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Abstract

We successfully electrochemically polymerized functional polypyrrole (PPy) nanotubes via a self-assembly process in the presence of methyl
orange (MO). The influence of polymerization conditions, such as working electrodes and electrochemical polymerization time, on the tubular
morphology was discussed. A fibrillar precipitate of MO formed via electric flocculation on the electrode in a neutral aqueous solution prior to
the polymerization of pyrrole and acted as a template for the subsequent growth of PPy nanotube. The importance of the MO aggregation in the
forming process of PPy nanotubes was revealed by the observation that no tubular structure of PPy formed in dilute MO aqueous solution. The
PPyeMO nanotubes obtained showed a high conductivity and an ability to alter photochemically the electrical behavior. In addition, as-prepared
PPy tubes could be converted to the corresponding carbonized tubes when they were subjected to thermal treatment under an inert atmosphere.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In the recent past, major advances have been made in the
synthesis and characterization of versatile nanostructural
materials. These materials continuously attract considerable
interest due to their unusual properties and promising potential
applications in optics, electronics, and biodiagnostics [1,2].
For such practical uses, conductive polymers with nanostruc-
ture, such as nanotubes or nanofibers, may be one of the
most notable candidates. Conductive polymers have been
extensively explored during the last several decades because
of their excellent chemical and physical properties originating
from their unique p-conjugated system and switchable
conductivity between insulator and metal [3]. In particular,
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polypyrrole (PPy) has attracted wide attention owing to its
good conductivity, redox properties, environmental stability
and hitherto a large variety of applications [4]. In addition,
PPy can be readily prepared as a film or powder by both
electrochemical and chemical approaches in various organic
solvents and in aqueous solution.

Conductive polymer nanotubes and nanowires with
diameters less than 100 nm can be normally made by hard-
template-guided synthesis within the channels, holes, cavities
or related nanosized structural units of a template [2a,5]. In
this case, post-synthetic treatment is needed to remove the
template from the final product in order to recover the nano-
structured conductive polymers. Adding structural directing
molecules such as surfactants, organic dopants with surfactant
functionalities or polyelectrolytes to the chemical polymeriza-
tion bath is another way to obtain conductive polymer nano-
structures [6,7]. Compared with the hard-template-guided
synthesis, this soft-template-guided synthesis is simple and
cheap, because the cumbersome procedure of fabricating and
removing hard templates is not required.
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Like chemical polymerization, electrochemical synthesis
is also a very frequently used technique for obtaining conduc-
tive polymers. Many aspects of electrochemical synthesis of
conducting polymer nanostructures have been reviewed re-
cently [8]. Most of the works in the field have been done using
template- or molecular template-assisted electrosynthesis.

In our previous study, we have reported a new chemical
approach, in which a fibrillar complex of anionic azo dye
MO (methyl orange, sodium 4-[40-(dimethyl-amino)-phenyl-
diazo]phenylsulfonate, (CH3)2NC6H4N]NC6H4SO3Na) and
oxidant FeCl3 was used as a reactive self-degradable seed tem-
plate directing the growth of PPy on its surface and promoting
the assembly into hollow nanotubular structures [9]. Herein,
we further developed the direct electrochemical synthesis of
PPy nanotubes on a variety of electrodes in the presence of
MO via a self-assembly process. The influence of polymeriza-
tion conditions, such as working electrodes and electrochemi-
cal polymerization time, on the tubular morphology was
systematically investigated. The chemical structures of the ob-
tained nanotubes were characterized by Raman, FT-IR and
UVevis. The photoelectrochemical conversional behavior,
room-temperature conductivity and thermal stability of the
PPyeMO nanotubes were studied by cyclic voltammetry, con-
ductance measurement and TGA. The formation mechanism
of the nanotubes was discussed in detail. In addition, carbon
nanotubes were fabricated by thermally treating the polymer
nanotubes in an inert atmosphere.

2. Experimental section

The pyrrole (Aldrich) monomer was distilled under reduced
pressure. Methyl orange (Tianjing Chemical Company, China)
was used as received.

Electrochemical polymerizations and cyclic voltammetric
measurements were performed in a one-compartment cell
with three electrodes at room temperature by using EG&G
Model 273 Potentiostat/Galvanostat under the control of
a computer. In electrochemical polymerizations, three differ-
ent plates, i.e. stainless steel, gold and ITO (indium doped
tin oxide), were used as the working electrodes. Stainless steel
plate was used as a counter electrode and an Ag/AgCl (1 M
KCl) electrode was used as the reference electrode. A typical
synthesis of the nanotubes was as follows: 105 mL (1.5 mM)
pyrrole monomer and 0.0758 g KNO3 (0.75 mM) (as support-
ing electrolyte dielectrics) were dissolved in 30 mL of 5 mM
methyl orange solution in the cell with stirring. Then constant
current density of 1 mA/cm2 was applied between the working
and the counter electrodes. Consequently, a black film of
PPyeMO was coated on the working electrode. The obtained
film was washed with deionized water/acetone several times
and dried under a vacuum atmosphere for 24 h.

In the carbonization procedure, as-prepared PPyeMO films
were peeled off from the electrodes and ground to powders.
The collected powders were placed in a quartz tube, and
heated to 1000 �C at a heating rate of 10 �C min�1 under Ar
gas flow (0.2 L min�1). After 3 h of carbonization, the quartz
tube was naturally cooled to room temperature.

The morphologies were measured by scanning electron mi-
croscopy (SEM, JSM-6300, Kevex-Sigma) and transmission
electron microscopy (TEM, JEM-200CX). The conductivities
were measured by using the standard four-probe method at
room temperature. The molecular structure of PPyeMO was
characterized by Bruker Vector-22 FT-IR spectrometer and
labRAM HR800 (France, Jobin Yvon) Raman spectrometer
(excitation wavelength: 532 nm). UVevis absorption spectra
of PPyeMO in m-cresol solution were recorded on a UV-
240 spectrometer (Shimadzu, Japan). Raman spectra were
recorded with a labRAM HR800 (France, Jobin Yvon) using
532 nm laser as the excitation source. An SDT 2960 thermog-
ravimetric analyzer was used to investigate the thermal stabil-
ity of the PPyeMO with air as pure gas at a flow rate of
50 mL min�1. The heating rate was 10 �C min�1.

3. Result and discussion

3.1. Morphologies observation and analysis

Figs. 1 and 2 show the SEM micrographs of PPy grains and
PPy tubules electrochemically synthesized on stainless steel
working electrode without and with the addition of MO. The
TEM image (Fig. 2A, inset, right) and the electron diffraction
patterns (Fig. 2A, inset, left) illustrated that in the initial stages
Fig. 1. (A) SEM images of PPy electrochemically synthesized for 30 min (stainless steel electrode, KNO3); (B) magnified image of (A).
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Fig. 2. SEM images of PPy electrochemically synthesized for different times on stainless steel electrode in the presence of MO (5 mM) and KNO3. (A) 5 min; (B)

20 min; (C) 30 min. (a)e(c) are the magnified images corresponding to (A)e(C), respectively. Insets in (A): right, TEM image of (A); left, electron diffraction

image of (A).
of polymerization, the products resulted in the presence of MO
are amorphous hollow tubular structure with an inner and
outer diameters of 100 and 140 nm, respectively. The self-
assembly process of PPy nanotubes doped with naphthaline
sulfonic acid (NAS) had been investigated by Wan et al.,
and the formation mechanism of the tubular morphology
was attributed to the surfactant dopant, which also acts as
a template [7]. However, in the case of MO, it is not a surfac-
tant molecule since it lacks surfactant properties such as effec-
tive lowering of the surface tension and a well-defined critical
micelle concentration [10]. Nevertheless, in aqueous solution
at 25 �C, MO could dimerize at concentration of 1 mM and
form higher oligomers between concentration of 5 and
10 mM [11]. But there is no aggregation in dilute MO aqueous
solution. Moreover, MO may form vesicles in combination
with an oppositely charged substance [12]. It was found from
experimental results that under the concentration of 0.1 mM
of MO, formed PPy samples did not give the morphology of
nanotubes (results not shown here). Further investigation
indicated that, when the concentration of MO was increased
to 5 mM, PPy nanotubes appeared on the working electrode
surface in initial polymerization time (Fig. 2A and a).

According to previous study, when MO aqueous solution
with a concentration of 5 mM was adjusted to acidity, a floccu-
lent precipitate appeared immediately since Hþ promotes the
formation of intramolecular salts [13]. In the process of elec-
trochemical polymerization, because of the electrolysis of
water and Hþ formed near the surface of the working electrode
(anode), it is possible that MO aggregations flocculated around
the electrode. In the case of stainless steel electrode, the
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Fig. 3. Electric flocculation process of MO: (a) the initial aqueous solution of MO; the electric current was lasted for (b) 3 min; (c) 10 min (inset: TEM image of the

precipitate formed in (c); (d) 10 min after the electric current was cut off. Other conditions: the concentrations of MO and KNO3 were 5 and 0.75 mM, respectively;

stainless steel plates were used as both the working electrode and the counter electrode, and an Ag/AgCl (1 M KCl) electrode was used as the reference electrode.
positive charged Fe2þ and Fe(OH)2 were also dissolved from
working electrode and these species could as well act as the
flocculant [9], which suppressed the electrostatic repulsions
between MO aggregations, then destabilized the charged par-
ticles and built an amorphous precipitate (Fig. 3). Fortunately,
the precipitate had a fibrillar nanostructure (Fig. 3c, inset) and
could be redissolved in the neutral aqueous solution in a short
time (Fig. 3d). These two features made the precipitate an ex-
cellent template for constructing tubular nanostructures [14].
Pyrrole monomers were polymerized preferentially just about
on the surface of the fibrillar seed species because the sulfonic
groups in MO molecules played a role of active sites for the
growth of PPy [15]. It is such species that directed the forma-
tion of PPy nanotubular structures.
With the increase of time, the diameter and length of tu-
bules were basically steady, but their surfaces were getting
rough (see Fig. 2B and 2b). About 30 min later, grains covered
all the outer surface of tubules (as shown in Fig. 2C and 2c),
which could be explained by the absence of the aggregation of
MO for PPy covered stainless steel working electrode. In the
electrochemical polymerization, the optimal polymerization
time to get smooth PPyeMO tubules was limited to 10 min.

For our studied system, no template was treated in advance
on stainless steel electrode. Thus, the polymerization should
belong to the electrochemical templateless polymerization.
However, MO self-assembled aggregation formed in the
reaction process can themselves act as templates of nano-
dimensions, and direct the electrochemical polymerization of
Fig. 4. SEM images of PPy electrochemically synthesized for different times in the presence of MO (5 mM) and KNO3. (a) 5 min on Au electrode; (b) 30 min on

Au electrode; (c) 5 min on ITO electrode; (d) 30 min on ITO electrode.
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pyrrole to proceed in a template-like manner. In other words,
the stainless steel electrode surface is actually specifically
modified with the fibrillar MO self-assembled aggregation
when a potential was put on the electrode. So our system could
be ascribed to molecular template-assisted one as well.

In electrochemical polymerization, the kind and surface
character of electrode applied have an important effect on
the actualizing of reaction. In order to study the influence of
the electrodes on the tubular morphology of PPyeMO, the
gold electrode and ITO electrode were applied as the working
electrodes, respectively. It was found that the morphologies of
PPyeMO resulted from gold and ITO electrode surfaces
(Fig. 4) were obviously different from that obtained from
the stainless steel electrode surface. Both tubular and granular
PPys were formed on gold electrode and ITO electrode, and
the quality of PPy tubes was correspondingly poor.

Such phenomena may be related to the aggregation degree
of MO self-assembly on gold or ITO electrode. For both the
electrodes, there was only Hþ formed near the anode, and
thus much less flocculations of MO appeared on the surface
of the inert electrodes under the electric field, compared to
stainless steel electrode, around which positive charged Fe2þ

and Fe(OH)2 as well as Hþ existed. The weaker the floccul-
ability of MO on the electrode surface, the more difficult the
formation of PPy nanotubes. Hence, less tubular structures
of PPy were obtained on gold or ITO electrode and the quality
of formed tubes was also somewhat poor.

3.2. Structural characterization and properties

Raman spectra of PPyeMO tubules and PPy grains electro-
chemically synthesized on the surface of the stainless steel are
shown in Fig. 5. The broader Raman peaks of PPy appearing
in the ranges 1000e1150 and 1300e1410 cm�1 were assigned
to CeH in-plane deformation and ring stretching, respectively.
The peak at 1600 cm�1 was assigned to C]C backbone

Fig. 5. Raman spectra of MO (1) and PPy electrochemically synthesized for

different times in the presence of MO: (2) 10 min; (3) 20 min; (4) 30 min;

(5) Raman spectrum of PPy electrochemically synthesized without MO.
stretching of PPy [16]. The characteristic peaks of MO also
appeared in the Raman spectra [17], revealing the presence
of MO in PPy tubules.

The UVevis absorption of PPy separately doped with
methyl orange (Fig. 6a) and KNO3 (Fig. 6b) was also studied.
Besides the characteristic bands of PPy such as the pep*
absorption at about 400 nm and the bipolaronic absorption at
about 560 nm [18], an absorption peak at 430 nm, attributed
to the nep* transition of the trans-azobenzene units [19],
also appeared in the UVevis spectrum of the PPyeMO.
This result confirmed again the presence of the dopant methyl
orange. In order to investigate the photoelectrochemical con-
version, cyclic voltammograms of the PPyeMO film were
measured upon UV irradiation (l¼ 365 nm, after the first cy-
cle) (see Fig. 7). Without UV radiation, no peaks were

Fig. 6. UVevis spectra of PPy in m-cresol solution, synthesized (a) in the

presence of MO as the dopant; (b) in the absence of MO as the dopant.

Fig. 7. Cyclic voltammograms of MO-doped PPy film in 0.025 mol/L KNO3

solution upon UV irradiation (l¼ 365 nm, after the first cycle). Inset: cyclic

voltammograms of MO-doped PPy film in 0.025 mol/L KNO3 solution

without UV irradiation. Scan rate: 20 mV/s.
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presented at �0.3 and 0.1 V (Fig. 7, inset), due to the fact that
all azobenzene units were in the trans-state [20]. Once the film
was irradiated, the trans-azobenzene units were isomerized to
the cis-state ones, and two peaks were obtained from the re-
duction of cis-state to the hydrazobenzene derivative
(HABD, eNHeNHe) at about �0.3 V followed by the oxida-
tion of the HABD at about 0.1 V [20]. With the increase of
UV-irradiating time, the peak intensities showed an increase.
All these cyclic voltammetric behaviors of the PPyeMO
film just agreed with previous reports on the photoelectro-
chemical conversion of azo compounds [20].

The thermogravimetric analysis indicated that the decompo-
sition temperature of the PPyeMO tubules was only a little
higher (about 10 �C) than that of the granules (272 �C) formed
from PPyeKNO3 (Fig. 8). This result could be interpreted by
the amorphous structures of these tubules displayed by both
TEM electron diffraction patterns (Fig. 2A, inset, left) and
XRD data (not shown here). Furthermore, the amorphous

Fig. 8. TGA spectra of PPy electrochemically synthesized (a) in the presence

of MO; (b) in the absence of MO.
structures of PPyeMO tubules suggested that no remarkable im-
provement on spatial order of polypyrrole arose and methyl or-
ange acted as both a template via self-assembly and a dopant.

At room temperature, the conductivity of the PPyeMO
tubule film synthesized by electrochemical polymerization
was 76 S/cm. This value was higher than that of grain film
(8.2 S/cm) doped only with KNO3 at the same polymerization
conditions. From the EDS data, it was found that the degree of
doping of the tubule film, [MO]/[Py] ratio (denoted by the
ratio 4[S]/([C]� 14[S])¼ 0.47), was higher than that of the
grain film, [KNO3]/[Py] ratio (denoted by the ratio ([N]�
[C]/4)/([C]/4)¼ 0.35). Because there was no remarkable en-
hancement on spatial order of polypyrrole by introducing
MO, such a high degree of doping should contribute to the
improvement of the conductivity.

3.3. Carbonization of the products

We ground the PPyeMO tubule film to powder, and sub-
jected it to thermal treatment at 1000 �C for 3 h to convert the
PPy tubes into corresponding carbon nanotubes. It was earlier
reported by Jang and Oh that PPy could be carbonized thermally
in an inert atmosphere at elevated temperatures [21]. Fig. 9a
shows TEM micrographs of the carbon nanotubes thus obtained.
The wall thickness of the carbon nanotube is about 15 nm, which
is thinner than that (20 nm) of the original PPy nanotubes. Such
a reduction in wall thickness after carbonization appears to be
general, which can be ascribed to the formation of more compact
structures accompanied by dehydrogenation, denitrogenation
and aromatization [22]. According to EDS analysis, the
PPy nanotubes carbonized at 1000 �C were composed of C
(86.87%), N (3.86%), O (7.74%), S (1.29%) and Cl (0.24%).
In the carbonization process of a doped PPy, the loss of nitrogen
occurs between 400 and 600 �C, and polycondensed graphitic
species are generated [22]. The carbon nanotubes had an average
length of ca. micrometers with a broad distribution. The diminu-
tion in the length mainly arose from the fracture during the
experimental procedure.
Fig. 9. (a) TEM image of carbon nanotubes obtained from PPyeMO nanotubes after heating for 3 h at 1000 �C. (b) Raman spectrum of as-prepared carbon

nanotubes.
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Fig. 9b represents the Raman spectra of the carbonized PPy
nanotubes. The band at 1584 cm�1 (G band) is assigned to the
E2g vibration of graphitic carbon with an sp2 electronic configu-
ration. On the other hand, the peak at 1356 cm�1 (D band) is at-
tributable to the A1g mode of diamond-like carbon with an sp3

configuration. The relative intensity (ID/IG) is 0.78, indicating
a semicrystalline carbon structure containing some lattice edges
or phase defects within the analyzed carbon nanotube [23].

4. Conclusions

We successfully synthesized polypyrrole nanotubes on
stainless steel electrode by the direct electrochemical approach
in the presence of MO via a self-assembly process. The fibril-
lar template of MO was formed by electric flocculation on the
electrode in a neutral aqueous solution and could be facilely
redissolved in a short time when the electric current was cut
off. These features made it an outstanding candidate to be
used to construct nanotubular structures and remarkably en-
larged its practicability. What is more, the azo dye MO also
played the dual functions of the dopant and photoelectrochem-
ical conversional substance. The PPyeMO nanotubes obtained
showed a high conductivity and an ability to alter the electrical
behavior photochemically. By combining the capability of
photoelectrochemical conversion of methyl orange and the
conductivity of the polypyrrole medium, the resulting new
functional material is of potential application for the high-
density reversible photoelectrical information storage media,
optical switching, electro-optic modulation and so on. They
also could be converted into carbonized products by thermally
treating them in an inert atmosphere.
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