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Abstract
We report the electropolymerization and characterization of polypyrrole films doped with poly(m-aminobenzene
sulfonic acid (PABS) functionalized single-walled nanotubes (SWNT) (PPy/SWNT-PABS). The negatively charged
water-soluble SWNT-PABS served as anionic dopant during the electropolymerization to synthesize PPy/SWNT-
PABS composite films. The synthetic, morphological and electrical properties of PPy/SWNT-PABS films and chloride
doped polypyrrole (PPy/Cl) films were compared. Characterization was performed by cyclic voltammetry, atomic
force microscopy (AFM), scanning electron microscopy (SEM) and Raman spectroscopy. SEM and AFM images
revealed that the incorporation of SWNT-PABS significantly altered the morphology of the PPy. Cyclic voltammetry
showed improved electrochemical properties of PPy/SWNT-PABS films as compared to PPy/Cl films. Raman
Spectroscopy confirmed the presence of SWNT-PABS within composite films. Field effect transistor (FET) and
electrical characterization studies show that the incorporation of the SWNT-PABS increased the electronic
performance of PPy/SWNT-PABS films when compared to PPy/Cl films. Finally, we fabricated PPy/SWNT-PABS
nanotubes which may lead to potential applications to sensors and other electronic devices.
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1. Introduction

Conducting polymers (CPs) contain p-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 p-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 semiconduc-
tors while retaining the attractive mechanical properties
and processing advantages of polymers. Their conductivity
can be reversibly modulated over 15 orders of magnitude
by controlling the dopant 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.
However, all known simple CPs are mechanically weak

and have to be oxidized and doped by a counter anion to
achieve significant conductivity. The strength of a conduct-
ing polymer may be improved by, for example, copolymer-
ization with a second polymer such as poly(vinyl chloride)

(PVC) but a sacrifice in conductivity is inevitable [1]. In
addition, because dopants constitute a large proportion of
conducting polymers, typically 20� 40% by volume, and all
the dopants used so far are themselves insulators, the overall
conductivity of CPs is somewhat limited [2].
On the other hand, carbon nanotubes (CNTs) have also

provoked enormous interest in their fundamental behavior
and a wide variety of potential applications. CNTs can be
either metallic or semiconductive, depending on their
helicity [3]. These one-dimensional fibers exhibit electrical
conductivity as high as copper, thermal conductivity as good
as diamond, strength 100 times greater than steel at one-
sixth the weight, and have high strain to failure.
CNTs and CPs are both interesting for their unique

electrochemical properties. In particular, composite mate-
rials based on the coupling of CPs and CNTs have been
shown to possess properties of the individual components
with a synergistic effect [4]. CNT-polymer composites were
first prepared by Ajayan and co-worker by mechanically
mixing multi-walled CNTs and epoxy resin [5]. Since then,
many efforts have focused on the design and preparation of
CNT-polymer composites, in order to obtain a newmaterial
that would possess properties that would be useful in
particular applications [6, 7]. The CNT-doped PPy exhibits
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dramatically different electronic properties compared to
PPy prepared with small anionic dopants. Such differences
reflect the conductivity of the CNT dopant compared to the
common insulating dopants. The electron flow within the
PPy/CNT composite is apparently increased by the entrap-
ped CNTs due to an increased degree of delocalization and
CNT bridging [6]. In fact, impedance studies indicated that
PPy/CNT films are conducting even in their reduced state
[6]. These characteristics have also been demonstrated in
one-dimensional PPy/CNT nanostructures [8].
However, CNTs are difficult to process and insoluble in

most solvents. In order to broaden their applications we
found it necessary to tailor their solubility properties. We
recently developed single-walled nanotubes (SWNTs) that
were covalently functionalized with a water soluble con-
ducting polymer, poly(m-aminobenzene sulfonic acid
(SWNT-PABS) [9] (Fig. 1). The SWNT-PABS graft copoly-
mer has excellent solubilities in water and some organic
solvents and it also exhibits an order of magnitude increase
in electrical conductivity over neat PABS. We also demon-
strated that SWNT-PABS showed an improved sensor
performance for the detection of NH3 compared to un-
functionalized SWNTs because PABS is a conducting
polymer in its own right [10]. Additionally, the SWNT-
PABS sensors rapidly recover their resistance when NH3 is
replaced by nitrogen. The presence of numerous free amine
groups in SWNT-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 [11].
Based on the above we expect composite materials based

on the coupling of CPs and SWNT-PABS to possess
properties of each of the individual components with a
synergistic effect. We hereby report the electropolymeriza-
tion and characterization of polypyrrole composites doped
with SWNT-PABS (PPy/SWNT-PABS). The negatively
charged water-soluble SWNTs-PABS served as anionic
dopant during electropolymerization. All prior works
involving the polypyrrole and CNTs composites have been
either done with multi-walled carbon nanotubes [7, 8] or
carboxylic acid functionalized SWNTs [6, 8]. The SWNTs
thatwe usedwere functionalizedwith PABS. PABS is a graft
copolymer, therefore, the polypyrrole-SWNTs-PABS com-
posites are well suited for biological research, sensor
applications and other molecular electronic devices. We
also extended our research to include field effect transistor
studies and overoxidation of the conducting polymer-
SWNT composites.

Characterization was performed by cyclic voltammetry,
atomic force microscopy, Raman spectroscopy, scanning
electron microscopy. Pyrrole was selected as our starting
monomer because it is inexpensive, its polymerization is
straightforward and well known, its electric and optical
properties are reversibly controllable by both charge-trans-
fer doping and protonation, it is environmentally stable and
it can be electropolymerized at neutral pH which allows the
entrapment of a wide range of biomolecules as demon-
strated by us [12] and others [13, 14].

2. Experimental

2.1. Materials and Instrumentation

PABS functionalized SWNTs were provided by Carbon
Solutions, Inc (www.carbonsolution.com, Riverside, CA).
Pyrrole (98%) was purchased from Sigma-Aldrich (Mil-
waukee, WI) and was distilled prior to experiment. Porous
alumina templates (Anodisc 13 with average pore size of
200 nm)were purchased fromWhatman, Inc.). All solutions
were prepared in nanopure water. Electrochemical and
electrical characterization experiments were performed
usingVMP2multichannel potentiostat/galvanostat (Prince-
ton Applied Research, Princeton, NJ). The AFM images
were recordedwith aMultiModeAtomic ForceMicroscope
Nanoscope3 (Veeco Instruments, Santa Barbara CA). The
Raman spectra were recorded on a Bruker FT.

2.2. Synthesis of PPy/SWNT-PABS and PPy/Cl Films

The electrochemical deposition of PPy/SWNT-PABS films
was carried out by cyclic voltammetry (between�0.65 V to
1.05 Vat 50 mV/s) or galvanostatically by applying a current
density 3 mA/cm2 for 6 minutes. The electropolymerization
was conducted in a three-electrode cell with glassy carbon as
the working electrode, Ag/AgCl as the reference electrode
and platinum wire as the counter electrode. The electrolyte
consisted of 0.25 M pyrrole monomer and 0.09 mg/mL
SWNT-PABS in water. The negatively charged SWNT-
PABS in solution acted as sole supporting electrolyte and
dopant for the PPy deposition. The resulting films were
washed with nanopure water before analysis. For compar-
ison, PPy/Cl films were prepared under the same conditions
using aqueous solution of 0.5 M NaCl instead of SWNT-
PABS. The films were characterized by cyclic voltammetry
in aqueous 0.5 M NaCl solution at a scan rate of 50 mV/s.

Fig. 1. Chemical structure of SWNTs functionalized with PABS.
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2.3. Electrodeposition Between Microfabricated
Electrodes

For electrical characterization and field effect transistor
(FET) studies, the electrodes were microfabricated on a
(100)-oriented silicon wafer with a chemical vapor deposi-
tion (CVD) grown 1 mm thick insulator layer of low-stress
Si3N4 film. ACr adhesion layer and ~3000 MAu layer were
then deposited. The distance between the two gold electro-
des was 3 mm.
A 2 mL drop of the electrolyte solution containing 0.25 M

pyrrole and 0.09 mg/mL SWNT-PABS in water was intro-
duced between the gold electrodes, and the electrodeposi-
tionof thePPy/SWNT-PABS film tookplace from theanode
to the cathode under applied current of 1 mA.The growth of
the film was monitored using a chronopotentiogram and
terminated as the potential value dropped to ~0 V. PPy/Cl
film was similarly grown in aqueous 0.5 M NaCl.

2.3.1. Electrical Characterization of Composite Films

The I –V characteristic of the composite films was per-
formed by introducing 2 mL of 0.1 M aqueous NaCl on the
films between the gold electrodes followedby a linear sweep
of the voltage between �0.1 V and þ0.1 V at 50 mV/s.
Breakdown voltage measurements were performed on the
dry films at ambient conditions. The voltage between the
gold electrodes separated by the film was swept from 0 V to
10 Vat 200 mV/s.
The PPy filmswere configured into a liquid ion gated field

effect transistor by converting the reference Ag/AgCl into a
“liquid ion gate electrode” while the two gold electrodes
represented the “source” and “drain electrode”. The gate
potential was varied from�0.6 V to 3.0 V while monitoring
the drain current and the drain voltage.

2.4. Synthesis of PPy/SWNT-PABS Nanotubes

PPy/SWNT-PABS and PPy/Cl nanotubes were fabricated
using template-directed electrochemical deposition. Before
the synthesis of the PPy/SWNT-PABS nanotubes, Platinum
metallic seed layers (approximately 500 nm thick) were
sputtered using Emitech K550 table-top sputter. The
template was fixed to a glass support with the seed layer
face down using double-sided conductive copper tape.
Single-sided conductive copper tape was used as a lead to
the glass support. Theentire sample, except for themiddleof
the template and the end of the copper tape lead, was
masked with a commercially available dielectric material.
(Microstop, Pyramid Plastics, Inc.).
The PPy/SWNT-PABS nanotubes were deposited

through the template pores in an aqueous solution of
0.25 M pyrrole monomer and 0.09 mg/mL SWNT-PABS
dopant. The electrolyte solution was deaerated with
99.999% nitrogen prior to the electropolymerization proc-
ess. The electropolymerization was conducted in a three-
electrode electrochemical cell with sputter coated alumina

template as working electrode. Ag/AgCl and a platinum
coated titanium plate were used as reference electrode and
auxiliary electrode, respectively. The PPy/SWNT-PABS
nanotubes were deposited by galvanostatically at 3 mA
cm�2. After deposition, the alumina template working
electrode was rinsed thoroughly with water and soaked in
1 M aqueous NaOH for 6 hours in order to selectively
dissolve the alumina template. After rising with water, the
free-standing PPy/SWNT-PABS nanotubes were produced.

3. Results and Discussion

Figure 2 shows the cyclic voltammetry (CV) growth of PPy/
SWNT-PABS and PPy/Cl films on a gold electrode. Since
the SWNT-PABS were the only species in solution other
than pyrrole in the formation of PPy/SWNT-PABS film, this
implied that the SWNT-PABS acted both as electrolyte and
dopant as indicated by an increase in current with electrol-
ysis time and by the formation of a black coating. Further-
more, an increase in SWNT-PABS concentration in the
electrolyte medium accelerated the growth of the polymer
coating, demonstrating that SWNT-PABS indeed partici-
pated in the electrochemical polymerization. No coating
was observed during electrochemical polymerization of
SWNT-PABS in the absence of pyrrole. This is additional
evidence that SWNT-PABS acted as a dopant in the
electropolymerization process. A comparison of the CVs
of the PPy/SWNT-PABS and PPy/Cl film formation reveals
that the currents attained in the case of PPy/Cl are much
higher due the much easier entrapment of the smaller Cl�

anion compared to the much more bulkier SWNT-PABS
species.
Figure 3 shows the cyclic voltammogram (CV) character-

ization of the PPy/Cl and PPy/SWNT-PABS films in 0.5 M
NaCl. There are fundamental differences in the two CVs.
First, the output current of the PPy/SWNT-PABS film is five
times that of the PPy/Cl film. This implies that the
capacitance of the former is about five times that of the
latter film. This phenomenon has also been observed by
other workers [15, 16]. Secondly, the peak potential of the
PPy/SWNT-PABS film is about 200 mVmore negative than
that of PPy/Cl film confirming the anionic dopant role of
SWNT-PABS [6]. The third difference is that the PPy/
SWNT-PABS film is electrochemically active in much a
wider potential window than PPy/Cl film. The window in
which PPy/SWNT-PABS is active ranges from �0.6 V
compared to�0.4 V for PPy/Cl indicating that the presence
of SWNTs in PPy promotes the electron transfer of the
redox processes and lessens the electrokinetic polarization
[6]. The above observations indicate that PPy/SWNT-PABS
has obviously different electronic properties compared to
PPy/Cl films or other PPy films containing small anionic and
insulating dopants. The above results demonstrate two
points, first, SWNT-PABS works as the anionic dopant in
PPy instead of a simple nanofiller, [6] second, the sharp peak
and the peak potential shift is attributed to the unique
properties of doped SWNT-PABS. The peak potential
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located in the negative range also makes the composite film
an ideal material in sensor application.
The surfacemorphology of the films was characterized by

scanning electron microscopy (SEM) and atomic force
microscopy (AFM). As shown in Figure 4, the surface
morphology of PPy/SWNT-PABS film was significantly
different from that of PPy/Cl film. The surface of PPy/Cl
films shows typical granular morphology and it is appears
less smooth compared to the PPy/SWNT-PABS film which
exhibits fibrillar morphology. The granules in PPy/Cl film
range from1micron to almost 3microns. ThePPy coating on
the SWNT-PABS is very evident and this results into

polymer coating of 150 nm in thickness. The diameter of
the PPy/SWNT-PABS fibrils is significantly larger than that
of the SWNT-PABS alone. This is indicative of good
interaction between the SWNT-PABS dopants and pyrrole
monomer because the SWNT-PABS acted both as a dopant
and also provided a large surface area for the polymer-
ization process to take place. The randomly oriented fibrils
were consistently coated with polymer films. This porous
morphology allows for excellent electrolyte access with less
resistance. The high conductivity of SWNT doped in the
composite film increases the electrical properties of the
redox processes and also provides a large surface area
available for PPy intercalation. Figure 5 showsAFM images
of PPy/Cl and PPy/SWNT-PABS. The different morpholo-
gies in the two films observed in SEMwere also observed by
AFM. For example, the surface of PPy/Cl shows typical
granular morphology and it is appears less smooth com-
pared to the PPy/SWNT-PABS film which exhibits fibrillar
morphology.
The current – voltage (I –V) characteristics of PPy/Cl and

PPy/SWNT-PABS films are significantly different (Fig. 6).
The I –V curve of PPy/Cl has the characteristic “S” shape
that depicts its semiconducting character [17, 18]. On the
other hand, the I –V curve of PPy/SWNT-PABS follows
OhmPs low reflecting its metallic character due to enhance-
ment of electron flow by the entrapped SWNT-PABSwhich
may also serve as conducting bridges between different PPy
domains.
Figure 7 shows the plot of resistance vs. the gate potential

(VG) of PPy/Cl and PPy/SWNT-PABS composite films in
0.1 M NaCl solution using liquid ion gated field effect
transistor configuration. In general, there is a decrease in the
resistance of the film as VG is changed from negative to
positive potentials reaching a minimum at about 1.6 V. The
decrease in the resistance of the films as VG is scanned as

Fig. 2. Cyclic voltammograms of the film growth of PPy/SWNT-PABS and PPy/Cl. Electrolyte: 0.25 M aqueous pyrrole containing
0.09 mg/mL SWNT-PABS. Scan rate: 50 mV/s, 50 cycles.

Fig. 3. Cyclic voltammograms for the comparison of PPy/SWNT-
PABS composite film and PPy/Cl� film prepared under same
conditions. Scan rate 50 mV/s, electrolyte 0.5 M NaCl.

1050 A. K. Wanekaya et al.

Electroanalysis 18, 2006, No. 11, 1047 – 1054 www.electroanalysis.wiley-vch.de E 2006 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim

www.electroanalysis.wiley-vch.de


described above is consistent with what other workers have
with PPy films [19] and other pyrrole derivative-based
polymer films [20]. After 1.6 V there is a sharp increase in
resistance of PPy/Cl film from about 2 kW to about 10 MW

which is almost four orders of magnitude. The sudden
increase in resistance suggests that the PPy/Cl film was
degraded resulting in the massive loss conducting capability
within the polymermatrix. The resistance of the PPy/Cl film
leveled off after potentials of more than 1.6 V. The
degradation is induced by anodic polarization and is
described in the literature as overoxidation.
On the other hand, the resistance values in the case of the

PPy/SWNT-PABS film were more or less constant till after
potentials of more than 2.5 V. A gradual increase of
resistance with increase of potentials to more positive
values was observed. These observations are consistent
with the overoxidation process of the polymer. Unlike the
PPy/Cl film, the PPy/SWNT-PABS film is overoxidized at
more positive potentials than 1.6 Vand this could be due to
the possibility that the presence of the SWNT-PABS
discourages the anodic polarization process which resulted
in the degradation and overoxidation of the PPy/Cl to
occur much sooner. This observation implies that PPy/
SWNT-PABS can be utilized at much more positive
potentials than PPy/Cl.
It has been suggested that overoxidation interrupts

conjugation by formation of hydroxyl and carbonyl species
and, eventual loss of material through formation of CO2.
These electrical and chemical changes have indeed been

detected by subtractively normalized interfacial Fourier
transform infrared spectroscopy [21] and infrared reflective
absorption spectroscopy [22].
It can also be observed from Figure 7 that the change in

resistance with the variation in VG is much larger in the case
of PPy/Cl than PPy/SWNT-PABS. The resistance change is
about 103 W between 0.3 V and 1.5 V for PPy/Cl. This
phenomenon is well known and documented as the resist-
ance of conducting polymers depend on their electrochem-
ical potential [23]. In fact changes in resistance of>106 have
been routinely found by this procedure [23]. On the other
hand, the change in resistance for PPy/SWNT-PABS is just
one order of magnitude in the same potential window
because the SWNT-PABS dopant is conducting. Therefore,
variation ofVGwould not change the resistance asmuch as it
would in the case of PPy/Cl which has an insulating dopant.
The breakdown voltage (Vb) of the PPy films was

determined by sweeping the potential between the two
gold electrodes from 0 V to 10 V at 200 mV/s in air at
ambient conditions (Fig. 8). The current increased with
increase in potential until it reachedmaximum followed bya
plateau phase and finally a gradual decrease. The PPy/Cl
film attained maximum current at about 1.7 V. The plateau
phase extended up to 2.5 V. Based on these observations it is
evident that there is some form of degradation of the
electrical properties of the PPy/Cl film after 1.7 V. Degra-
dation of electrical properties means a gradual decrease in
conductivity and this is the breakdown voltage of the PPy/Cl
filmwhich is approximately 1.7 V.On the other hand, theVb

Fig. 4. SEM images PPy/SWNT-PABS film (A and B) and PPy/Cl film (C and D).
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of the PPy/SWNT-PABS is about 8.5 V since this is the
potential at which the current is maximum. Since this
process occurred in the dry state, the probable oxidizing
agent that initiated the overoxidation of PPy is oxygen in the
atmosphere to generate carbonyls or CO2 [24]. As men-
tioned earlier, the presence of the SWNT-PABS increases
the electrical strength of the film by serving as “conducting
bridges” connecting the conducting domains of PPy.
Figure 9 shows the SEM images of the PPy/SWNT-PABS

nanotubes synthesized within the 200 nm diameter alumina
pores. The nanotubes are fairly uniform in size and
morphology with the expected diameter of approximately
200 nm from template pores. It is also evident that the PPy/
SWNT-PABS nanotubes are hollow, partially due to surface
soaking phenomena in pores during template-direct elec-
tropolymerization. More interestingly, some undoped
SWNT-PABS were even visible in high-magnification
SEM images as indicated in Figure 9. The easy fabrication
of size-controllable PPy/SWNT-PABS nanotubes shows
great promise for nanodevice applications.
The structure of the synthesized PPy/SWNT-PABS nano-

tubes was also characterized using Raman spectroscopy

(Fig. 10). The spectra of the conducting PPy/SWNT-PABS
show the twomost prominent features typically observed in
theRaman spectra of SWNTs and associated with the radial
breathingmode (175 cm�1) and tangential mode (G-band at
1596 cm�1) of the carbon atoms on the SWNTwalls [25, 26].
The samepeaks are observed in the spectra of SWNT-PABS.
The Raman scattering from pure PPy/Cl gives a peak in the
range of the G-band associated with sp2-hybridized carbon
atoms, however the peak is broad and of very low intensity
(Fig. 10). Importantly, the D-band with a maximum at
1296 cm�1 arising from disordered sp3-hybridized carbon
present as impurities and defects in SWNTs has similar
intensity in both SWNT-PABS and PPy/SWNT-PABS,
which indicates that the electronic structure of the SWNT-
PABS is not perturbed as a result of being incorporated into
PPy.

Fig. 5. AFM images of PPy/SWNT-PABS (A) and PPy/Cl (B).

Fig. 6. I –V characteristics of PPy/Cl (A) and PPy/SWNT-PABS
(B) films. Electrolyte¼ 0.1 M NaCl, scan rate¼ 50 mV/s.
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4. Conclusion

We reported the synthesis and properties of composite
material PPy/SWNT-PABS film/nanotube using water-
soluble single-walled carbon nanotube-poly(m-aminoben-
zene sulfonic acid) copolymer (SWNT-PABS). The water-
soluble SWNT-PABSwere homogeneously dispersed in the
pyrrole solution and acted both as a supporting electrolyte
and adopant in the electropolymerization process. SEMand
AFM results indicated that the doped SWNT-PABS signifi-
cantly changed the morphology of PPy and the composite
film formed porous and crossed network. Field effect
transistor (FET), I –V characteristics, and Vb studies con-
firmed that the incorporation of the SWNT-PABS increased
the electronic performance of PPy/SWNT-PABS film when

Fig. 7. A) Resistance vs. gate voltage of PPy/Cl film in 0.1 M
aqueous NaCl. B) Resistance vs. gate voltage of PPy/SWNT-
PABS film in 0.1 M aqueous NaCl.

Fig. 8. Breakdown voltage of PPy/Cl and PPy/SWNT-PABS
films in air. Scan rate¼ 200 mV/s.

Fig. 9. SEM images of PPy/SWNT-PABS nanotubes. Inset: A
low resolution SEM image of bundle of nanotubes.

Fig. 10. Raman spectra of PPy, PPy/SWNT-PABS, and SWNT-
PABS nanotubes.
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compared toPPy film. Finally, PPy/SWNT-PABSnanotubes
were synthesized and these new one-dimensional conduct-
ing polymer-SWNT-PABS nanotube composite materials
are well suited for biological research, sensor applications
and other molecular electronic devices as a result of the
enhanced electron flow and grafted nature
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