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ABSTRACT: A new type of carbon nanotube (CNT) (diameter of ,100 nm) coated by
conducting polypyrrole (PPY) was synthesized by in situ polymerization on CNTs. The
structure of the resulting complex nanotubes (CNT-PPY) was characterized by elemen-
tal analysis, X-ray photoelectron spectroscopy, Raman spectra, and X-ray diffraction.
These indicated no significant chemical interaction between PPY and the CNT. The
electrical, magnetic, and thermal properties of the complex nanotubes were measured
and showed the physical properties of the CNTs were modified by conducting PPY.
© 1999 John Wiley & Sons, Inc. J Appl Polym Sci 74: 2605–2610, 1999
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INTRODUCTION

Since the discovery1 and bulk synthesis2 of carbon
nanotubes (CNTs), great interest has been stim-
ulated for their potential applications in
nanoscale devices and materials,3,4 field emis-
sion,5 and scanning probe microscopy.6 Various
approaches have been developed for opening
up7–9 the CNT ends and encapsulating mate-
rial7,9,10 to form a nanocomposite, which might be
used in catalyst, separation, and storage technol-
ogy and in the development of materials with new
magnetic and electrical properties.11

On the other hand, conductive polymer micro-
tubes have attracted much attention because of
their applications in drug delivery systems,12,13

microwave components after coating with metal,
and electronic and electrooptical devices.14 In

general, the “template synthesis” method, which
involves using pores in a microporous membrane
as a template for microtube formation, is an ef-
fective method to synthesize tubular conducting
polymers. The template synthesized method pro-
posed by Georger et al.15 was successfully applied
in the synthesis of polyacetylene,16 poly(3-meth-
ylthiophene),17 polypyrrole (PPY)18 and polyani-
line19 tubes. Recently, a simple method of in situ
doping polymerization in the presence of b-naph-
thalene sulfonic acid as the dopant was proposed
by Wan et al.20 to synthesize tubular polyani-
line21 and PPY.22 Compared to the template syn-
thesis method, in situ doping polymerization is
much simpler without the microporous mem-
brane as the template or even a “molecular an-
chor” to bind the polymer to the wall of the mi-
croporous membrane. Moreover, among the con-
ducting polymers, conducting PPY as a typical
conducting polymer has important commercial
application because of its high conductivity, easy
synthesis, and long-term stability in air. There-
fore, we expected it to be very interesting to mod-
ify CNTs by coating the conducting PPY to form
complex CNTs.
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In this article, a new type of CNT was coated by
conducting PPY and was synthesized by in situ
polymerization of pyrrole on CNTs. The structure
of the resulting complex nanotubes (CNT-PPY)
was characterized and their electrical, magnetic,
and thermal properties were discussed.

EXPERIMENTAL

Pyrrole monomer was distilled under reduced
pressure. Ammonium persulfate (oxidant), hydro-
chloric acid, and other organic solvents were used
as received without further treatment. The CNTs
were synthesized using thermal deposition of hy-
drocarbons.4

CNT-PPY nanotubes were synthesized by in
situ polymerization of pyrrole on CNTs. A typical
synthesis routine is as follows: 150 mL of 0.1M
HCl solution containing CNTs (0.2 g) was soni-
cated at room temperature for about 0.5 h to
disperse the CNTs. Pyrrole monomer (0.67 g) in
100 mL of HCl (0.1M) solution was added to the
above CNT suspension solution. A 50 mL HCl
(0.1M) solution containing (NH4)2S2O8 (0.82 g)
was slowly added dropwise into the suspension
solution with constant sonication at a reaction
temperature of 0–5°C. The reaction mixture was
sonicated for an additional 4 h at 0–5°C, after
which the CNT-PPY powder formed was filtered
and rinsed with distilled water and methanol un-
til the filtrate was colorless. The obtained black
powder was dried under a vacuum at room tem-
perature for 24 h.

We found that a stable suspension of well-sep-
arated CNTs is a key factor to preparing uniform
CNT-PPY nanotubes. Therefore, the reaction was
carried out with constant sonication throughout
the whole polymerization process and a very di-
lute reaction solution was used. In this way uni-
form images of the CNT-PPY nanotubes were ob-
tained by scanning electron microscopy (SEM) as
shown in Figure 1(a). The tubular morphology of
CNT-PPY with a diameter of 0.1 mm was con-
firmed by a high-resolution transmission electron
microscope (TEM) as shown in Figure 2. From
Figure 1(b) one can see that the pure PPY syn-
thesized without CNTs shows a typical granular
morphology, which is consistent with previous ob-
servations.23 Compared to the pure CNTs, the
CNT-PPY nanotubes are very thick (80–100 nm
diameter) and their external surface is not
smooth.

The elemental analysis was performed by the
Analytical Laboratory in our institute (Heraeus,

Figure 1 SEM images of (a) CNT-PPY and (b) PPY
nanotubes.

Figure 2 TEM images of CNT-PPY nanotubes.
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CHN-Rapid). SEM images were examined by an
S-4200. The high-resolution TEM imaging was
performed with a JEM-200CX. The Raman spec-
tra were carried out on a Renishaw 1000 spec-
trometer. The X-ray diffraction was measured by
an MP18HF (Mac Science, Japan). The room-tem-
perature conductivities of pressed pellets were
measured by the conventional four-probe method
using an Advantest R6142 programmable DC
voltage/current generator and a Keithley 196 sys-
tem DMM. The temperature dependence of the
conductivity was measured at temperatures be-
tween 50 and 300 K by the four-probe method. A
Keithley 2002 multimeter was used to measure
the voltage. The temperature was controlled by a
Lakeshore DRC-91CA temperature controller.
Electron spin resonance (ESR) measurements
were carried out on a Bruker ER-200D. Thermal
gravimetric analyses (TGA) were conducted on a
Perkin–Elmer TGA-7 under a nitrogen atmo-
sphere with a heating rate of 10°C/min. The mag-
netization with the applied magnetic field at 1.5 K
was measured using an extracting sample mag-
netometer (Neel Laboratory CF-1).

RESULTS AND DISCUSSION

Structural Characterization

The structure of the resulting CNT-PPY nano-
tubes was characterized by elemental analysis,
X-ray photoelectron spectroscopy (XPS), and Ra-
man spectra, as well as X-Ray diffraction. Ele-
mental analysis data show that the composition

of the PPY and CNT in the CNT-PPY nanotubes
is about 1 : 1 (wt %): C 56.49, H 3.28, and N 15.88
for PPY; C 99.42 for CNT; and C 78.36, H 1.56,
and N 7.20 for CNT-PPY.

Typical Raman spectra for PPY, CNT, and
CNT-PPY were measured by using an Ar laser at
541.5 nm as the laser source (Fig. 3). The typical
peak of pure CNTs at 1581 cm21 comes from the
E2g mode.24 It has also been theoretically deduced
that a single-cylinder nanotube should show an
E2g mode at 1601 cm21.25 The band at 1350 cm21

appears only in slightly disordered graphite.26 On
the other hand, the Raman spectrum of pure PPY
shows a broad band at 1300–1600 cm21 in the
CAC stretching vibration range, which is similar
to the report by Cheung et al.27 However, no new
bands were observed from the Raman spectrum of
CNT-PPY nanotubes except the characteristic
peaks of CNT and PPY. This indicates that there
are no new chemical bands formed in CNT-PPY
nanotubes between the CNT and PPY.

The X-ray scattering pattern for CNT, PPY,
and CNT-PPY are shown in Figure 4. The broad
band for PPY centered at 2u 5 25° is assigned to
pyrrole interchain spacings, which is in accor-
dance with a previous report.28 The pure CNT has
characteristic peaks at 3.42, 2.13, and 1.70 Å in
good agreement with a previous report.29 For
CNT-PPY nanotubes the X-ray diffraction shows
the characteristic broad peak of PPY and the
strong peaks of CNT. However, no new peaks
appear.

The XPS analyses of PPY, CNT, and CNT-PPY
nanotubes are given in Table I. The N1s spectrum
of PPY shows two peaks at a binding energy of

Figure 3 Raman spectra of (a) PPY, (b) CNT, and (c)
CNT-PPY nanotubes.

Figure 4 X-ray diffraction of (a) PPY, (b) CNT, and
(c) CNT-PPY nanotubes.
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about 399.5 eV, which is characteristic of the pyr-
rolium nitrogens (ONH structure), and a high
binding energy tail (center at 402.05 eV) attrib-
utable to the positively charged nitrogen
(ON1HO structure).30 The N1s spectrum of
CNT-PPY is at the same position, meaning that
the chemical environment of the N element in
pure PPY and CNT-PPY is almost identical. Sim-
ilarly, the C1s core-level spectra for pure PPY and
CNT-PPY are also in good agreement. According
to the discussions above, this suggests that no
chemical reaction between CNT and PPY takes
place and the CNTs just function as a template
for the polymerization of conducting PPY.

Electrical Properties

The room-temperature conductivity of PPY syn-
thesized by the chemical method is about 3.0 S/cm
lower than that by the electrochemical method
(sRT in the range of 20–100 S/cm)31 but is higher
than that by the chemical method using FeCl3 as
the oxidant (sRT 5 0.07 S/cm).11 The room-tem-
perature conductivity of an unaligned CNT pellet
by the four-probe method is 40 S/cm, which is
much lower than that of a single CNT32 due to the
tube–tube contact resistance. The conductivity of
CNT-PPY nanotubes at room temperature is
about 16 S/cm, which is in between CNT and PPY
as given in Table II.

As we know, polarons and bipolarons as charge
carriers can be distinguished by ESR measure-
ments. We found that the purified CNT is almost
ESR silent at room temperature, which is consis-
tent with the previous report.33 However, the
pure PPY shows the ESR signal with a g value of
2.003, indicating the presence of a polaron in
PPY.34 The results from the combination of the
ESR measurement and UV-visible spectra of PPY
indicate that the polaron and bipolaron both serve
as charge carriers in PPY. A strong ESR signal
with a g value of 2.003 in the CNT-PPY nano-
tubes was observed, which means the type of
charge carriers in the CNT-PPY nanotubes is
dominated by PPY. Note that a slight difference
in the line width (DH) of the ESR signal between
pure PPY and CNT-PPY nanotubes was observed.
For instance, the line width of 2.7 G for pure PPY
and 5.0 G for CNT-PPY nanotubes was obtained.
This difference may be due to the difference in
spin–spin and spin–lattice relaxation time be-
tween them.

The conductivity of PPY, CNT, and CNT-PPY
increases with an increase of temperature, which
is a typical characteristic of semiconductor behav-
ior. The 3-dimensional (3-D) variable range hop-
ping (VRH) model provides the best fit to the data
as shown in Figure 5.

According to the 3-D-VRH model,32 the follow-
ing equation can be obtained:

sdc 5 s0exp[2~T0/T!1/4], (1)

where T0 5 8a/( zN(EF)kB), a21 is the localiza-
tion length, N(EF) is the density of states at the

Table I XPS Analysis for CNT, PPY, and CNT-
PPY Nanotubes

Sample PPY CNT CNT-PPY

C1s (eV) 284.53 284.64 284.54
286.91 287.00 287.05
289.43 291.03 289.63

N1s (eV) 399.50 399.52
402.05 402.06

Table II Electrical Properties of CNT, PPY,
and CNT-PPY Nanotubes

Sample
sRT

(S/cm)

Temp.
Dependence of
Conductivity

Deviation
Temp.

(K) T0 (K)

PPY 3 3-D-VRH 52 3.9 3 105

CNT 50 3-D-VRH 110 2.5 3 104

CNT-PPY 16 3-D-VRH 27 1.6 3 105

Figure 5 The temperature dependence of conductiv-
ity for (a) CNT, (b) CNT-PPY nanotubes, and (c) PPY.
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Fermi level, kB is the Boltzmann constant, and z
is the number of nearest neighbor chains. Plotting
ln sdc versus T21/4, the T0 can be obtained from
the slope. The T0 value of the CNTs is calculated
to be 2.5 3 104 K, which is much lower than that
of PPY (3.9 3 105 K), corresponding to the high
room-temperature conductivity of CNTs. The fact
that the T0 value of the CNT-PPY nanotube (1.6
3 105 K) is lower than that of PPY indicates that
the electrical properties of PPY are enhanced af-
ter coating on CNTs. Moreover, Figure 5 shows
that the data do not fit the 3-D-VRH model at a
lower temperature. The deviation temperature
from the VRH model is different for CNT, PPY,
and CNT-PPY nanotubes (Table II).

Magnetic Properties

The magnetizations of CNT, PPY, and CNT-PPY
nanotubes were measured at varied magnetic
fields from 0 to 6.5 3 104 Oe at 1.5 K. The depen-
dence of the static magnetic susceptibility (x) with
the applied magnetic field is shown in Figure 6.
We found that the magnetic susceptibility of the
three samples decreases with an increasing mag-
netic field in the low magnetic field (0–15000 Oe).
However, at a high magnetic field (H . 15,000
Oe) the magnetic susceptibility is independent of
the magnetic field. The positive magnetic suscep-
tibility of PPY is calculated to be 5 3 1026 emu/g,
consistent with a previous report.34 The negative
magnetic susceptibility of CNT is calculated to be
18 3 1026 emu/g, similar to a previous report.35

We found very interesting to find that the mag-
netic susceptibility of CNT-PPY nanotubes is al-

most equal to that of the sum of the CNTs and
PPY. From the elemental analysis (Table II) we
noted that the content of CNT and PPY in the
CNT-PPY nanotubes is about 1 : 1 (w/w). There-
fore, the magnetic measurements and elemental
analysis are in good agreement.

Thermal Stability

TGA is a useful method for testing the thermal
stability of polymers. Figure 7 shows a compari-
son of the mass losses of CNT, PPY, and CNT-
PPY nanotubes upon heating in a nitrogen atmo-
sphere. CNTs are very stable and no decomposi-
tion takes place in the range of 0–800°C. PPY
displays a steady decrease in mass near 10% at
temperatures between 100 and 288°C. However,
a rapid change in mass occurs in the range of
300–800°C, and only a 10% mass is reserved.
Below 100°C the decomposition is due to a small
part of water or dedoping in the sample. CNT-
PPY nanotubes exhibit good stability under nitro-
gen, showing a slight plateau (about 3% mass
loss) from 100 until 300°C, after which the deg-
radation rate increases. Up to 800°C the decom-
position mass is about 54%. Because the trend of
the degradation curve of CNT-PPY nanotubes is
similar to that of PPY, the degradation of the
CNT-PPY nanotubes is mainly controlled by PPY.

CONCLUSIONS

Complex nanotubes of CNTs coated with PPY
were synthesized by in situ polymerization of pyr-

Figure 7 Thermal stability of (a) CNT, (b) PPY, and
(c) CNT-PPY nanotubes under a nitrogen atmosphere.

Figure 6 Magnetic field dependence of the magnetic
susceptibility of (a) CNT, (b) PPY, and (c) CNT-PPY
nanotubes.
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role monomer on CNTs. The structural character-
izations indicated that no chemical reaction be-
tween the CNTs and PPY takes place; the CNTs
only function as a template for polymerization of
PPY. The electrical, magnetic, and thermal prop-
erties of the CNTs were modified by PPY.
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