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Abstract

After TiO, nanoparticles were surface modified, conductive polyaniline (PANI) layer was chemically grafted on the surface of the self-
assembled monolayer (SAM) coated TiO, nanoparticles, resulting in PANI/SAM-TiO, composites. In the preparation process of the hybrid
composites, y-aminopropyltriethoxysilane was used as a coupling agent to form a dense aminopropylsilane monolayer with active sites for
the graft polymerization of aniline. The resulted composite nanoparticles were characterized by using TEM, FTIR, TGA, and UV —vis-diffuse
reflectance spectroscopy. The thermogravimetric analysis confirmed that the inserted SAM layer improved the thermal stability of the
PANI—TiO, nanocomposites. Compared with neat-TiO, nanoparticles without any surface modification, moreover, the PANI/SAM-TiO,
nanocomposites showed better photocatalytic activity in photodegradation of methyl orange under sunlight, which was partly attributed to

the sensitizing effect of PANI.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, nanocomposites of conductive polymers
and inorganic particles have attracted more and more atten-
tion, since they have interesting physical properties and
many potential applications [1—4]. However, conducting
polymers are not molten in nature and generally insoluble in
common solvents, thus it is difficult to prepare conducting
polymer/inorganic nanoparticle composites by conventional
blending or mixing in solution or melt form. Encapsulation
of inorganic nanoparticles inside the shell of conducting
polymers is a feasible way of preparing conductive polymer/
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inorganic particle nanocomposites. Several metals and metal
oxides in particles have so far been encapsulated into the shell
of conducting polymers giving rise to a host of nanocompo-
sites [S—10]. The physical and chemical properties of compos-
ites may be tuned by selecting the types of the polymers and
the inorganic nanoparticles. For example, composites of con-
ductive polyaniline (PANI) and nanocrystalline TiO, combine
the merits of both PANI and TiO, particles, having potential
applications in conductive coating, charge storage, electro-
catalysis, electrochromic devices and photovoltaic cells.

At the present time, several approaches of preparing PANI/
TiO, nanocomposite have been reported. Yoneyama got
a nanocomposite film by electrochemical deposition of TiO,
particles (~22 nm) into PANI film, and succeeded in writing
with UV light on PANI film [11]. Somani and coworkers pre-
pared highly piezoresistive PANI/TiO, composites by in situ
polymerization of aniline in the presence of fine-grade
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powders of anatase TiO, (~ 100 nm) [12]. Xia and Wang ob-
tained core-shell-structured PANI/TiO, composites through
chemical polymerization of aniline in the presence of TiO,
particles under ultrasonic irradiation [8]. Zhang and Wan
synthesized PANI/TiO, composite nanotubes by in situ
polymerization in the presence of TiO, nanoparticles and
B-naphthalenesulfonic acid as both the dopant and the tem-
plate [13]. Xiong et al. obtained PANI/TiO; bilayer microtubes
by using anodic aluminum oxide membrane with ordered pore
structure as template [14]. In all these cases, however, PANI
adheres to TiO, particles via physical adsorption, being
unfavorable to the stability of the composites.

It is expected that a direct chemical bonding of PANI
chains onto TiO, surface will improve the chemical stability
of PANI/TiO, composites. The surface-initiated graft polymer-
ization in conjunction with a self-assembling technique is
a useful synthetic route to precisely design and functionalize
the surfaces of various solid materials by well-defined poly-
mers and copolymers [15—20]. Its key advantage is that the
surface of the materials can be modified or tailored to acquire
very distinctive properties through the choice of different
grafting monomers, while maintaining the substrate properties.
It also ensures an easy and controllable introduction of graft
chains with a high density and exact localization onto the
surface. Compared with the physically coated polymer chains,
the covalent attachment of the grafted chains onto a material
surface avoids the desorption of the chains and maintains
a long-term chemical stability of the introduced chains [21].
Li and Ruckenstein used the surface graft polymerization of
aniline on photopatterned self-assembled phenylsilane mono-
layers to generate well-defined patterns of PANI on a planar
Si (100) surface [22]. In the present work, we use y-amino-
propyltriethoxysilane to form a self-assembled monolayer
(SAM) on the surface of TiO, nanoparticles, which allows
a further surface oxidative graft polymerization to form a dense

OH
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PANI layer. Along with being characterized, the thermo-
chemical stability and the photocatalytic activity under sun-
light of the obtained PANI/TiO, composites have also been
evaluated.

2. Experimental section
2.1. Materials

Anatase TiO, nanoparticles with average particle size of
15 nm were obtained from Zhoushan Nano-materials Co.,
Ltd. y-Aminopropyltriethoxysilane was obtained from Organo-
silicane Chemical Company of Wuhan University. The other
chemicals were bought from Tianjin Chemical Reagent Co.,
Ltd., and were of analytical grade. All the chemicals were
used as received, except for aniline, which was fractionally dis-
tilled under reduced pressure, and stored at low temperature
prior to use.

2.2. Preparation of PANI/SAM-TiO, nanocomposites

A graft polymerization on a solid surface often requires
a pre-immobilization of initiator and/or coupling agent, which
is easily achieved by the self-assembled monolayer-deposition
method [22,23]. Our approach to prepare PANI/SAM-TiO,
nanocomposites consisted of two major steps. As shown in
Fig. 1, the first step was to prepare SAM-coated TiO, nanopar-
ticles (SAM-TiO,), and the second step was grafting PANI
onto the SAM-coated TiO, nanoparticles. In the first step,
neat-TiO, nanoparticles were first exposed to water vapor
(100 °C) for about 3 min to generate a particle surface with
high coverage of Ti—OH groups, followed by a drying at
120 °C. After the water vapor treatment, the nanoparticles
were dispersed into a solution of y-aminopropyltriethoxy-
silane in ethanol (about 10 mmol Lfl) under a nitrogen
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Fig. 1. Schematic on preparation routes of PANI/SAM-TiO, composites.
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atmosphere, sonicated for 15 min, held at room temperature
for 24 h, and then washed with ethanol in an ultrasonic bath
to remove the unreacted y-aminopropyltriethoxysilane. The
SAM-coated TiO, nanoparticles were removed from the
nitrogen atmosphere, collected by filtration, rinsed succes-
sively with ethanol, and finally dried.

In the second step, about 0.4 g SAM-coated TiO, nanopar-
ticles were dispersed into 25 mL of 0.1 mol L' HCI aqueous
solution of aniline with ultrasonic vibrations for 15 min. After
that, 10 mL aqueous solution of ammonium peroxydisulfate
(APS) was added dropwise within 15 min under stirring at
room temperature, and the mixture was allowed to polymerize
under stirring for another 4 h, resulting in PANI in its emeral-
dine (EM) salt state. The EM salt grafted nanoparticles were
rinsed with distilled water, and were subsequently washed
several times in N-methylpyrrolidinone (NMP) in order to
remove any physically adsorbed EM base. Then, the solution
was centrifuged and the PANI/SAM-TiO, nanoparticles were
obtained by filtration. The nanoparticles were washed with
alcohol, followed by washing with distilled water to remove
any residual NMP and then by a drying under reduced pres-
sure. In the experiment, the initial molar ratios of aniline to
APS were kept at 1:1. Two initial concentrations of aniline
(i.e., 2.5 and 10 mmol Lfl) were used to obtain TiO, nano-
particles capped with PANI layers of different thicknesses.
In this way, two types of PANI/SAM-TiO, nanoparticles
were prepared, being referred to as PANI-2.5/SAM-TiO, and
PANI-10/SAM-TiO,, respectively.

2.3. Preparation of PANI/neat-TiO, nanocomposites

As a control, PANI/neat-TiO, composite nanoparticles
were also prepared by using chemical oxidative polymeriza-
tion of aniline in the presence of as-received TiO, particles
without the vapor pretreatment and SAM coating, the resultant
composite nanoparticles were referred to as PANI-10/
neat-TiO,.

2.4. Characterizations

Morphology of all samples was observed on a Tecnai G2 20
TEM instrument (FEI). Fourier transform infrared (FTIR)
spectra were obtained with a resolution of 4 cm ™' in the range
400—4000 cm ' by using a VERTEX 70 spectrometer (Bruker).
Measurements were performed in the transmission mode in
spectroscopic grade KBr pellets for all the powders. Thermo-
gravimetric analysis (TGA) was carried out on a TGS-2 instru-
ment (Perkin—Elmer) at a heating rate of 20 °C min~! in air.
A UV-2550 scan UV—vis spectrophotometer (Shimadzu)
equipped with a Labsphere diffuse reflectance accessory
was used to obtain the reflectance spectra, using BaSO, as a
reflectance reference.

2.5. Measurement of photocatalytic activities

Photocatalytic activities of the obtained nanocomposites
and neat-TiO, nanoparticles were evaluated by monitoring

photodegradation of methyl orange (MO) in aqueous solution
containing. A 50 mg portion of nanoparticles was dispersed
into 250 mL of the aqueous MO solution (10 mgL™") in
optically matched Pyrex vessel. Under stirring, the mixed
solution was irradiated under sunlight. After a certain period
of irradiation, 3 ml of solution was sampled and centrifuged
to remove the photocatalysts with an EBA21 centrifuge
(Hettich) at 14,000 rpm for 10 min. The supernatant solution
was transferred to measure the retained amount of MO by
absorption spectroscopy. The UV—vis absorption spectra were
recorded on a Cary 50 Scan UV-—vis spectrophotometer
(Varian), and the absorbance of MO was measured at a wave-
length of 504 nm, corresponding to maximum absorption wave-
length of MO.

3. Results and discussion

3.1. Effects of SAM coating and graft polymerization
of aniline on the preparation of PANI—TiO, hybrid
composites

In the absence of TiO, nanoparticles, the polymerization of
aniline was conducted, and the color of the growth solution
system changed from light gray to dark green. However, in
the presence of TiO, nanoparticles, color of the growth solu-
tion system changed from light blue to deep blue or green,
depending on the initial concentration of aniline. This differ-
ence is indicative of the formation of the PANI/TiO, compos-
ite particles. However, we believe that the chemical stability
of the PANI/TiO, composite particles is not so good because
the PANI layer is just precipitated on the surface of neat-
TiO, particles without a real chemical bounding. Thus, we
employed the SAM technique and graft polymerization of
aniline to prepare highly stable PANI—TiO, hybrid compos-
ites. Following the routes described in Section 2.2, we success-
fully synthesized SAM-coated TiO, nanoparticles and PANI/
SAM-TiO, composites. In this preparation approach, y-amino-
propyltriethoxysilane was selected as a coupling agent, which
has two functions from its functional groups. That is, a dense
SAM was formed when it reacted with surface —OH groups
on the vapor-treated TiO, nanoparticles in the first step.
Because the attached silane chains possess a reactive end
—NH, group, PANI chains can be grafted chemically on TiO,
easily in the second step as illustrated in Fig. 1.

In the preparation of PANI/SAM-TiO, composites, the
SAM coating is a very important step. Chemical anchoring
of a SAM onto TiO, surface has been conformed by FTIR
measurements. Fig. 2 compares the FTIR absorption spectra
of neat-TiO,, SAM-coated TiO,, and PANI-grafted TiO,
particles. The absorption band at 1402 cm™' (spectrum 1 in
Fig. 2) can be assigned to the in-plane bending vibration of
O—H on the surface of TiO,. The band at 1091 cm ™" attrib-
uted to the bending vibration of Ti—OH, is shifted to a lower
wavenumber at 1000 cm ™" due to the creation of Ti—O—Si
(spectrum 2). The almost disappearance of the band at
1402 cm™" and the shifting of the 1091-cm™' band in the
SAM-coated TiO, demonstrate the chemical anchoring of
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Fig. 2. FTIR spectra of neat-TiO, (1), SAM-coated TiO, (2), doped PANI (3),
PANI-2.5/SAM-TiO, (4) and PANI-10/SAM-TiO, (5).

a SAM onto TiO, surface. In addition, the appearance of the
peaks at 3089 and 2930 cm ™', being assigned to the stretching
vibrations of CH, in the SAM-coated TiO,, is also indicative
of the formation of a well-defined SAM layer. The new bands
at 1526 cm™! (as a shoulder of the 1618 cm ™! peak) and
1331 cm™! are attributed to the bending vibration of CH,
[24], and the new band at 1219 cm ™! is assigned to the stretch-
ing vibrations of N—H appear in the spectrum of the SAM-
coated TiO, (spectrum 2), providing further evidences for
this attachment.

Next to the SAM coating, a graft polymerization of aniline
on the surface of SAM-coated particles results in the genera-
tion of PANI/SAM-TiO, composites, and thus most of FTIR
characteristic bands for conventional doped PANI can be ob-
served in the spectra of PANI/SAM-TiO, composites (spectra
3 and 4 in Fig. 2). As reported for conventional PANI [25,26],
the main characteristic bands of doped PANI (spectrum 3 in
Fig. 2) are assigned as follows: the band at 3474 cm ™' is
attributable to N—H stretching mode, C=N and C=C stretch-
ing mode for the quinoid (Q) and benzenoid (B) rings occur at
1562 and 1480 cm ™', the bands at about 1296 and 1241 cm ™'
have been attributed to C—N stretching mode for benzenoid
ring, while the peak at 1118 cm ™' is assigned to the in-plane
bending vibration of C—H (mode of N—=Q=N, Q=N"H—B
and B—N'H—B), which is formed during protonation.
However, the incorporation of nano-TiO, particles leads to
the shift of some bands of PANI. For example, both of the
bands at 1501 and 1403 cm ™', corresponding to the stretching
mode of C=N and C==C, are shifted to lower wavenumbers in
the spectrum of PANI-10/SAM-TiO, sample. Meanwhile, the
bands at 1311 and 1155 cm™' (spectrum 4) correspond to
C—N stretching mode for benzenoid ring and the in-plane
bending vibration of C—H, respectively. These differences in
the FTIR spectra can be mainly related to constrained growth
and restricted modes of vibrations in PANI grown in the pres-
ence of TiO, [12]. By comparison with PANI-10/SAM-TiO,,
several characteristic bands of PANI grafted on the surface
of the modified TiO, nanoparticles are slightly shifted to lower

wavenumbers with a decreased intensity for the PANI-2.5/
SAM-TiO, composites. The band at 1304 cm ™" attributable
to C—N stretching mode for benzenoid ring is disappeared
in the spectrum of PANI-2.5/SAM-TiO,. Such peak shifting
and intensity reducing are at least partially due to the restric-
tion of PANI by TiO,. High initial concentration of aniline in
the polymerization solution results in thicker PANI layer on
TiO, particles, leading to a weaker restriction of PANI by
TiO,.

3.2. Thermal stability and optical properties
of PANI/TiO, nanocomposites

Li and coworkers have reported that an interaction between
TiO, and PANI may weaken the interaction of inter-chains in
PANI macromolecule, and increase the thermal degradation of
PANI [25]. Fig. 3 depicts the TGA curves of PANI-10/neat-
TiO, and PANI-10/SAM-TiO,. The thermal decomposition
curve (curve 1 in Fig. 3) of PANI-10/neat-TiO, shows
a two-stage decomposition pattern. At temperatures lower
than about 120 °C, the sample losses weight mainly be due
to the loss of absorbed H,O molecules, which becomes
much slower from ~ 120 °C to ~240 °C. Due to the loss of
dopants and the degradation of the polymer, the weight loss
increases rapidly again beyond ~240°C up to ~580 °C, at
which all the organics are almost completely decomposed.
With a comparison of TGA and DTG curves of PANI-10/
SAM-TiO, and PANI-10/neat-TiO, composites, it is known
that both composites yield similar thermal degradation behav-
iors at temperatures lower than about 300 °C and higher than
580 °C. However, the degradation of the polymer is markedly
depressed at temperatures from ~300 °C to ~500 °C, being
reflected by the appearance of a platform (curve 2) and
much decreased values of the weight-loss derivability
(curve 2) at this temperature window. It is mainly attributed
to the direct chemical bonding of PANI chains onto TiO,
surface via self-assembling and graft polymerization with
coupling agent. Because of the covalent bonding, there was
only occurrence of partial degradation of the polymer for

0.02
100 |-
o
. o
B o 3
000 7
S &
= 96| 4
5 z
o =}
s 2
94 -0.02 =
>
=
1%
a
92+
L 1 L 1 L 1 L 1 L 1 L 1 -0.04
0 100 200 300 400 500 600

Temperature (°C)

Fig. 3. TGA (1 and 2) and DTG (1’ and 2) curves of PANI-10/neat-TiO,
(1 and 1") and PANI-10/SAM-TiO, (2 and 2’) composites.
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PANI-10/SAM-TiO, at 420—450 °C, and complete degradation
and decomposition of the grafted PANI and fixed coupling agent
took place at 450—580 °C. In contrast, a platform showing a
greater degradation rate was observed during the thermal degra-
dation of polymer for PANI-10/neat-TiO, (curve 1’). Therefore,
the PANI/SAM-TiO, composites exhibit improved thermo-
chemical stability over the PANI/neat-TiO, composites. This
increased thermochemical stability of PANI/SAM-TiO, is
possibly attributed to the covalent bonding via PANI-grafting
onto the TiO, surface.

Moreover, we have measured the amount of PANI grafted
on the surface of TiO, particles with the aid of TG analysis.
The amounts of grafted PANI are estimated as 3.0% for
PANI-2.5/SAM-TiO,;, 6.1% for PANI-10/SAM-TiO,, and
6.7% for PANI-10/neat-TiO,. This suggests that the average
thickness of the grafted PANI layer is mainly determined by
the monomer concentration used in the preparation process.

The UV-—vis-diffuse reflectance spectra of neat-TiO,,
PANI/neat-TiO, and PANI/SAM-TiO, were measured as
shown in Fig. 4. The band-gap energy of anatase TiO, is about
3.2 eV, corresponding to a threshold wavelength of 387.5 nm.
Thus, there is no absorption beyond the wavelength of 380 nm
for neat-TiO, (curve 1 in Fig. 4). However, a marked absorp-
tion is observed in the region of 380—800 nm when TiO,
nanoparticles were capped with PANI (curves 2—4). The
absorption peak at 443 nm can be assigned to the localized
polarons in protonated PANI [27,28]. It is noted that curves
3 and 4 in Fig. 4 are almost same. This is rational because
the grafted PANI layers for these two samples are almost the
same and the absorption in the visible region is mainly con-
tributed from the coated PANI layer no matter with the way
that the PANI layer is chemically or physically bonded. A
comparison between curves 2 and 3 suggests that a thinner
layer of PANI produces weaker absorption. Thus, the absorp-
tion of the PANI/TiO, composites in the visible region is
certainly attributed to the PANI layer, favoring the enhance-
ment of photocatalytic activity of the composites under
sunlight.
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Fig. 4. UV—vis-diffuse reflectance spectra of neat-TiO, (1), PANI-2.5/SAM-
TiO, (2), PANI-10/SAM-TiO, (3) and PANI-10/neat-TiO, (4).

3.3. Morphology of PANI/TiO, nanocomposites

Because the morphology and aggregation state of the nano-
particles will influence their specific surface area and then
photocatalytic activity, we observed the morphology of the
prepared samples. Fig. 5 shows the TEM photographs of
neat-TiO,, SAM-coated TiO, and PANI-2.5/SAM-TiO,. The
PANI/TiO, composite and SAM-coated TiO, nanoparticles
are rather spherical in shape, being similar to that of neat-
TiO,. However, the shape of PANI synthesized under the
same condition in the absence of TiO, nanoparticles is fibular
(not shown). This indicates that the TiO, nanoparticles have
a nucleation effect for the graft polymerization of aniline in
the preparation process.

3.4. Photocatalytic activities of PANI/TiO;
nanocomposites

TiO, is well studied as a photocatalyst to decompose or-
ganic and inorganic molecules. The mechanism is believed
to involve the absorption of a UV photon by TiO, to produce
an electron—hole pair. These react with water to yield hy-
droxyl and superoxide radicals, which oxidize and mineralize
the organic and inorganic molecules. However, because the
forbidden band gap of TiO, is 3.2 eV, only UV light can be uti-
lized, with poor photocatalytic efficiency under sunlight. One
solution to overcome this shortcoming is using a dye with
narrow forbidden band gap as sensitizer, so as to enhance
the photocatalysis efficiency of TiO,. PANI has a forbidden
band gap of 2.8 eV, showing strong absorption in the region
of visible light. Hence, it may function as a sensitizer to TiO,.

Fig. 6 gives a schematic energy diagram, where the ener-
gies of the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) were cited
from Refs. [24,29]. When PANI/TiO, nanocomposites are
illuminated under sunlight, both TiO, and PANI absorb the
photons at their interface, then charge separation occurs at
the interface. Since the conduction band of TiO, and the
LUMO level of the PANI are well matched for the charge
transfer, the generated electrons by inducing PANI can be
transferred to the conduction band of TiO,, enhancing the
charge separation and in turn promoting the photocatalytic
ability of the photocatalyst.

Prior to the photocatalytic experiment under sunlight, we
carried out similar experiment under UV irradiation using
a 20-W mercury lamp as UV light source. It was found that
the neat-TiO, particles yielded photocatalytic activity very
slightly better than the PANI-coated TiO, particles under
UV irradiation (not shown here). However, the latter yielded
photocatalytic activity slightly better than the former. Fig. 7
gives the kinetic data for the degradation of MO in aqueous
solution in the presence of neat-TiO, and PANI-2.5/SAM-
TiO, composite as photocatalyst under sunlight. Although the
difference between curves 1 and 2 in Fig. 7 is rather small, the
photocatalytic degradation rate of MO over PANI-2.5/SAM-
TiO, is faster than that over neat-TiO,. Therefore, the PANI/
TiO, composites have better photocatalytic activity under
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Fig. 5. TEM images of neat-TiO, (1), SAM-coated TiO, (2) and PANI-2.5/SAM-TiO, (3) nanoparticles.
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sunlight, as anticipated from the energy diagram (Fig. 6).
Because the improvement in the photocatalytic activity is
limited, we have not observed marked difference between
PANI-2.5/SAM-TiO, and PANI-2.5/neat-TiO,. In addition,
the photocatalytic activity of PANI-10/SAM-TiO, was found
to be poorer than that of PANI-2.5/SAM-TiO,, indicating
that a thick PANI layer is unfavorable to the photocatalytic
activity of the composites.

4. Conclusion

Nanocrystalline TiO, particles were successfully capped
with PANI through the self-assembled aminopropylsilane
monolayer and chemical oxidative graft polymerization. In
the synthesis approach, selection of y-aminopropyltriethoxy-
silane as a coupling agent was an important strategy. This cou-
pling agent was used to easily form a dense SAM, which was
further adopted to the grafting of PANI. The successful SAM
coating and grafting of PANI molecules onto the surface of
TiO, nanoparticles were confirmed by the analysis results of
FTIR, TGA and UV-—vis-diffuse reflectance spectroscopy.
The combination of SAM coating and surface PANI-grafting
improved the thermal stability of the PANI/TiO, composites,
because of the covalent bonding between PANI chains and
TiO, particles. The PANI/TiO, composites showed absorption
in the visible light region, and this would favor the photocata-
Iytic activity of TiO, under sunlight. As expected, the PANI/
SAM-TiO, composites exhibited better photocatalytic activity
in photocatalytic degradation of MO under sunlight, compared
with the neat-TiO, nanoparticles without any surface modifi-
cation, due to the sensitizing effect of PANI.
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