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The Fe-doped TiO, microbelts were prepared by sol-gel method using the absorbent cotton template
for the first time. Then the Fe-doped TiO, microbelts were used as templates for the preparation of
polypyrrole/Fe-doped TiO, composites. Polypyrrole/Fe-doped TiO, composites were prepared by in situ
polymerization of pyrrole on the Fe-doped TiO, template. The structure, morphology and properties of

the composites were characterized with scanning electron microscope (SEM), FTIR, Net-work Analyzer.
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The possible formation mechanisms of Fe-doped TiO, microbelts and polypyrrole/Fe-doped TiO, com-
posites have been proposed. The effect of the molar ratio of pyrrole/Fe-doped TiO, on the photocatalytic
properties and microwave loss properties of the composites was investigated.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

New technologies demand materials and structures with
specially tailored properties. Heterostructures consisting of com-
posites of titanium dioxide (TiO, ) and organic conducting polymers
have gained a considerable interest in research and development of
many practicable applications, such as lithium ion batteries (TiO5-
PPY [1]), photocatalytic activity (TiO,-PPY [2,3]), electrorheological
fluids (TiO,-PANI [4]), biosensors (TiO,-PANI [5]), rectification
diodes (TiO,-PANI [6]) and solid-state solar cells (TiO,-PANI
[7,8]). Conducting polymers, like polypyrrole (PPY) and polyani-
line (PANI), are of much interest because of their diverse structures,
special doping mechanism, excellent environmental stability, good
solution processability and high conductivity [9,10]. Among vari-
ous conducting polymers, polypyrrole is one of the most promising
conducting polymers. TiO, is widely accepted as one of the most
promising photocatalysts and semiconductor because of its high
photoactivity, low cost, nontoxicity, and chemical stability [11]. The
doping [12-14] and morphologies [15,16] for TiO, could improve
the photocatalytic efficiency. And conducting polymers such as
polypyrrole, polyaniline, and their derivatives are all used as hole
conductors to improve the photocatalysis. Doped TiO, particle
especially the doped TiO, microbelt is a photocatalytic material
with advantages of low-density, high specific surface area, supe-
rior delivering capacity, low price, and facility to mold. Meanwhile
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doped TiO, is an excellent wave-transmitting material, which
can widen the frequency bandwidth of microwave absorber. The
microwave absorbing properties of the composite can be controlled
by use of synthetic metals in the microwave absorber. Besides, the
use of embedding microparticles in electroless deposited metals is
a convenient method of preparing composite coatings. Some work
has been carried out to investigate the effect of operating conditions
on the properties of TiO, composite coatings [17,18]. However,
reports on both photocatalysis properties and the microwave
absorbing properties of micro-composite coatings are scanty.

In the present work, the absorbent cotton template was used
for preparing Fe-doped TiO, microbelts by sol-gel method. Then
the doped TiO, microbelts were used as templates to prepare the
polypyrrole/doped TiO, composite in the emulsion polymerization
system. The morphology, structure and properties for the Fe-doped
TiO, microbelts, polypyrrole/Fe-doped TiO, composite were also
studied in this work.

2. Experimental
2.1. Synthesis of Fe-doped TiO, microbelts

Fe-Doped TiO, microbelts were prepared by sol-gel method. The detailed
process could be described as follows. Tetrabutyl titanate (Ti(OBu)4, 8 mL) were
dissolved in 100 mL anhydrous ethanol. The entire mixture was stirred at 30°C for
0.5h. Then 1.2 mL acetylacetone was dripped to the above mixture. Fe(NO3)3-9H,0
(Fe3* doped mass percentage was 0.04%), 15mL anhydrous ethanol and 0.45 mL
HNOs5 were dripped into the mixture. The entire mixture was stirred at 30°C for
0.5 h. Then the mixture was dropped on the dried absorbent cotton, followed by
drying at 30 °C for 5 h. Then the above dried absorbent cotton was heated in an oven
in air atmosphere at 600 °C for 2 h to obtain Fe-doped TiO, microbelts A.
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Fig. 1. FTIR spectra of polypyrrole/Fe-doped TiO, composite obtained by different
molar ratios of pyrrole/Fe-doped TiO;: (A) 0; (B) 2; (C) 4; (D) 6; (E) cc.

2.2. Synthesis of polypyrrole/Fe-doped TiO, composite

Polypyrrole/Fe-doped TiO, composites were prepared in the phase of sodium
lauryl benzene sulfate (DBS) emulsion polymerization system. The detailed process
could be described as follows. Some amount of Fe-doped TiO, was dispersed in
sodium lauryl benzene sulfate solution. The pyrrole was added into the above solu-
tion, the molar ratios of pyrrole/Fe-TiO, were kept at 2:1, 4:1, 6:1, co to obtain
sample B, C, D and E, respectively. Then the solution was agitated by magnetic
stirring apparatus (RPM=100) under the atmosphere of nitrogen for 1h. Then
HCI (1.5molL-') and anhydrous FeCl; (the molar ratio of pyrrole/HCl/FeCl; was
1:1:2) were added to the pyrrole mixture. Then the mixture was agitated for
24h at 0-5°C. The precipitates were washed with ethyl alcohol, HCl (6 molL-1)
and water for many times, respectively. Finally, the product was dried under vac-
uum at 60°C for 10 h. Thus the PPY/Fe-doped TiO, composites B, C, D and E were
obtained.

2.3. Characterization

Fourier transform infrared spectroscopy (FTIR) spectra of the samples were
taken in dried KBr powder on Nexus 670 spectrometer (Nicolet, USA). The mor-
phology of the samples was investigated by scanning electron microscope (SEM).
The samples for measuring microwave properties were prepared by dispersing
the doped TiO, micro-belts and polypyrrole/doped TiO, composites in paraffin
wax, respectively. The volume fraction of the powders is 60%. The powder/wax
composites were die-pressed to form cylindrical toroidal specimens with 7.0 mm
outer diameter, 3.0 mm inner diameter, and 3 mm thickness. The measurements of
microwave loss property for the specimens were carried out using a PNA 3629D
vector network analyzer in the 30-6000 MHz ranges.

3. Results and discussion
3.1. FTIR spectral analysis

Molecular structures of the resulting samples were character-
ized by FTIR spectra in the range from 4000 to 400cm~!. The
FTIR spectra of the Fe-doped TiO, and polypyrrole/Fe-doped TiO,
composites are shown in Fig. 1. For polypyrrole/Fe-doped TiO,
composites, it could be found that the characteristic peaks corre-
sponding to the TiO, (the wide peaks at the range from 400 cm~1! to
800 cm1). And there are no the characteristic peaks corresponding
to the Fe-doped TiO, appeared in the curve B, C, D, E of the Fig. 1,
indicating the Fe-doped TiO, microbelt was enwrapped by the PPY
completely. Additionally, the band at 3450 cm~! is attributable to
N-H stretching mode. The peaks at 1560 cm~! and 1470 cm~! cor-
responding to the characteristic C=C stretching of the pyrrole rings
[19,20] are also observed in curves B, C, D, E of Fig. 1. The peak
around 1134 cm™! is associated with vibrational modes of N=Q=N
(Q refers to the pyrrole-type rings), indicating that PPY formed in
the composites sample.

3.2. Morphology and formation mechanism of the samples

3.2.1. Formation mechanism of Fe-doped TiO, microbelts

Asshownin Fig. 2A, Fe-doped TiO, microbelts were synthesized.
A mechanism of the formation of the Fe-doped TiO, microbelts is
proposed. The formation mechanism of the Fe-doped TiO, micro-
belts is shown in Fig. 3.

There are abundant hydroxyl groups on the surface of cellulose
of the absorbent cotton template. When the absorbent cotton is
impregnated in the mixture of Ti(OBu)s and anhydrous ethanol,
the hydrolysis reaction does not exist in the system for lack of
enough water. Thus there are enough time to form hydrogen bonds
between the -O- bond of Ti(OBu), and the hydroxyl groups on
the surface of cellulose of the absorbent cotton. As evaporating of
the solvent, the concentration of Ti(OBu), increases and forms thin
layer on the surface of the absorbent cotton fibers. In this process,
the hydrolysis reaction appears for bonding of Ti(OBu)4 and acety-
lacetone in the mixture. And Ti(OH)4 molecules join each other by
hydrogen bonds. And the complex reaction appears for acetylace-
tone and Fe3*. At the gel point, the cross-linking net-like dry TiO,
gel forms with some solvent and product of hydrolysis enwrapped
in it. In the dry process, both Fe-doped TiO, gel and the cotton fiber
shrink with decreasing of the solvent. However, the shrinkage ratio
of the Fe-doped TiO, gel and the cotton fiber was different. Thus the
crack phenomenon appears on the surface of the dry gel. The crack
swells with decreasing of the solvent. In the calcinations process,
there exists large impulse force on the Fe-doped TiO, gel layer for
the combustion of cotton fiber. Thus the Fe-doped TiO, layer breaks
along the crack, and the Fe-doped TiO, belts are obtained.

3.2.2. Formation mechanism of polypyrrole/Fe-TiO, composite

Fig. 2B, C, D show the morphology of polypyrrole/Fe-doped
TiO, composites. It is shown that the morphology of the obtained
polypyrrole/Fe-doped TiO, composites is microbelt structure.

Under magnetic stirring, the pyrrole aggregates is broken down.
As the result of the effect of sodium lauryl benzene sulfate, the
most pyrrole molecules adsorb on the surfactant aggregates on the
Fe-doped TiO, microbelts surface. The hydrophilic groups of the
sodium lauryl benzene sulfate are adsorbed on the surface of the
Fe-doped TiO, microbelts, and the pyrrole monomers are adsorbed
on the lipophilic group. When the pyrrole monomer concentration
is at a low scale, most pyrrole monomers polymerized on the sur-
factant aggregates of the Fe-doped TiO, microbelt surface. After the
polymerization process, Fe-doped TiO, microbelts are enwrapped
by the polypyrrole layer. With increasing of the pyrrole monomer
concentration in the system, the excessive pyrrole polymerized in
the free space between the Fe-doped TiO, microbelts. And some
polypyrrole spherical particles appear in the system (shown in
Fig. 4D). The detailed mechanism of the polypyrrole/Fe-doped TiO,
composite formation was still not clear, and should be extensively
studied in the future.

3.3. Photocatalysis properties of the samples

The absorbency curves of methyl orange degradation by sam-
ples are shown in Fig. 4. It could be seen that the photocatalytic
efficiency of polypyrrole/Fe-doped TiO, are higher than that of neat
Fe-doped TiO,. With increasing of the molar ratio of polypyrrole/Fe-
doped TiO, from 2:1 to 6:1, the photocatalytic activity decreases.
However, the photocatalytic efficiency of the pure polypyrrole is
lower than the other samples. The results suggest that the ratio of
2:1 is the optimum molar ratio.

As we all known, TiO, consists of valence band (VB) and conduc-
tion band (CB), and energy difference between these two levels is
said to be the band gap (Eg). When semiconductors are excited by
photons with energy equal to or higher than their band gap energy
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Fig. 2. The SEM images of the polypyrrole/Fe-doped TiO, composite obtained by different molar ratios of pyrrole/Fe-doped TiO;: (A) 0; (B) 2; (C) 4; (D) 6; (E) cc.

level, electrons receive energy from photons and thus are promoted
from VB to CB if the gained energy is higher than the band gap
energy level [21]. But the band gap of TiO, is so wide that it can be
excited under UV light which is only 4-6% of sunlight.

It was reported that the band gap of Conducting polymers/TiO,
nanocomposites is smaller than that of neat TiO, nanoparticles [22].
The narrow band gap allows polypyrrole/Fe-doped TiO, to adsorb

more photons, and this will enhance the photocatalytic efficiency
of Fe-doped TiO, under sunlight. When polypyrrole/Fe-doped
TiO, composites are illuminated under sunlight, the electrons of
polypyrrole/Fe-doped TiO, can be excited from the highest occu-
pied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO) of polypyrrole, and then the excited electrons can
be injected to the CB of Fe-doped TiO,, while holes will be left in
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Fig. 3. The formation mechanism of the Fe-doped TiO, microbelt.
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Fig.4. The methylene orange degradation absorbency curves of the polypyrrole/Fe-
doped TiO, composite obtained by different molar ratios of pyrrole/Fe-doped TiO;:
(A)0; (B)2; (C) 4; (D) 6; (E) oo.

HOMO of polypyrrole. The electrons in VB of Fe-doped TiO, can
migrate to the HOMO of polypyrrole to recombine with holes, and
at the same time, holes generate in the VB of Fe-TiO,. Thus, more
and more photo-generated electrons and holes form in Fe-doped
TiO, nanoparticles. The photogenerated electrons are so active that
they can react with O, to generate O,~, and holes react with OH~
or H,0 to generate OH, these radicals can react with methyl orange.
So polypyrrole plays a role as photosensitizer. The whole process
can be clearly described in Fig. 5. The reactions can be expressed as
follows:

Polypyrrole-Fe-TiO, — Polypyrrole™-Fe-TiO, + e~ M
e +0; —>°0y” (I1)
Polypyrrole*-Fe-TiO, — Polypyrrole-Fe-TiO, + h* (11
OH™ +h* — *OH (1v)
H,0 +h™ — *OH 4+ H* V)

However, with increasing of the molar ratio of polypyrrole/Fe-
doped TiO, from 2:1 to 6:1, the photocatalytic activity decreases. It
is because the Fe-doped TiO, microbelt is excessively enwrapped
by the polypyrrole layer, which hinders the ultraviolet absorp-
tion characteristics of the composites [23]. Meanwhile, the thicker
polypyrrole layers hinder the contacting between the holeand OH™,
H,O0, respectively, and further hider the formation process of *OH.
Thus the photocatalytic activity decreases with increasing of the
molar ratios of polypyrrole/Fe-doped TiO; from 2:1 to 6:1. So the
sample with the ratio of 2:1 shows good photocatalytic efficiency.

3.4. The microwave absorptive properties

Fig. 6 shows the calculated reflection loss as a function of fre-
quency for samples. The microwave absorbance of the samples

Visible light

*OH

Fig. 5. The photocatalytic activity mechanism of polypyrrole/Fe-doped TiO, com-
posite.
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Fig. 6. Microwave loss spectra of the composites obtained by different molar ratios
of pyrrole/Fe-doped TiO: (A) 0; (B) 2; (C) 4; (D) 6; (E) cc.

could be predicted from Ry in which the larger the negative value
of R, the greater the microwave absorption properties of mate-
rials [24]. The most important and interesting observation is that
the reflection loss is found to depend sensitively on the molar ratio
of the polypyrrole/Fe-doped TiO, composite. The reflection loss of
the polypyrrole/Fe-doped TiO, composite increases firstly and then
decreases with increasing of the polypyrrole content in the com-
posite. The polypyrrole/Fe-doped TiO, composite posses excellent
microwave absorption properties in the frequency band ranging
from 30 to 3000 MHz. And the reflection loss of the sample C comes
to —8.8 dB (410 MHz). The variation of the microwave absorption
properties with the molar ratio of the polypyrrole/Fe-doped TiO, is
ascribed to the variation of complex permittivity (&”, &), complex
permeability (u”, ') and loss tangent of dielectric/magnetic of the
composite. The loss tangent (tan §) of samples could be calculated
from the real and imaginary parts of complex dielectric permittiv-
ity by using the formula tan § = ¢”/¢’. Materials with higher tan § are
considered as lossy materials that indicate strong absorption. Thus,
the value of loss tangent could predict the microwave absorbance of
the material [25]. When the molar ratios of polypyrrole/Fe-doped
TiO, range from 0 to 4:1, the increasing in the negative Ry attributed

0.9 4
0.8 °
0.7 4 A
] B
0.6 —e—C
] —a—D
0.5 —v—E
2 044
8
] °
0.3 \
.
| 'Y
0.2+ o pasd
] O....... o '/ wwvwVy
0.1 - 0900 00920 Oooo,,nomw),\ "!". P
Yy tugy Y. Yy VY. ~ 900" 90
b andbar | alalatated st AV [
0.0+
T T T T T T T T T T T T T 1
0 1000 2000 3000 4000 5000 6000
f(MHz)

Fig. 7. Frequency dependences of the dielectric loss tangent (tan §) of the compos-
ites obtained by different molar ratios of pyrrole/Fe-doped TiO,: (A) 0; (B) 2; (C) 4;
(D) 6; (E) cc.
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Fig. 8. Frequency dependences of the magnetic loss tangent (tan §) of the compos-
ites obtained by different molar ratios of pyrrole/Fe-doped TiO,: (A) 0; (B) 2; (C) 4;
(D) 6; (E) co.

to the increasing of the value of loss tangent of dielectric of the
composites. Fe-doped TiO, has higher ¢ and equivalent ¢. So the
decreasing of Fe-doped TiO, will result in the slight decrease of &’
but cannot influence &”of the composites (shown in Fig. 7). Thus
the value of loss tangent of dielectric of the composites increases
as the molar ratios of polypyrrole/Fe-doped TiO, ranging from 0 to
4:1. However, as the molar ratio of polypyrrole/Fe-doped TiO, is
higher than 4:1, the negative R of the composite decreases with
increasing of the molar ratio of polypyrrole/Fe-doped TiO,. This is
because of the decrease of " resulting in decreasing of loss tangent
of magnetic (shown in Fig. 8).

4. Conclusions

Polypyrrole/Fe-doped TiO, composites were prepared by in situ
polymerization method. The possible formation mechanisms of Fe-
doped TiO, microbelts and polypyrrole/Fe-doped TiO, composites
had been proposed. The effect of the molar ratio of pyrrole/Fe-

doped TiO, on the microwave loss properties and photocatalysis
properties of the composites was studied. It indicates that the opti-
mum molar ratio of pyrrole/Fe-doped TiO, was 2:1 to obtain the
sample with both excellent microwave loss properties and good
photocatalysis properties.
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