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ABSTRACT: Conducting polyaniline (PANI)/titanium dioxide
(TiO2) composite nanofibres with an average diameter of
80–100 nm were prepared by one-step in situ polymerization
method in the presence of anatase nano-TiO2 particles, and
were characterized via Fourier-transform infrared spectra,
UV/vis spectra, wide-angle X-ray diffraction, thermogravi-
metric analysis, and transmission electron microscopy, as
well as conductivity and cyclic voltammetry. The formation

mechanism of PANI/TiO2 composite nanofibres was also
discussed. This composite contained� 65% conducting PANI
by mass, with a conductivity of 1.42 S cm�1 at 258C, and the
conductivity of control PANI was 2.4 S cm�1 at 258C. � 2006
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INTRODUCTION

The discovery of conducting polymers has opened up
a new promising field in material science and engi-
neering. Among them, conducting polyaniline (PANI)
is one of the most promising conducting polymers
because of its unique electrical, optical, and optoelec-
trical properties, as well as its ease of preparation and
excellent environmental stability. PANI can be used in
electrochromic devices, light-emitting diodes, electro-
static discharge protection, secondary batteries, etc.1–4

In recent years, one-dimensional PANI nanostruc-
tures, including nanowires, nanorods, and nanotubes,
have been studied with the expectation that such
materials will possess the advantages of both low-
dimensional systems and organic conductors.5–7 Espe-
cially, Zhang et al.8 synthesized bulk quantities of
doped PANI nanofibers in one step by the use of
nanostructured seed templates, without the need for
conventional templates, surfactants, polymers, or or-
ganic solvents. Nowadays, conducting PANI/inor-
ganic nanocomposites have also attracted more and
more attention. The properties of these nanocompo-
sites are quite different from PANI and the corre-
sponding inorganic nanoparticles due to interfacial in-
teractions between inorganic nanoparticles and PANI
macromolecules. And their properties can be easily

adjusted to the desired applications via the variation
of particle size, shape, and the distribution of nanopar-
ticles. Consequently, they have many potential appli-
cations in electrical nanodevices.9–17

Among those inorganic nanoparticles, titanium diox-
ide (TiO2) nanoparticles are appealing because of their
excellent physical and chemical properties, as well as
extensive applications in diverse areas, such as coat-
ings, solar cells, and photocatalysts.18–21 Many papers
on PANI/TiO2 nanocomposites have been published,
but the morphology of most composite is the encapsu-
lation of nano-TiO2 particles inside the shell of con-
ducting PANI. For instance, Feng et al.22 synthesized a
composite of PANI encapsulating nano-TiO2 particles
by in situ emulsion polymerization; Xia et al.23 pre-
pared PANI/nanocrystalline TiO2 composite by ultra-
sonic irradiation; and Schnitzler et al.24 obtained
hybrid materials of nano-TiO2 particles and PANI
based on a sol–gel technique using titanium tetra-iso-
propoxide as oxide precursor. However, Zhang and
coworkers’ work was exceptional. They successfully
synthesized PANI composites nanotubes with an aver-
age diameter of 90–130 nm through a self-assembly
process in the presence of b-naphthalenesulfonic acid
(b-NSA) as a dopant. And they found that PANI-b-
NSA/TiO2 composites were fibrous on condition that
the concentration of nano-TiO2 particles was lower
than 0.08M.25

In this paper, we reported a simple method for the
synthesis of conducting PANI/TiO2 composite nanofi-
bres, which could be easily applied industrially. PANI/
TiO2 composite nanofibres (80–100 nm in diameter)
were prepared by one-step in situ polymerization of
aniline in the presence of anatase nano-TiO2 particles,
and the concentration of nano-TiO2 particles was
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0.125M that was higher than 0.08M. The results of
spectroanalysis illustrated that PANI and nano-TiO2

particles were not simply blended in the composite.
There was an interaction at the interface of PANI and
nano-TiO2 particles. It should be attributed to the
tendency to form coordination compound between ti-
tanium and nitrogen atom in PANI macromolecu-
lar.26 This composite contained � 65% conducting
PANI, and its conductivity was 1.42 S cm�1 at 258C.
It can potentially be used in charge storage and mate-
rials of solar cell because of its photovoltaic and
absorption properties.

EXPERIMENTAL

Materials

Aniline (Shanghai Chemical Works, China) was dis-
tilled under reduced pressure. Nano-TiO2 particles (an-
atase) with an average particle size of � 20 nm (Jiang
Su Hehai Nano-ST Company, China) were used as re-
ceived. Other chemicals were also used as received
without further purification. Water used in this study
was deionized water.

Syntheses of PANI/TiO2 composite nanofibres
and control PANI

PANI/TiO2 composite nanofibres were synthesized
as follows: 1.8 mL aniline was injected into 70 mL of
2M HCl containing 1 g nano-TiO2 particles under ul-
trasonic action to reduce the aggregation of nano-TiO2

particles. After 12 h, 4.5 g (NH4)2S2O8 (dissolved in
20 mL deionized water) were dropped into solution
with constant stirring. The polymerization was allowed
to proceed for 5 h at 258C. The precipitated powder
was filtered under gravity, and washed with 2.0M HCl
and deionized water, afterwards dried in a vacuum at
608C for 24 h to obtain a fine tinted green powder.

Control PANI was prepared as above but without
nano-TiO2, and obtain a fine dark green powder.

Characterization

Fourier-transform infrared spectra (FTIR) of the pow-
der samples were made with a fully computerized
Bruker Vector22 spectrometer using KBr pressed discs.

UV/vis spectra of the samples, which were dis-
persed in deionized water under ultrasonic action,
were recorded on a Perkin–Elmer Lambda35 UV/vis
spectrophotometer.

Measurements of wide-angle X-ray diffraction (WXRD)
were taken on a Shimadzu XD-3A instrument using a
CuKa radiation (l ¼ 0.154 nm).

Thermogravimetric analyses (TGA) were carried
out on a Shimadzu TGA-50 instrument at a heating
rate of 108C min�1 in air.

The observations of the samples morphology were
performed, using a JEM-100S transmission electron
microscope (TEM) and a Hitachi X650 scanning elec-
tron microscope (SEM).

Conductivity measurements were made on com-
pressed pellets of the powder using conventional
four-point probe technique at ambient temperature
(258C).

Cyclic voltammetric studies of PANI and PANI/
TiO2 composite were performed with using a Model
273 polentiostat/golvanostat (EG and Princeton
Applied Research). A one-compartment three-elec-
trode cell was used with a platinum sheet as counter
electrode and a saturated calomel electrode (SCE) as
reference electrode. Electrolyte was 0.5M H2SO4. The
scan speed was 50 mV s�1 and the potential range
was from –200 to 1000 mV. To measure the cyclic vol-
tammetry (CV), PANI or PANI/TiO2 composite nano-
fibres (0.01 g) were suspended in 10 mL of deionized
water and sonificated for 30 min. This suspension of
several drops was carefully transferred to the surface
of working electrode (gold sheet of 0.07 cm2 surface
area embedded in PTFE). After water evaporation (at
room temperature) a uniform film was formed, then
rinsed in ethanol.

RESULTS AND DISCUSSION

Morphology

TEM and SEM of nano-TiO2 particles and PANI/TiO2

composite are given in Figure 1. Figure 1(a) shows
that the size of nano-TiO2 particles was very uniform,
but nano-TiO2 particles were aggregated in aqueous
solution due to their high surface energy. However, a
different appearance was observed for the PANI/TiO2

composite. Nanofibres with an average diameter of
80–100 nm were obtained as shown in Figures 1(b)
and 1(c).

Because the nano-TiO2 particles are electronegative
in aqueous solution, anilinium cations can be adsorbed
on the surface of nano-TiO2 particles by the electro-
static attraction. Therefore, there are three components
in this reaction system before adding (NH4)2S2O8,
which are nano-TiO2, free anilinium cations, and ad-
sorbed anilinium cations on the surface of nano-TiO2

particles. The formation of this composite should be
the result that free aniline cation-radicals and ad-
sorbed aniline cation-radicals on the surface of nano-
TiO2 particles grew together. Nano-TiO2 particles
were confined in the wall of the PANI/TiO2 composite
nanofibres because nano-TiO2 particles were sur-
rounded by anilinium cations during the formation of
the composite nanofibres.

The formation of nanofibres can be explained by
the anisotropy of growth rate. According to the classi-
cal theory of nucleation and growth, nanofibres are
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intrinsically formed in the initial stage of polymeriza-
tion. In the early stages monomers and oxidants were
depleted in the vicinity of the initially formed nanofi-
bres. New reactive aniline cation-radicals and oligomers
did not diffuse quickly enough to those nanofibres re-
sulting in nanofibres surface surrounded by ‘‘depleted

solution’’ (termed ‘‘depletion region’’). However, their
ends extended to the ‘‘less depleted regions.’’27,28 In
these regions, the concentration of the reactive aniline
cation-radicals and oligomers was higher than that in
the ‘‘depleted regions.’’ Consequently, these nanofi-
bres were able to continuously grow and elongate in
one direction.

Fourier-transform infrared spectra

Figure 2 shows the FTIR spectra of PANI, nano-TiO2,
and PANI/TiO2 composite, respectively. The charac-
teristic peaks of PANI were assigned as follows: the
peaks at 1565 and 1476 cm�1 were attributable to
C¼¼N and C¼¼C stretching mode for the quinoid and
benzenoid rings; the peaks at 1291 and 1234 cm�1

were attributed to C��N stretching mode for the ben-
zenoid ring; while the peak at 1117 cm�1, which was
formed during protonation, was assigned to a in-
plane bending vibration of C��H.29 Figure 2(b) indi-
cates that the main characteristic peaks of PANI
appeared in FTIR spectra of PANI/TiO2 composite.
And the presence of nano-TiO2 particles led to the
shift of some peaks in PANI macromolecules or the
changes of relative intensity. In particular, the peaks
at 1476 and 1291 cm�1 shifted to higher wavenum-
bers, corresponding to the stretching mode of C¼¼C
and C��N. In addition, the peak associating with the
doping of PANI also shifted from 1117 to 1133 cm�1.
These obvious changes suggested that an interaction
existed between nano-TiO2 particles and PANI be-
cause titanium is a transition metal and titanic has in-
tense tendency to form coordination compound with
nitrogen atom in PANI macromolecular.26

Figure 1 TEM and SEM of nano-TiO2 and PANI/TiO2

composite TEM of nano-TiO2 (a), TEM of PANI/TiO2 com-
posite (b), and SEM of PANI/TiO2 composite (c).

Figure 2 FTIR spectra of nano-TiO2 (a), PANI/TiO2 com-
posite (b), and PANI (c).
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UV/vis spectra

UV/vis spectra of nano-TiO2, PANI/TiO2 composite,
and PANI are provided in Figure 3.

Figure 3(c) clearly indicates that PANI had three
characteristic peaks, which were at about 358, 459, and
over 1100 nm. The peak at 358 nm arises from electron
transition within the benzenoid segments, while the ab-
sorption peaks at 459 nm and over 1100 nm originates
from the charged cationic species known as polarons.25

From Figure 3(b), it was noted that the characteristic
peaks of nano-TiO2 and PANI all appeared in the UV/
vis spectrum of PANI/TiO2 composite. However,

the peak at over 1100 nm obviously shifted to about
900 nm, and the relative intensity of these peaks was
also changed. These changes should be attributable
to the presence of nano-TiO2. The interaction between
nano-TiO2 and PANI decreases the degree of orbital
overlapping between p electrons of phenyl rings with
the lone pair of nitrogen atom. Consequently, the
extent of conjugation of PANI diminishes,30 as a result
the peaks occurred shift. Figure 3(c) shows that control
PANI had a higher concentration of polaron than
PANI/TiO2 composite. This suggested that the pres-
ence of nano-TiO2 also affected the doping level of
PANI.

Wide-angle X-ray diffraction

Figure 4 gives WXRD patterns of the nano-TiO2, PANI/
TiO2 composite, and PANI. Figure 4(c) suggests that
the doped PANI was partly amorphous and partly
crystalline. A peak, which was about 258 for PANI,
should be assigned to the scattering from the periodic-
ity perpendicular to PANI chains.22,31,32 Although the
PANI/TiO2 composite contained 65% PANI, the peak
of PANI did not show up in the WXRD pattern of
PANI/TiO2 composite, as shown in Figure 4(b). This
indicated that the most of PANI were deposited on the
surface of nano-TiO2 particles and the presence of nano-
TiO2 particles influenced the crystallinity of PANI.
Therefore, the broad weak diffraction peaks of PANI
disappear.

Thermogravimetric analysis

Figure 5 illustrates the thermogravimetric curves
of PANI and PANI/TiO2 composites. Nano-TiO2

Figure 3 UV/vis spectra of nano-TiO2 (a), PANI/TiO2

composite (b), and PANI (c).

Figure 4 WXRD of nano-TiO2 (a), PANI/TiO2 composite
(b), and PANI (c).

Figure 5 Thermogravimetric curves of PANI/TiO2 com-
posite (a) and PANI (b).
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particles were very stable in air and almost no de-
composition took place in the range of 20–8008C.26

Figure 5(b) reveales that the sharp weight loss for
PANI began at nearly 1208C, and continued until at
7008C. This should be due to the thermal degrada-
tion of PANI chains on a large scale. The thermal de-
composition temperature of PANI was � 4208C in
PANI/TiO2 composite, which was lower than that of
control PANI (� 4658C). It was highly likely that the
lower temperature was associated with the effect of
nano-TiO2 particles upon PANI macromolecules.
The coordination between titanium and nitrogen atom
probably weakened the interaction of interchains in
PANI macromolecules, and helped the thermal degra-
dation of PANI. The mass percentage of PANI layer in
this composite was 65% in comparison with Curve-a
and Curve-b in Figure 5.

Conductivity

Although the presence of nano-TiO2 particles had an
effect on the doping of PANI, the conductivity of this
composite still reached 1.42 S cm�1 at 258C, which was
close to that of control PANI (2.4 S cm�1 at 258C). This
should be attributable to the more ordered arrange-
ment of PANI in the composite.

Cyclic voltammetry

CV of PANI and PANI/TiO2 composite was per-
formed in 0.5M H2SO4 electrolyte and sample CVs
are shown in Figure 6. From Figure 6(a), it was seen
that PANI coatings deposited on the gold electrodes
showed three pair redox processes, which were re-
lated to the typical interconversion reaction of PANI
upon varying the potential. The first oxidation wave
peak in the CV (at ESCE ¼ 211 mV) had maximum
peak current, which was assigned to the leucoemeral-
dine to emeraldine transition, and the oxidation wave
at around ESCE ¼ 695 mV was due to the transition
from the emeraldine to the pernigraniline state.
Between this two main pairs of peaks, a small defini-
tion peak located at ESCE ¼ 507 mV was seen, which
correspond to the degradation products of PANI
film.33,34 During 50 cycles, the oxidation wave at ESCE

¼ 211 mV shifted to the more positive potentials and
the peak current tardily decrease, and the current
density of the oxidation wave at ESCE ¼ 507 mV grad-
ually increased, indicating the electrochemical degra-
dation of PANI film. Figure 6(b) suggests that electro-
activity of PANI/TiO2 composite was from the layer
of conducting PANI. And CV of PANI/TiO2 compos-
ite was similar to that of PANI during 10 cycles,
except that two redox pair characteristics shifted
from 211 and 695 mV to 231 and 771 mV. However,
after 50 cycles the oxidation wave peaks at ESCE

¼ 771 mV and ESCE ¼ 507 mV gradually disappeared,

while the oxidation wave peak at ESCE ¼ 231 mV also
shifted to the more positive potentials and the peak
current obviously decrease. This meant that the pres-
ence of nano-TiO2 particles accelerated the electro-
chemical degradation of PANI film, and debased the
redox reversibility of PANI/TiO2 composite. This be-
havior should also be attributable to the interaction
existed between PANI and nano-TiO2.

24

CONCLUSIONS

Conducting PANI/TiO2 composite nanofibres were
prepared by one-step in situ polymerization of aniline
in the presence of anatase nano-TiO2 particles. The
diameters of nanofibres were 80–100 nm, and its con-
ductivity was 1.42 S cm�1 at 258C. Because of the

Figure 6 Cyclic voltammorgrams of PANI (a) and PANI/
TiO2 composite (b). Electrolytic solution: 0.5M H2SO4; sweep
rate: 50 mV s�1.
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tendency to form coordination compound between ti-
tanium and nitrogen atom in PANI macromolecular,
PANI and nano-TiO2 particles were not simply
blended in this composite. An interaction existed
between nano-TiO2 particles and PANI macromole-
cule. The method we employed is very simple and in-
expensive, and it can be easily applied industrially.
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