ACADEMIA ROMÂNĂ
Revue Roumaine de Chimie

Rev. Roum. Chim.,
2010, 55(5), 369-378

http://web.icf.ro/rrch/

THE CHARACTERIZATION OF SOME NANOCOMPOSITES BASED
ON CONDUCTING POLYMERS AND CARBON NANOTUBES OBTAINED
BY CO-POLYMERIZATION

Viorel BRÂNZOI a*, Florina BRÂNZOIb, Luisa PILANa and Nicoleta DONISANa
a

Department of Applied Physical Chemistry and Electrochemistry, University Politehnica of Bucharest, 132 Calea Griviţei, 010737
Bucharest, Roumania, E-mail:iv_branzoi@chim.upb.ro
b
Institute of Physical Chemistry, 202 Splaiul Independenţei, 060021 Bucharest, Roumania, E-mail:fbrinzoi@chimfiz.icf.ro

Received November 18, 2009

Nanocomposite materials of conducting organic polymers and carbon nanotubes were obtained by co-pymerization from solutions
containing poly (m-aminobenzenesulfonic acid, functionalized single-walled carbon nanotubes (CNTS) and the corresponding
monomer. All the composites showed improved mechanical integrity, higher electronic and ionic conductivity and exhibited larger
electrode specific capacitance than the polymer alone.
The synthetic, morphological and electrochemical properties of PPY/CNTs, PANI/CNTs and PoPD/CNTs nanocomposites films
were compared.
Characterization was performed by electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and scanning electron
microscopy (SEM) techniques.

INTRODUCTION∗
Conducting polymers (CP) with good electrical
conductivity and large pseudo-capacitance have
aroused wide interests as the electrode material in
supercapacitors which are unique for provision of
pulsed high power.1–4
Conducting polymers (CPs) contain π-electron
backbone that is responsible for their unusual
electronic properties such as controllable electrical
conductivity, low energy optical transitions, low
ionization potential and high electron affinity. The
extended π-conjugated system of the conducting
polymers has single and double bonds alternating
along the polymer chains. These materials are
particularly appealing because they exhibit
electrical, magnetic, and optical properties of
metals or semiconductors while retaining the
attractive mechanical properties and processing
advantages of polymers. Their conductivity can be
reversibly modulated by controlling the dopant
∗
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type and level. Their unusual electronic and optical
properties have made them very attractive
materials in various applications including solar
cells, light weight batteries, electrochromic devices,
sensors and molecular electronic devices.
They are however weak in mechanical strength
and the main drawback of CPs application as
supercapacitor electrodes are connected with their
poor stability during cycling. The CP films, due to
volumetric changes during the doping/dedoping
process (insertion/deinsertion of counter ions),
undergo swelling, shrinkage, cracks or breaking
that in consequence gradually aggravates there
conducting properties.
The carbon nanotubes (CNTs) including single
wall carbon nanotubes (SWNTs) and multiwalled
carbon nanotubes (MWNTs) have attracted much
attention in recent years because of their excellent
electric and mechanical properties and promising
application including conductive and high-strength
composites, energy storage and energy conversion
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devices, sensors, field emission displays and
radiation sources, hydrogen storage media,
nanometer-sized semiconductor devices.5 Because
of the high electrochemically accessible surface area
of porous nanotube arrays, combined with their high
electronic conductivity and useful mechanical
properties, CNTs are attractive as electrodes for
supercapacitors.6 But, usually, the carbon nanotubebased electrodes constructed by casting CNTs at
substrates may suffer from mechanical instability
during measurements, which limits practical
application of CNTs modified electrode.7
With the aim to combine the properties of
conducting polymers and CNTs with an expected
synergistic effect, many research efforts have been
focused on the design of CNT–polymer composites
The electrochemical growth of carbon nanotubes
(CNTs) – conducting polymer composites offers
the ability to produce tree-dimensional nanostructured films that combine the redox pseudocapacitive charge storage mechanism of
conducting polymers with the high surface area
and conductivity of CNTs.8-10 CNT-polymer
composites were first prepared by Ajayan and coworker by mechanically mixing multi-walled
CNTs and epoxy resin.11 Since then, many efforts
have focused on the design and preparation of
CNT-polymer composites, in order to obtain a new
material that would possess properties that would
be
useful
in
particular
applications.12-13
Electrochemical polymerisation 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 the electrode, saving the use of a binder.
The electro-deposited films are ideal for the study
of the electrochemical properties of these
composites and for practical uses, such as sensors,
electro-catalysts and supercapacitors.
The drawback is that CNTs are difficult to
process and insoluble in most solvents. In order to
broaden their applications it is necessary to tailor
their solubility properties. Previous works involving
the polypyrrole and CNTs composites have mainly
been done either with carboxylic acid
functionalized MWCNTs or carboxylic acid
functionalized SWCNTs.14-16
In the present paper, we used SWCNTs that
were covalently functionalized with a water soluble
conducting polymer, poly (m-aminobenzene sulfonic
acid) (SWCNT-PABS) that is commercially
available. The SWCNT-PABS graft copolymer has
excellent solubilities in water. The negatively

charged water-soluble CNTs served as anionic
dopant during electropolymerization.
This paper presents a comparative study of the
electrochemical synthesis and capacitance of CNTs
composites with polyaniline (PANI), polypyrrole
(PPY) and poly (o-phenylenediamine) (PoPD). The
comparison was made mainly from the viewpoint
of potential applications. Scanning electron
microscopy (SEM) was used to compare the
microstructures of the deposited films.
EXPERIMENTAL
Chemicals and instrumentation
PABS functionalized SWNTs were provided by Carbon
Solutions, Inc (www.carbonsolution.com, Riverside, CA).
Pyrrole (99%, Aldrich), aniline (99.5%, Fluka) and ophenylenediamine (99%, Aldrich) were 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 a Gill AC potentiostat/galvanostat controlled by a personal
computer. A three-electrode system was used in the
measurements, with a bare platinum (disk, diameter 2 mm) or
modified platinum as the working electrode, a SCE as the
reference electrode and a platinum wire as the auxiliary
electrode. 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/CNTs were prepared by
electrochemical polymerization from a solution containing
both the functionalized CNTs and the corresponding monomer.
In a first step, the CNT 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
CNT aqueous suspension. CNTs are enwrapped in polymers
during the electropolymerization process in the form of
counter ions or dopants. The electro-co-deposition of the PPYCNT composite films was carried out in an aqueous solution
of 0.1 mol/L pyrrole + 10mg/L CNTs. For comparison, pure
PPY was electrodeposited from 0.1 mol/L pyrrole + 0.01
mol/L sodium dodecyl sulfate (SDS) in water. PANI-CNTs
and PoPD/CNTs composite films were prepared from an
aqueous solution containing 0.1 mol/L of corresponding
monomer + 0.1 mol/L H2SO4 + 10mg/L CNTs by cyclic
voltammetry in the potential scanning range of -200 to +900
mV at a scan rate of 50mV/s. The pure PANI and PoPD films
were prepared from the same mixture solution above
mentioned without adding CNTs.

Conducting polymers
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 PPY-CNT and
PPY films was carried out in a 0.1 mol/L KCl aqueous
solution. The PANI-CNT, PANI, PoPD-CNT and PoPD films
were studied in 0.1 mol/L H2SO4 because they exhibited
inferior electrochemical performance in 0.1 mol/L KCl.
Scanning electron microscopy (SEM) was used to
compare the microstructures of the deposited films.

RESULTS AND DISCUSSION
Cyclic voltammetry behaviour
of the modified electrodes
In figure 1 are presented the CVs of PPY/DS,
PPY/DS/CNTs and PPY/CNTs electrodes in 0.1 M
KCl solution in a wide potential range to explore
all possible electrochemical properties of these
films in aqueous electrolytes. The broad peaks
observed in the voltammograms suggest a
complicated redox process for the obtained
modified electrodes. The comparison between the
behaviour of the presented types of electrodes
shows some major differences. By comparing the
CVs for PPY/DS and PPY/DS/CNTs films it can
be seen that the shape of the voltamograms is
similar, but the composites exhibit higher currents
than the pure polymeric ones, which can be
translated into larger capacitance of the composites.
In the case of PPY/CNTs films, not only the
voltammetric currents are higher than in the
previous cases, but the shape of the
voltammograms dramatically changes. The similar
CVs shape for PPY/DS and PPY/DS/CNTs films
can suggest that in cases of using a synthesis
solutions containg both SDS and functionalized
CNTs, the DS anions (which are smaller) are
preferantially incorporated. The peaks from the
CVs of Pt/PPY/DS system were explained by us in
previous papers. 17, 18
The PPY/CNTs composites exhibit higher
currents than the previously mentioned two
systems, which can be translated into larger
capacitance. In fully reduced form, the PPY chains
became neutral and the negative charge of
immobile functionalized CNTs should be balanced
by the cations with small size from the supporting
electrolyte solution. Unlike the mobile ions from
the electrolyte, these large CNT anions are
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immobile and hence exert a permanent electrostatic
repulsion to the electrons on the polymer chain.
This effect from the anionic CNTs is very similar
to the self-doping effect observed in conducting
polymers with chemically bonded and hence
immobile anionic groups as dodecylsulphate. The
difference may be the fact that the presence of the
functionalized CNTs in the reduced PPY could
make the composite less compact, which is in
favor for the entering of cations. Secondly, the
immobile CNTs 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 PPY chain is oxidized. So, the
capacitance of PPY/CNTs is larger than that of the
pure polymeric PPY films because the structure of
CNTs makes the doping ions enter into/eject from
PPY/CNTs composite films more easily.
Figure 2 presents the CVs of similarly prepared
composite and pure conducting PANI films in
monomer-free 0.1 M H2SO4 solution. The cyclic
voltammetry was performed for ten sequential
cycles, at a scan rate of 50 mV/s, in the potential
range between −200 and 900 mV. It can be seen
that, also in this case, the composite films exhibit
higher currents than their polymer counterparts,
which can be translated into larger capacitance of
the composites. For both PANI-CNT and PANI,
three pairs of redox peaks can be seen in Figure 2,
reflecting the different oxidation states of PANI at
different potentials or doping levels.
The first redox peak (A, A′) 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 second redox peak (B,
B′) corresponds to a deprotonation and protonation
process. Besides the proton/cation exchange, the
anion is also expelled from the PANI film during
deprotonation. The small peak at around 400 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 nonconducting forms. The same occurred to the
composite. However, the PANI-CNT 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 CNTs network.
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Fig. 1 – CV curves of PPY/DS, PPY/DS/CNTs and PPY/CNTs composite films at scanning rate of 50 mV/s in 0.1M KCl solutions.
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Fig. 2 – CV curves of PANI/CNTs composite films and PANI films at scanning rate of 50 mV/s in 0.1 M H2SO4 solution.

Among many conducting and electroactive
polymers, poly (o-phenylenediamine) (PoPD) is of
great interest because of its potential use in various
fields of technology. Two interesting properties of
PoPD, different from those, characteristic for usual
conducting polymers like polyaniline or
polypyrrole make it promising for applications in
electrochemical and bioelectrochemical sensors.
One of these properties related to an unusual
dependence of the electric conductivity on the
redox state of this polymer. As opposed to PANI or

PPY, PoPD shows the conductivity in its reduced
state, whereas its oxidized state is insulating. This
determines the electrochemical properties of PoPD,
since many electrode redox processes have been
shown to take place within a relatively narrow
potential window, corresponding to the reduced
(conducting) form of this polymer. Within this
potential window, electrocatalytic oxidation of
some species proceeds, making it possible to use
PoPD for electrocatalytic applications.

Conducting polymers
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reduction of the semioxidized and highly unstable
totally oxidized forms of POPD (figure 4b),
respectively. In the case of PoPD/CNTs composite
films only one redox pair appears at E ~ 0 / 80mV. Also, in this case the composite film
revealed larger currents than the pure PoPD film,
particularly at the peak potentials, this being an
indication of faster kinetics in the composite,
which can be attributed to the higher electronic
conductivity of the CNTs network.

Figure 3 shows CVs of PoPD and PoPD/CNTs
films in 0.1M H2SO4 background electrolyte
solutions. The PoPD film exhibits a major redox
pair at E ~ 0 / - 20mV and another one at E ~ -80 /
- 100mV. The existence of three redox states of
PoPD during its redox process has been
proposed.19, 20 The redox pair at E ~ 0/–20 mV was
assigned to the reversible oxidation and reduction
of reduced and semioxidized forms (figure 4a) and
the one at E ~ -80/-100 mV to the oxidation and
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Fig. 3 – CV curves of PoPD/CNTs composite films and PoPD films at scanning rate of 50 mV/s in 0.1 M H2SO4 solution.

Fig. 4 – Scheme for the electrochemical process of PoPD film in 0.1M H2SO4 solutions.

SEM studies of the polymeric films
Under SEM, all the composites prepared by
electro-co-deposition presented uniform microstruc-

tures. In figure 5B is presented the SEM image of
the PPY/CNTs composites and one can see a threedimensional network composed of interconnected
fibrils with diameters in the range of 50–200 nm in
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width. The diameter of the PPY/CNTs fibrils is
significantly larger than that of the CNTs alone and
this can indicate a good interaction between the
CNTs dopants and pyrrole monomer. We can say
that functionalized CNTs acted both as a dopant
and also provided a large surface area for the
polymerization process to take place. This
diameter indicates that the conducting polymer
formed a uniform coating on the surface of

individual CNTs. It can then be concluded that the
three-dimensional network was formed with the
CNTs serving as the backbone, thus greatly
enhancing the mechanical properties of the
composite film.
In contrast to the comparable structures of the
composite films, the corresponding PPY/DS
polymer formed under similar condition showed a
typical cauliflower morphology (figure 5A).

Fig. 5 – SEM images of the film surface of (A) PPY/DS and (B) PPY/CNTs
(film-formation: galvanostatic method, charge density 1800 mC/cm2).

In figure 6 are presented the SEM images of the
PANI films and PANI-CNT composites. Both
PANI (Figure 6A) and PANI/CNTs (Figure 6B)
films are composed of nano-fibrils, but for the pure
polymeric ones they are slightly thicker than those
in the PANI-CNT composite. This structural
similarity may explain the relatively small
difference in electrochemical behaviour between

PANI and PANI-CNT as discussed below.
However, PPY/CNTs films exhibit a more porous
morphology. 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.

Fig. 6 – SEM images of the film surface of (A)PANI and (B)PANI/CNTs
(film-formation by CV (-200; 900) mV, 20mV/s, 20 cycles).

Conducting polymers

The SEM images of the pure PoPD polymeric
films and PoPD/CNTs composites prepared by
electropolymerization are shown in figure 7. As
can be seen, the PoPD/CNTs composite displays
also a three-dimensional nanoporous structure.
This results in a larger specific surface area and a
better electronic and ionic transport capacity than
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in the case of PoPD electrodes. However, it can be
seen that the PoPD/CNTs film is more compact
than PPY/CNTs and PANI/CNTs films. This
morphology suggests that a more resistive access
of the electrolyte within the composite films that
can lead to an improved permselectivity.

Fig. 7 – SEM images of the film surface of (A)PoPD and (B)PoPD/CNTs
(film-formation by CV, (-200; 900) mV, 20mV/s, 20 cycles).

EIS measurements
As a steady state technique with small potential
variation, electrochemical impedance spectroscopy
(EIS) is more reliable than cyclic voltammetry for
measuring the capacitance with minimised effect
from non-capacitive Faradaic contributions.14
Therefore, the composite and pure polymer films
were studied by EIS. The resulting Nyquist and

Bode plots for PPY/DS, PPY/DS/CNTs and
PPY/CNTs systems and are shown in figure 8. The
impedance plot for PPY/CNTs system is featured
by a vertical trend at low frequencies in Nyquist
format (figure 8), indicating capacitive behaviour
according to the equivalent circuit theory. In the
case of the plots for PPY/DS and PPY/DS/CNTs
system, the capacitive behaviour was replaced by
the more inclined diffusion line.

Fig. 8 – Nyquist and Bode diagrams obtained at 500mV in 0.1M KCl solutions for nanocomposite PPY/CNTs
and PPY/DS/CNTs films and pure polymeric ones.
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The capacitances of the three electrode
materials were calculated, according to the
equation: C = -1/(2πf Zim) (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.
One can observe 20 times higher capacitance value
for PPY/CNTs film in respect with PPY/DS pure
polymeric films (Table I).
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Fig. 9 – Capacitance evaluation for nanocomposite PPY/CNTs and PPY/DS/CNTs films
and pure polymeric ones obtained at 0.5 mA/cm2 for a charge density of 1800 mC/cm2.

The higher capacitance of the composite films
results obviously from the contribution of the
embedded CNTs that provide interconnected
pathways for electrons through the CNTs and ions
through the pore network or the direct interaction
between the delocalised electrons on polymer
chains and the CNTs.
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 I.
It can be seen that the PPY/CNTs films were
significantly
lower
in
resistance
than
PPY/DS/CNTs and PPY/DS films. It can also be
seen that PPY/DS/CNTs offered much higher
overall conductivity compared with the pure
polymeric films (PPY/DS).
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 This is in
agreement with the SEM results presented above
that suggested much higher porosity in the
composites than in the pure polymer counterparts.

In figure 10 are presented Nyquist and Bode
diagrams of the composite PANI/CNTs and pure
polymer PANI films. The Nyquist plots for both
PANI and PANI/CNTs films are featured by a
vertical trend at low frequencies, indicating a
capacitive behaviour.
The capacitance of the PANI and PANI/CNTs
films were calculated also from the slope of the
linear correlation between the imaginary
impedance and the reciprocal of the frequency at
low frequencies. The higher capacitance value of
the composite films results obviously from figure
11 and the data presented in Table I. The values of
the real impedance at 0.01 Hz are also given in
Table I. It can be seen that the PANI/CNTs films
were significantly lower in resistance compared
with the pure polymeric films (PANI).
In figure 12 are presented the Nyquist and Bode
diagrams of the PoPD/CNTs composite films at
different potentials. No matter what potential was
applied to the film electrodes, Nyquist plots are
featured by a diffusion line in all frequencies
domain, indicating a diffusive behaviour. This is in
agreement with the SEM results presented above
that illustrated a smaller porosity in the PoPD
composites than in the case of the other two
composite films (PPY/CNTs and PANI/CNTs).

Conducting polymers
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Fig. 10 – Nyquist and Bode diagrams obtained at 500mV in 0.1M H2SO4 solutions for nanocomposite PANI/CNTs films and pure
polymeric PANI films.

1000
PANI-CNTs
PANI

800
-Zim (Ωcm2)

y = 61.307x

600
400
200
y = 3.1776x

0
0

5

10
1/(2πf), Hz-1

15

20

Fig. 11 – Capacitance evaluation for PANI/CNTs and PANI modified electrodes
(film-formation by CV (-200; 900) mV, 20mV/s, 20 cycles).

Table 1
Real impedance and capacitance values of pure polymeric films and composite films at 0.01Hz
Polymeric film

Zr (Ωcm2) at 0.01Hz

PPY/CNTs
PPY/DS/CNTs
PPY/DS
PANI/CNTs
PANI

35
234
4490
10
138

Slope values obtained from graph
-Zim = f (1/2πf)
10.4
21.8
189.5
3.2
61.3

C, F/cm2
0.096
0.046
0.005
0.313
0.016
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Fig. 12 – Nyquist and Bode diagrams for nanocomposite PoPD/CNTs, at different potentials, in 0.1M H2SO4 solutions.

CONCLUSIONS

3.
4.

Electrochemically synthesized composite films of
conducting polymers (PPY, PANI and PoPD) and
CNTs have in common a porous structure at nanometer scales. They have better mechanical integrity
and a higher conductivity than the similarly prepared
pure polymer counterparts. The higher capacitance of
the composite films results obviously from the
contribution of the embedded CNTs that provide
interconnected pathways for electrons through the
CNTs and ions through the pore network or the direct
interaction between the delocalised electrons on
polymer chains and the CNTs.
PPY/CNTs and PANI/CNTs have large electrode
specific capacitance. The electrode specific
capacitance of PPY/CNT is higher than similarly
prepared PPY/DS/CNTs film or the pure polymer.
Under similar conditions, the enhancement effect of
CNTs was almost the same for PPY and PANI films
on the electrochemical capacitance, but of
PANI>PPY>PoPD in potential cycling stability.
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