverse 
potential sweep the reduction processes take place, 
on the cathodic branch of cyclovoltammograms 
appear the reduction peaks.  The three polyaniline 
oxidation forms correspond to the three anodic 
oxidation peaks while,the three polyaniline(PANI) 
reduction forms correspond to the three reduction 
peaks from the cathodic branch of 
cyclovoltammograms (see the following scheme).

 

 
  

Further, we studied the electrochemical 
characteristics of obtained PANI films in two 
cycling solutions such as :an aqueous solution of 
0.25 M  H2SO4  and another one of 0.25M Na2SO4. 
The electrode potential was cycled on the potential 
range from –250 up to +900 mV with a sweep rate 
of 50mV/s and for a cycles number of 50. In Figs. 
3 and 4 are given the cyclic voltammograms of 
polyaniline films in the two cycling solutions 
without monomer. Analyzing the Fig. 3, it can be 
observed that, at the anodic potential sweep on the 
anodic branch of the voltammogram appear  three 
anodic oxidation peaks and at the reverse potential 
sweep, on the cathodic branch of the 
voltammogram three reduction cathodic peaks 
appear. This fact points out the existence of three 
redox processes which take place on different 
potential ranges. The first redox peak  is 
commonly assumed to correspond to the electron 
transfer from/to the PANI film. In order to 
compensate the charge of the PANI film, anion 

doping/dedoping of the PANI film occurs. The 
third redox peak corresponds to deprotonation and 
protonation process. Besides the proton/cation 
exchange, the anion is also expelled from the 
PANI film during deprotonation. The second small 
peak in the potential range of (400 ÷ 500) mV is 
probably due to a side reaction in the PANI film. 
At both negative and positive ends of the potential 
scan, the pure PANI film turned into its non-
conducting forms. 

Analyzing in comparison Fig. 3 and Table 1, it 
can be observed that, the PANI/Pt modified 
electrode has a very high electrochemical activity 
until cycle 50 and this fact is very clear revealed by 
the cyclic voltammograms and by the electro-
chemical values of kinetics parameters which were 
determined from cyclic voltammograms in cyclic 
solution (monomer free) of 0.25 M H2SO4 (aqueous 
solution) at 25º. 
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Fig. 3 – Cyclic woltammograms of PANI film in cycling solution (monomer free) of 0.25M H2SO4 at 25°C. 

 
Table 1 

Kinetics parameters of PANI/Pt modified electrode determined from cyclic voltammograms in 0.25 M H2 SO4 aqueous solution 
(monomer free) at 25° 

Cycle
s 

Ea1 
mV 

ia1, 
mA/c

m2 

Ea2, 
mV 

ia2, 
mA/cm2 

Ea3, 
mV 

ia3, 
mA/c

m2 

Ec1 
mV 

ic1, 
mA/cm2 

Ec2, 
mV 

ic2, 
mA/cm2 

Ec3, 
mV 

ic3, 
mA/cm2 

1 371 62,76   749 38,43 -49 -40,375 311 -35,18 497 -40,55 
2 329 56,38 569 39,599 743 37,20 -51 -38,832 306 -36,03 492 -40,46 
3 323 55,74 563 40,144 743 36,70 -36 -38,426 300 -36,61 492 -40,12 
4 317 55,10 551 40,617 737 36,44 -39 -37,133 306 -37,46 480 -39,44 
5 329 54,92 575 41,149 719 36,97 -36 -36,207 300 -37,62 486 -39,20 

10 338 53,67 575 42,039 710 34,47 33 -34,996 318 -38,48 468 -37,03 
20 362 52,74 563 40,640   78 -32,214 321 -36,99 444 -34,21 
30 398 52,14 575 39,195   144 -30,613   318 -36,10 
40 425 49,00 581 36,878   162 -29,785   300 -33,94 
50 449 46,24         279 -31,81 

 
The comparison between the behaviour of the 

modified PANI/Pt electrode in  0.25 H2SO4 M  
aqueous solution and 0.25M Na2SO4 aqueous 
solution shows some major differences. In figure 4 
are given the cyclic voltammograms of PANI/Pt 
modified electrode in a cycling solution (monomer 
freee) of 0.25 M Na2SO4 in the same conditions. 
Analyzing Fig. 4 in comparison with Fig. 3, it can 
be observed that, in this case the shape of cyclic 
voltammograms   change drastically. Thus, at the 
first cycle on the anodic branch of the 
voltammogram appear a high and very wide peak 
of anodic oxidation which points out that, in this 
potential range take place the complexes oxidation 

processes. At the reverse potential sweep, on the 
cathodic branch appear  two large reduction peaks 
which corespond to anodic  large oxidation peak 
(which can be considered like as two oxidation 
peaks). Hence, one can say that in this case on the 
surface of PANI/Pt modified electrode take place 
two complexes redox processes pointed out by the 
anodic and cathodic peaks. At the second cycles, 
on the anodic branch of voltammogram appears 
only one oxidation peak at the potential range more 
positive than for the first cycle, but in this case the 
anodic peak is much  more narrow  than the first. 
At the reverse potential sweep, on the cathodic 
branch of the voltammogram appear two reduction 
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peaks which are more narrow and lower than the 
first cycle. This means that the electrochemical 
activity of the PANI/Pt modified electrode has 
decreased  for the second cycle in comparison  to 
first cycle. For the third cycle, one can see that the 
electochemical activity of  PANI/Pt modified 
electrode has decreased much more. In this 
case,the anodic oxidation peak is shifted to more 
positive potential and its height is much lower and 
for cathodic reduction peaks there is a similar 
behaviour (Fig. 4). For the following cycles, the 
electrochemical activity of  PANI/Pt electrode 
decreases continuously  until cycle 50 (Table 2). 
The comparison between the behaviour of the 
modified PANI/Pt electrode in 0.25 H2SO4 M 
aqueous solution and 0.25M Na2SO4 aqueous 
solution shows that, in 0.25 H2SO4 M aqueous 
solution the electrochemical activity of PANI/Pt 

modified electrode is much more than in 0.25M 
Na2SO4 aqueous solution that means that the 
solution pH has a significant importance. This fact 
can be explained taking into account that, the 
mobility of H+ ions is much more than the mobility 
of Na+ ions and that, the redox processes (in the 
case of polyaniline) are favorized by the acid pH. 

It can be observed that, once with the  
increase of the cycle’s number, the shape of 
cyclovoltammograms drastically changes. 
Analyzing Fig. 4 and Table 2 one can see that, 
once with the increase of the cycles number takes 
place an accentuated decrease of the peak heights, 
a lowering of the peaks number and a movement of 
them towards more electropositive value, for 
anodic peaks and towards more electronegative 
values in the case of the cathodic peaks. 

  
 

 
Fig. 4 – Cyclic voltammograms of PANI film in cycling solution (monomer free ) of 0.25 M Na2SO4 at 25°. 

 
Table 2 

Kinetics parameters of PANI/Pt modified electrode determined from cyclic voltammograms in  0.25 M Na2SO4 aqueous solution 
(monomer free) at 25° 

 Anodic peaks Cathodic peaks 

Cycles Ea1, mV ia1, 
mA/cm2 Ea2, mV ia2, 

mA/cm2 Ea3, mV ia3, 
mA/cm2 Ec1, mV ic1, 

mA/cm2 Ec2, mV ic2, 
mA/cm2 

1 497 82,8595     -13 -49,39 218 -55,10 
2 767 87,969     210 -48,04 214 -51,4 
3 863 55,125     174 -42,57 209 -47,4 
4 875 50,6875     141 -39,92 202 -40,1 
5 896 45,2812     87 -37,26 201 -38,2 
10 893 30,6719     33 -32,39 200 -35,7 
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Table 2 (continued) 

20 893 20,3906     -12 -24,48 195 -30,2 
30 893 15,8281     -48 -20,07 193 -29 
40 893 14,2187     -66 -17,84 - - 
50 887 12,2656     -96 -14,79 - - 

 

 
Fig. 5 – Polymerization voltammograms of aniline + SWCNTsF in aqueous solution of 0.25 M H2SO4 at 25°. 

 
Further, were obtained PANI/SWCNTsF 

composite films on the platinum substrate by 
cyclic voltammetry using a synthesis solution of 
0.25 M H2SO4  aqueous solution + 0.2 M aniline + 
10 mg/L SWCNTsF (single wall functionalizated 
carbon nanotubes, see Fig. 1). In figure 5 are 
presented polymerization voltammograms of  
aniline + SWCNTsF in aqueous solution of 0.25 M 
H2SO4 at 250. Analyzing in comparison Fig. 2, Fig. 
5 and Table 3 it can be observed that,the 
polymerization curves  have the same shape in 
both cases but, for the case from Fig. 5, the 
polymerization curves show higher and larger 
oxidation and reduction peaks and in general the 
anodic and cathodic currents are much higher than 
the case from Fig. 2. This fact can be explained 
taking into account that, CNTsF (in our case 
SWCNTsF) are negatively charged and they can 
act as doped anions and consequently, the 
conductivity of PANI/SWCNTsF composite film 
increases.  Hence, the PANI/SWCNTsF 
composites exibit higher currents than PANI films, 

which can be translated into larger capacitance. 
Further, the obtained modified electrode type 
PANI/SWCNTsF/Pt was cycled in a cycling 
solution (monomer free) of 0.25M H2SO4. Fig. 6  
shows the cyclic voltammograms for 
PANI/SWCNTsF composite film obtained in a 
aqueous solution of 0.25M H2SO4 at a rate sweep 
of 50 mV/s  and a range potential  from –250mV 
up to +900 mV. Analyzing in comparison the 
cyclic voltammograms from Figs. 3, 6  and Tables 
1, 4 it can be observed that, in all the cases the 
PANI/SWCNTsF composite film reveales anodic 
and cathodic peaks much higher and much  larger 
than PANI film and also,the currents (especially 
the peak current) much higher . This fact can be 
explained thus, in fully reduced form, the PANI 
chains became neutral and the negative charge of 
immobile functionalized SWCNTsF (further will 
be denoted  simply  with CNTsF) should be 
balanced by the cations with small size from the 
supporting electrolyte solution.  
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Fig. 6 – Cyclic voltammograms of  PANI/SWCNTsF composite film  in 0.25 M H2SO4 

cycling solution (monomer free) at 250C. 
 

Table 3 

Kinetic parameters determined from polymerization curves obtained at the formation of PANI/SWCNTsF composite film 

Cycles Anodic peaks Cathodic peaks 

 Ea1, 
mV 

ia1, 
mA/c

m2 

Ea2, 
mV 

ia2, 
mA/ 
cm2 

Ea3, 
mV 

ia3, mA/ 
cm2 

Ec1, 
mV 

ic1, 
mA/ 
cm2 

Ec2, 
mV 

ic2, 
mA/ 
cm2 

Ec3, 
mV 

ic3, 
mA/ 
cm2 

1 899 2.12     360 -0.10     
2 145 0.22 877 3.01   -14 -0.71 394 -0.36   
3 137 1.14 710 3.67   -5 -1.56 393 -0.80   
4 144 2.49 720 6.41   -10 -2.75 401 -1.49   
5 145 4.41 727 9.69   -12 -4.25 397 -2.40   
6 156 7.00 437 2.88 735 13.17 -7 -6.03 384 -3.52 581 -1.92 
7 170 10.2 428 -4.50 739 16.55 -11 -7.89 391 -5.01 568 -2.99 
8 184 13.8 441 5.79 740 19.54 -5 -9.80 384 -6.59 578 -3.81 
9 200 17.5 459 7.83 740 22.01 2 -11.6 383 -8.29 579 -4.69 
10 216 21.3 479 10.0 736 24.16 1 -13.4 377 -10.0 564 -6.01 

 
Table 4 

Kinetics parameters of PANI/SWCNTsF/Pt modified electrode determined from cyclic voltammograms in 0.25 M H2 SO4 aqueous 
solution (monomer free) at 25° 

Anodic peaks Cathodic peaks 

Cycles 

Ea1, 
mV 

ia1, 
mA/ 
cm2 

Ea2, 
mV 

ia2, 
mA/ 
cm2 

Ea3, 
mV 

ia3, 
mA/ 
cm2 

Ec1, 
mV 

ic1, mA/ 
cm2 

Ec2, 
mV 

ic2, mA/ 
cm2 

Ec3, 
mV 

ic3, mA/ 
cm2 

1 395 77.84 575 56.24 743 51.23 -43 -50.47 306 -46.23 446 -48.53 
2 353 69.03 594 19.61 749 47.13 -36 -49.48 305 -47.16 456 -50.21 
3 353 68.57 596 51.04 740 46.76 -33 -48.62 300 -47.66 456 -50.76 
4 353 69.74 605 51.57 734 46.71 -24 -47.81 300 -48.11 450 -50.27 
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Table 4 (continued) 

5 353 67.64 584 51.55 725 46.55 -21 -47.06 298 -47.84 450 -49.84 
10 359 66.19 581 51.51 707 44.56 6 -44.38 297 -47.98 438 -47.89 
20 377 64.94 569 50.81 653 45.19 48 -41.22 294 -47.04 390 -46.17 
30 401 63.50 554 50.50     66 -38.93 306 -46.67     
40 431 61.91 539 51.18     78 -37.26 294 -44.63     
50 452 59.06 534 -5.66     108 - 273 -42.2     

 
Unlike the mobile ions from  the electrolyte, 

these large CNTsF anions are immobile and hence 
exert a permanent electrostatic repulsion to the 
electrons on the polymer chain. This effect from 
the anionic CNTsF is very similar to the self-
doping effect observed in conducting polymers 
with chemically bonded. Hence immobile anionic 
groups behave like as large anions. The difference 
may be the fact that the presence of the 
functionalized CNTs (CNTsF) in the reduced 
PANI could make the composite less compact, 
which is in favor for the entering of cations. 
Secondly, the immobile CNTsF and the entering 
cations could make the composite less compact 
than reduced film further, which is advantage to 
the ejecting of cations and the entering of the 
anions from the solution when PANI chain is 
oxidized. So, the capacitance of  PANI/CNTsF is 
larger than that of the pure polymeric PANI films 
because the structure of CNTsF makes the doping 
ions enter into/eject from PANI/CNTsF composite 
films more easily. At both negative and positive ends 
of the potential scan, the pure PANI film turned into 
its nonconducting forms. The same occurred to the 
composite. However, the PANI/CNTsF composite 
film revealed larger currents than the pure PANI film, 
particularly at the peak potentials. This is an 
indication of faster kinetics in the composite, which 
can be attributed to the higher electronic conductivity 
of the CNTsF network.  

Further, the composite and pure polymer films 
were studied by EIS. The resulting Nyquist plots 
for PANI/Pt  and  PANI/CNTsF/Pt   modified 
electrodes are shown in Fig. 7a. The Nyquist plots  
for both PANI and composite films are featured by 
a vertical trend at low frequencies, indicating a 
capacitive behaviour according to the equivalent 
circuit theory. Thecapacitances of the two 
electrode materials were calculated, according to 
the equation: 

C = –1/(2πf Zim) 1.27 

(f = frequency; Zim = imaginary impedance), from 
the slope of the linear correlation between the 

imaginary impedance and the reciprocal of the 
frequency at low frequencies (Fig. 7b) higher 
capacitance. One can observe the one order of 
magnitude value for PANI/CNTsF  film in respect 
with PANI pure polymeric films (Table 5and  
Fig. 8). Higher capacitance of the composite films 
results obviously from the contribution of the 
embedded CNTsF that provide interconnected 
pathways for electrons through the CNTsF and 
ions through the pore network or the direct 
interaction between the delocalised electrons on 
polymer chains and the CNTsF. The real 
impedance at low frequencies, where the 
capacitive behaviour dominates, is an indication of 
the combined resistance of the electrolyte and the 
film including both electronic and ionic 
contributions. The values of the real impedance at 
0.01 Hz are given also in Table 5. It can be seen 
that the PANI/CNTsF films were significantly 
lower in resistance than PANI films. It can also be 
seen that PANI/CNTsF offered much higher 
overall conductivity compared with the PANI film. 
It has been already mentioned that, in general, the 
real impedance of an electrode material also 
decreases as the material’s porosity increases due 
to improved ionic accessibility.14-17 

This is in agreement with the SEM results 
presented below that illustrated a smaller porosity 
in the PANI film than in the case of the  composite 
film PANI/CNTsF. Analyzing in comparison the 
Figs. 9a and 9b, it can be observed that, the PANI 
and CNTsF films reveal a morphological strcture 
composed of nanofibers, but for the pure polymeric 
ones they are slightly thicker than those in the 
PANI/CNTsF composite film. This structural 
similarity may explain the relatively small 
difference in electrochemical behaviour between 
PANI and PANI/CNTsF as discussed above. 
However, the morphological structure of the PANI 
has been found to be different, the PANI/CNTsF 
composite film exhibiting a more porous 
morphology. As shown in Fig. 9b  the deposited 
PANI is mostly wrapped around the CNTs. 
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 (a)       (b) 

Fig. 7 – The Nyquist (a) and Bode (b) diagrams for modified electrodes (PANI/Pt ant PANI/CNTsF/Pt) at open circuit potential in an 
aqueous solution of  0.25M H2SO4 and 25oC. 

 
Table 5 

Real impedance and capacitance values of pure polymeric film and composite film at 0.01Hz 

Polymeric film Slope values obtained 
From graph:-Zim = f (1/2πf) CEIS , F/cm2 Zr, Ωcm2 

PANI 67.2 0.0148 142 
PANI/CNTsF 20.5 0.0488 24 
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Fig. 8 – Capacitance evaluation for PANI/CNTs and PANI modified electrodes  
(film-formation by Cyclic voltamemtry –250; +900 mV, 10mV/s, 10 cycles). 
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In Fig. 9 are presented the SEM images of the 
PANI films and of PANI/CNTsF composite film. 
This porous morphology allows an excellent 
electrolyte access with less resistance by providing 
enough pathways for the movement of ions and 

solvent molecules within the composite films that 
leads to improved electrochemical properties. 
These microstructural variations have profound 
influence on the capacitive behavior of the 
composites, as detailed above. 17-22 

 

 

   
a) 

 

       

        
b) 

Fig. 9 – SEM images of: a) PANI film and b) PANI/CNTsF composite film. 
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CONCLUSIONS 

Were obtained  PANI polymeric films and 
PANI/CNTsF composite films by ciyclic 
voltammetry from a synthesis solution. 

Electrochemically synthesized composite films of 
conducting polymers (PANI) and CNTs have in 
common a porous structure at nano-meter scales. 
They have better mechanical integrity and a higher 
conductivity than the similarly prepared pure 
polymer. 

The electrochemical properties of these polymeric 
and composite films were determinated by cycling 
the modified electrodes in a cycling solution on the 
potential range of –250mV to + 950mV. 

The electrochemical activity of PANI/Pt 
modified electrode in 0.25 H2SO4 M cycling 
solution  is much more than in 0.25M Na2SO4 
aqueous solution that means that the solution pH 
has a significant importance. 

In all the cases, in the same cycling solution, 
the PANI/SWCNTsF composite film reveales 
anodic and cathodic peaks much higher and much  
larger than PANI film and also,the currents, 
especially the peak currents much higher. 

The Nyquist plots for both PANI and composite 
films are featured by a vertical trend at low 
frequencies, indicating a capacitive behaviour 
according to the equivalent circuit theory. 

The higher capacitance of the composite films 
results obviously from the contribution of the 
embedded CNTsF that provide interconnected 
pathways for electrons through the CNTs and ions 
through the pore network or the directinteraction 
between the delocalised electrons on polymer 
chains and the CNTsF. 

The PANI and CNTsF films reveal a 
morphological strcture composed of nanofibers, but 
for the pure polymeric ones they are slightly thicker 
than those in the PANI/CNTsF composite film. 

Microstructures of these composites suggests 
that PANI was wrapped around SWCNTs. The 
obtained results can be employed to get the desired 
value of the capacitance by choosing the adequate 
preparation method and so, by controlling the 
microstructure of the composites. 
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