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Este artigo descreve a sintese e caracteriza¢do de diferentes hibridos organico/inorganicos formados
entre a polianilina e o 6xido de titdnio. O método de preparacdo € baseado no processo sol-gel,
partindo do isopropdxido de titdnio como precursor. Duas rotas sintéticas visando a obtenc@o dos
hibridos foram utilizadas, baseadas na mistura da anilina no meio reacional antes ou apds a formagao
do 6xido. Diferentes quantidades de anilina foram utilizadas visando compreender este efeito nas
caracteristicas do material final formado. As amostras foram caracterizadas por andlise térmica,
difratometria de raios-X, espectroscopias Raman, UV-Vis em modo refletancia difusa e IV-TF, além
de voltametria ciclica. Os resultados indicaram que os diferentes procedimentos experimentais foram
bem sucedidos na obtengdo de hibridos formados por nanoparticulas de TiO, (estrutura anatase) e
polianilina em sua forma condutora, sal esmeraldina. Nao foram detectadas grandes diferencas entre
as amostras obtidas através das duas rotas sintéticas utilizadas, exceto pela quantidade de polimero
formada nos materiais.

This paper describes the synthesis and characterization of organic/inorganic hybrid materials
formed from TiO, nanoparticles and polyaniline (PANI). The preparation method is based on a sol-
gel technique using titanium tetra-isopropoxide as oxide precursor, and two synthetic routes to the
hybrids formation were employed, based on the addition of aniline after or before the sol formation.
Different amounts of aniline were used to verify this effect on the characteristics of the formed
materials. Samples were characterized by electronic spectroscopy, Raman spectroscopy, Fourier
transformed infrared spectroscopy, thermal analysis, X-ray diffractometry and cyclic voltammetry.
Results show that the different experimental routes are successful to produce hybrids formed by
oxides nanoparticles and polyaniline in its conducting form, the emeraldine salt. There are no strong
differences between the samples obtained by the two synthetic routes employed, except by the

amount of polymer in the final material.
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Introduction

Interest in the development of new inorganic/organic
(nano)composites has grown in recent years due to a wide
range of potential use of these materials.'!° These hybrids
constitute a class of advanced composite materials with
unusual properties, which can be used in many fields such
as optics, ionics, electronics, mechanics etc.

One important class of hybrid materials is that in which
the organic fraction is composed by conducting polymers,
such as polyaniline (PANI) or polypyrrole.'"* The unique
properties of hybrid materials become more pronounced
when at least one of the fractions occurs in nanometric
scale. Nanocomposites in which the polymer fraction occurs
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in nanometric scale can be obtained by the encapsulation
of conducting polymers within void spaces of inorganic
host matrices such as pores, cavities, tunnels, micelles and
interlayer domains.'>!*131% We have recently prepared
polypyrrole and polyaniline nanocomposites with several
inorganic matrices like porous glasses,**** layered
materials?*** and three-dimensional framework materials.?

Another interesting type of nanocomposites is that in
which the inorganic material represents the nanometric
phase. By this way, a great number of nanocomposites
between conducting polymers and nanoparticles of different
oxides as TiO,, Fe O, and SnO, have been described.****
Several reports involving the synthesis and characterization
of different polypyrrole or polyaniline/TiO, hybrids have
been described aiming to obtain materials that find
applications in electrochromic devices, nonlinear optical
systems, photoelectrochemical devices etc.?*3 For
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example, the combination of the n-type semiconductor
property of nanoparticulated TiO, with the p-type of
polyaniline has been considered as responsible for an
improvement in the polyaniline photocurrent values due to
the occurrence of exciton dissociation at their interface.*
TiO,/conducting polymer hybrids have been prepared
by the electrochemical polymerization of the monomer
on a film of the oxide,**” or by chemical polymerization
of the monomer in a dispersion which contains the oxide
(nano)particles.?6-3*33343% The experimental procedure is
fundamental to control the properties of the resulting
material. Variables like size and shape of the oxide
particles, degree of the dispersion, kind of interaction and
interface between the organic and the inorganic phases,
among others, have direct influence on properties like
conductivity, piezoresistivity, photocurrent, etc. Recently
we reported the in situ synthesis and characterization of
some hybrid materials between (Ti,Sn)O, nanoparticles and
the conducting polymer polyaniline.* In this paper we
report similar approach to hybrids between TiO,
nanoparticles obtained by the sol-gel route and
polyaniline. Two different synthetic approaches were used
based on the addition of aniline before or after the
hydrolysis of the oxide precursor. Also, the effect of the
initial amount of aniline added to the system in the
characteristics of former hybrid materials was studied.

Experimental

Titanium oxide was prepared based on method
described by Bischoff and Anderson.*! 10 mL of titanium
tetra-isopropoxide (TTIP — Strean product), used without
further purification, was diluted in 30 mL of isopropanol
(Carlo Erba). This mixture was added in 50 mL of MilliQ
filtered H,O into which 0.5 mL of concentrated chloridric
acid (Merck) was previously added. Precipitation occurred
immediately. The precipitate was then peptized with the
available HNO, at 60 °C for 8 h in a reflux system. After
this the reaction was stirred for 8 h at room temperature,
followed by evaporation of isopropanol and water at 55
°C for a week. The 55 °C drying gel was stored in a
desiccator for further characterization.

Two different routes were used to produce the oxide/
PANI hybrids as follows:

Group 1: aniline was added previously to hydrolysis. In
a glove box a suitable amount of fresh distilled aniline
(0.242 or 0.675 mL) was added to the above described
solution formed from TIPP. The new mixture of aniline and
TIPP in isopropanol was subsequently added to react with
water in a similar way as described above for the synthesis
of TiO,. The formed white precipitate was also peptized at
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60 °C for 8 h following by stirring at room temperature for
additional 8 h. After this, in order to polymerize the aniline,
30 mL of a (NH,),S,0, aqueous solution containing 1.0 mol
L' of HCl was added to the reactional media, and the mixture
was stirred at room temperature for 3 h. The (NH,),S O,
solution was prepared in order to maintain the aniline/
(NH,),S,0, molar ratio constant, by the dissolution of 0.301
or 0.851 g of (NH,),S,0, (to aniline amount of 0.242 or
0.675 mL, respectively) in 30 mL of a 1.0 mol L' HCI
aqueous solution. The resulting green solid was separated
by centrifugation, washed five times with distilled water,
dried at 40 °C for a week and stored in desiccator for further
characterization. The sample obtained with the minor initial
amount of aniline (0.242 mL) will be referred here as TiO,/
PANI-1A, and the sample obtained with the higher amount
of aniline (0.675 mL) as TiO,/PANI-1B.

Group 2: aniline added after the hydrolysis and
peptization. After all the synthetic steps to the synthesis of
TiO, described above, and before the evaporation of
isopropanol and water, a suitable amount of freshly distilled
aniline (0.242 or 0.675 mL) was added to the media
containing the TiO, sol. After 10 min under stirring, 30 mL
of the same (NH,),S,0, solution described in the Group 1
was added to the system. The mixture was stirred at room
temperature for 3 h, and the resulting green solid was
separated, washed, dried and stored as described above.
The sample obtained with the minor initial amount of
aniline (0.242 mL) will be referred here as TiO,/PANI-2A,
and the sample obtained with the higher amount of aniline
(0.675 mL) as TiO,/PANI-2B.

XRD patterns were obtained in a Shimadzu XRD-600
diffractometer, using Co-Ka radiation with 40 kV and
40 mA, at 0.2° scan rate (in 26). The room temperature
measurements were performed with the samples spread on
a conventional glass sample holder. Powder silicon
reflections were used for 26 calibration. The areas of the
XRD peaks were evaluated by Gaussian decovolution
using the Origin 5.0 program. The crystallite diameter was
determined employing peak-broadening analysis utilizing
Scherrer’s equation.

The FT-IR spectra of the samples were obtained with a
Bomem MB-100 spectrophotometer in the 4000-400 cm’!
range with 32 scans. The samples were prepared into KBr
pellets.

The Raman spectra were obtained in a Renishaw
Raman Image Spectrophotometer, coupled to an optical
microscope that focuses the incident radiation down to an
approximately 1 #m spot. A He-Ne laser (emitting at 632.8
nm) was used, with incidence potency of 2 mW over the
2000-100 cm™ region. The Raman spectra were baseline
corrected using the program Origin 5.0.
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TGA/DSC measurements were carried out simul-
taneously in a Netzsch STA 409 equipment, in static air
(with no air flow). Approximately 15 mg of each sample
were analyzed between 20 and 1000 °C at 8 °C min™' using
alumina crucibles.

The UV-Vis spectra were collected in reflectance mode
in a Shimadzu UV-2401 spectrophotometer, in the
190-900 nm region with the samples in powder, using
BaSO, as reference.

In order to measure the cyclic voltammetry, samples
(~ 0.01 g) were suspended in 2 mL of distilled water and
sonificated for 15 min. 300 4L of this suspension was
carefully transferred to the surface of conducting glass
electrodes (ITO, CG 611N, Sheet Resistance 15-30 ohm,
nominal transmittance higher than 78%, coating thickness
600-1000 10\). After water evaporation (at room temperature)
a uniform and transparent film was formed inside the ITO
surface, which was used as work electrode. Measurements
were performed using a EG&G Princeton potentiostat, model
273A, interfaced to a PC computer. A one compartment cell
with a Pt wire as counter electrode, a Ag/AgCl reference
electrode and a 1 mol L' HCI/NaCl aqueous solution as
electrolyte were used. The scan speed was 50 mV s and the
potential range from -200 to 1000 mV.

Results and Discussion

For the synthesis of the four hybrids, we introduced
modifications in the synthetic procedure for the TiO, in
two different approaches. In a first one, we mixed the
monomer aniline with the molecular precursors to the
oxide, and the hydrolysis was realized in this mixture. In
this case, the oxide formation occurs in an environment
that already contains the monomer. Second, we obtained
the TiO, solution and then added the aniline to it. In both
cases the polymerization was realized using an acidic
solution of ammonium persulfate. All the polymerizations
were conduced in the same way, in order to compare the
characteristics of the different samples obtained. Also, for
each synthetic approach, two amounts of aniline were
added, aiming to obtain hybrids with different ratios
between the inorganic and organic fraction, and to
investigate the effect of the initial aniline amount in the
final product.

The thermal behavior of the hybrid samples was
investigated by thermogravimetry (TG) and differential
scanning calorimetry (DSC), and the results are shown in
Figure 1. The 21.5% weight loss observed until 400 °C in
the TG curve of pure TiO, (Figure 1a) is attributed to the
elimination of adsorbed water and alcohol and to the
dehydroxilation process of surface-attached H,0O and OH
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groups, as reported before*?. The hybrids TG curves also
show weight losses between 30-300 °C attributed to the
loss of water (from both the oxide and polymer surface)
and acid dopant,** besides a well-differentiated behavior
marked by a strong weight loss in the 330-540 °C,
attributed to degradation of the skeletal polyaniline chain
structure.** This weight loss is correlated with two strong
exothermic peaks in the DSC of the hybrid samples, at 388
and 504 °C, as can be seen in the inset of Figure 1. The
DSC curve (which is representative for all the other hybrid
samples) also show an endothermic peak centered at 88 °C
(due the water loss of system) and an exothermic peak at
687 °C attributed to a anatase-rutile phase transition in
the titanium oxide.*
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Figure 1. Termogravimetric curves, obtained in air atmosphere at
8°C min": (a) TiO,; (b) TiO,/PANI-2A; (c) TiO,/PANI-1A; (d) TiO,/
PANI-2B; (e) TiO,/PANI-1B. The inset shows the DSC curve for
TiSn/PANI-1A sample.

Based on the TG data we can estipulate the amount of
polyaniline in each hybrid sample, which corresponds to
the following (in weight percent): 18.0; 39.5; 17.0 and
30.0 for the samples TiO,/PANI-1A, TiO,/PANI-1B,
TiO,/PANI-2A and TiO_/PANI-2B respectively.

The green color of all the four samples obtained was
the first evidence of the polyaniline formation in its
conducting form, emeraldine salt (ES). The ES occurrence
was confirmed by infrared (FT-IR), Raman and reflectance
UV-Vis spectroscopy. The FT-IR spectra of the hybrid
samples (Figure 2) present all the characteristics bands of
ES, at 1611, 1573, 1484, 1307, 1241, 1139, 1051, 985 and
808 cm'.

Figure 3 shows the Resonance Raman spectra of hybrids
and of the pure oxide. These spectra were collected with
the 632.8 nm laser, which frequency is coincident with the
visible absorption band assigned to the radical cation
segment, as will be discussed after. By this way, as
expected, the quinoid and semiquinoid Raman bands are
very salient in the spectra. As we can see on Figure 3, all
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Figure 2. Infrared spectra: (a) TiO,/PANI-1A; (b) TiO,/PANI-1B;
(c) TiO,/PANI-2A; (d) TiO,/PANI-2B.

the hybrid spectra are very similar and are in agreement
with the previously described spectra of pure emeraldine
salt,*-0 with the following main bands: ~1595 cm’!
(v C=C of the quinoid rings), ~1502 cm™ (v C=N of the
quinoid di-imina units), ~1339 cm™ (v C-N radical cation),
~1256 cm! (v C-N benzene diamine units) and ~1163 cm
(C-H bending of the quinoid rings).
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Figure 3. Resonance Raman spectra: (a) TiO,/PANI-1A; (b) TiO,/
PANI-1B; (c) TiO,/PANI-2A; (d) TiO,/PANI-2B; (e) TiO,.

Reflectance UV-Vis spectra of hybrid samples are
shown in Figure 4. The spectrum of pure TiO, is also
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showed. Clearly the hybrid samples present characteristic
bands of polyaniline-emeraldine salt at ~320 nm, ~415 nm
and ~700-850 nm, which are attributed to -7, polaron-sr*
and 7-polaron transitions, respectively.’' As can be seen
on Figure 4, with increased content of polyaniline, the
band attributed to the s-polaron transition is shifted from
824 and 853 nm (TiO,/PANI-1A and TiO,/PANI-2A) to
701 and 700 nm (TiO,/PANI-1B and TiO,/PANI-2B,
respectively). Similar results were observed in hybrid
samples obtained in a similar way, but using (Ti,Sn)O,
than TiO, as the inorganic fraction.*” These results would
indicate that the polarons in the hybrids obtained with the
minor amount of PANI are more delocalized than that in
the other samples (as observed in secondary doped
polyaniline)®'* and are an strong indicative that the initial
amount of aniline added to the system has influence on
the conformation of polyaniline chains formed in the TiO,/
PANI hybrids.

(b)

(d)

1 / reflectance

(e)

200 300 400 500 600 700 800 900
Wavelenght / nm

Figure 4. Reflectance UV-Vis spectra: (a) TiO,/PANI-1A; (b) TiO,/
PANI-1B; (c) TiO,/PANI-2A; (d) TiO,/PANI-2B; (e) TiO,.

The X-ray diffraction patterns of pure TiO, and TiO,/
PANI hybrids are shown in Figure 5. The oxide is formed
mainly with the anatase structure (in which peaks are
marked with A in the diffractogram present on Figure 5a)
with traces of brookite (peaks marked with B in the Figure
5a). The XRD patterns of the hybrid samples present the
same profile observed to the pure mixed oxide, indicating
that the structure of oxide was not modified by the
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polyaniline. Also, these results indicate that the polyaniline
are amorphous in the hybrids. However the XRD profile of
the sample TiO,/PANI-1B (Figure 5c) presents, beyond the
oxide peaks, four new peaks at 13.44, 19.01, 23.14 and
29.71 degrees (in 2 theta) indicating the formation of a
new phase. According the TG data discussed earlier, the
TiO,/PANI-1B sample presents the higher amount of
polyaniline between all the four hybrids discussed here,
and despite this new phase to be not well-known, its clear
that is due the improve in the PANI amount. Similar results
were observed by us in hybrids formed with (Ti,Sn)O, than
TiO, as inorganic fraction.” Gurunathan and Trivedi** and
Feng et al.* also observed new peaks in the XRD pattern
of hybrids formed between colloidal TiO, and polyaniline
and attributed to a cross-linking of the polyaniline®* or to
a more ordered arrangement of the polymer in the
composite samples, when compared with pure
polyaniline.*
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Figure 5. XRD pattern: (a) TiO,; (b) TiO,/PANI-1A; (c) TiO,/PANI-
1B; (d) TiO,/PANI-2A; (e) TiO,/PANI-2B.

The broad peaks observed in all hybrids XRD pattern
indicates short crystallite diameter of the oxide, which
was estimated by the Scherrer’s equation as 8.7 nm. Results
obtained by Scherrer’s equation suggest that the TiO,
crystallite size is not affected by the polymer presence,
and is approximately the same in the pure oxide and in all
the hybrids materials.

Cyclic voltammetry experiments were done and the
results are shown in Figure 6. During the voltammogram
acquisition, the typical polyaniline color changes were
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observed in all hybrid samples, showing that the materials
present electrochromism. As we can see, the voltammogram
of the sample TiO,/PANI-2B shows two well-defined
reversible redox processes, which are related to the typical
interconversion reactions of polyaniline upon varying the
potential, indicating that in this sample the main
electrochemical characteristics of PANI were not signifi-
cantly changed by the presence of oxide. The cyclic
voltammogram of the other three hybrid samples present
also the two redox pair characteristics of polyaniline, but
with low definition. A poor definition of redox peaks of
polyaniline was also observed earlier in polyaniline films
modified by the incorporation of high amounts of
platinum®® or carbon®* particles, and this behavior was
interpreted as a strong interaction between the polymeric
matrix and the incorporated particles. The significant
differences observed between the cyclic voltammograms
of our samples could be due the different kind of PANI/
TiO, interactions in our different samples (resulting from
the preparation methods and/or the PANI content). Another
possibility can be related with the preparation of the films
prior to the measurements. Although the procedure to the
films preparation was the same for all the samples, it was
not controlled their thickness and morphology. Also, we
observed that some samples have a poor adhesion to the
substrate and the films to come loose from the substrate
during the measurements. Deeper studies will be necessary
to clarify these points. Work to improve the overall quality
of films obtained from these hybrid materials, as well as a
judicious study on their electrochemical properties, will
be done as soon as possible.

The results obtained by the different characterization
techniques presented here can indicate that except by the
resulting amount of polymer, the synthetic route employed
to the hybrids (Group 1 or Group 2) does not present strong
influence on the characteristics of the final product. The
presence of aniline in the reactional media during the
hydrolysis of the titanium isopropoxide apparently does
not affect the characteristics of the former oxide. Our model
to the hybrid formation is the following: the aniline
monomer gets adsorbed on the oxide particles (which were
well dispersed in the reactional media) and polymerization
proceeds in the surface of the oxide particles when the
persulphate solution was added. In the samples in which
the initial amount of aniline was lower, we can suppose
that all the added aniline was initially adsorbed on the
oxide surface (once there are more surface available than
aniline molecules to be adsorbed) and all aniline was
polymerized around of oxide nanoparticles. This effect
was observed in the (Ti,Sn)O,/PANI hybrids recently
reported by us.** In that case, the hybrids with the lower
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Figure 6. Cyclic voltammograms of the hybrid samples. Scan rate = 50 mV s'; electrolyte = HCI/NaCl 1.0 mol L' aqueous solution; reference

electrode = Ag/AgCl.

amount of polyaniline were formed as well-defined core-
shell material, in which the polymer was formed as a shell
of the core oxide nanoparticles. We believe that similar
effect can be occurring with the TiO,/PANI hybrids that
were formed with minor amount of polymer reported here.
The growth of the polymer around the oxide surface could
promote the polymer chain organization and could explain
the shift of the polaronic band to higher wavenumber, as
observed on Figure 4. By other way when the initial amount
of aniline was higher the polymerization begins on the
oxide surface and involves the excess of non-adsorbed
aniline molecules, and the resulting material is formed by
oxide nanoparticles incrusted in a free-polymer mass. In
this configuration the polyaniline inter-chain interactions
is supposed more effective, resulting in the lower
wavenumber shift observed in the polaronic band.

Conclusions

Novel nanocomposites formed from TiO, nanoparticles
and the conducting form of polyaniline were successfully
obtained. The results showed here indicate that the main
characteristics of the nanocomposites are not affected by
the two different preparation routes presented (which was

based on the moment of aniline addition in the reactional
media), but are strongly affected by the amount of monomer
added prior to polymerization. This observation indicates
that regardless of the aniline being present during the oxide
formation or being added after it, its adsorption on the
oxide surface before the polymerization apparently is the
dominant step of the process. The synthetic routes
described here added to the good facility to film
preparation starting from the molecular precursors in the
sol-gel process could open a great possibility to these
materials in several devices.
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