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Abstract

In this work, hybrid nanocomposites based on anatase titania:polypyrrole (TiO2:PPy) were directly
obtained from a simple, one-step, ultrasonic (UT)-assisted synthesis. The properties of these crystalline
nanocomposites were compared with those of others fabricated using cold-assisted synthesis (Cold)
without any UT assistance, which required a hydrothermal treatment (HT) to yield crystalline anatase
titania in the nanocomposite (TiO2:PPy) at low temperature (130 ºC) and in a short time (3 h). The
SEM results demonstrated that the UT-assisted synthesis is a feasible method to obtain anatase
TiO2:PPy nanocomposites with controlled morphology using low energy. The Fourier transform
infrared (FT-IR) bands of the crystalline nanocomposites exhibited a shift with respect to neat
components, which was attributed to the strong interaction between the secondary amine groups (N-H)
of PPy and the oxygen from TiO2 . The acceptable absorption in the visible region (max= 670 nm)
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indicates that these nanocomposites are good candidates for harvesting energy in solar cells. Devices
based on these nanocomposites were built to evaluate their electrical properties. An increase in the
photocurrent was observed for the devices prepared with the nanocomposites from the UT-assisted
synthesis.

Keywords: ultrasound, hybrid composites, polypyrrole, nanoparticles, titania

1. Introduction

Titania (TiO2) is an inorganic semiconductor with a large band gap (Eg), ranging from 3.2 eV to 3.7 eV
[1], that is widely used mainly in photocatalysis [2, 3] and solar cells [4, 5] due to its excellent optical
properties, effective electron transport and photoreaction activity. Anatase is the main crystalline phase
used for these applications because it is a stable phase at room temperature and atmospheric pressure,
unlike the boorkite or rutile phases [6, 7]. To transform amorphous TiO2 into the anatase crystalline
phase, certain treatments are required, for example, annealing at temperatures above 300 ºC [8-10],
hydrothermal processing for up to 96 h [10-12], microwave-assisted hydrothermal methods with
subsequent annealing at 450 ºC [13] or hydrothermal treatment at 200 ºC for 24 h [12, 13]. It is clear
that a significant amount of energy and long times are required in these processes. In addition, to
obtain ordered structures of anatase titania, hard template and/or an electrochemical deposition at a
high applied potential are necessary [14, 15].To improve the optical absorption of anatase titania in the
visible region, a doping process using several materials has also been implemented [16, 17]. For
example, anatase TiO2 has been doped with alumina (Al2O3) by combining two techniques
(electrophoresis and sputtering), which reduced the large band gap of anatase TiO2 to 2.87 eV;
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however, the TiO2:Al2O3 ratio and the annealing temperature were critical parameters to achieve this
reduction [16]. Doping with manganese, carbon or silver or co-doping with silicon-tungsten have
recently been used to achieve the same goal; however, higher temperatures in the range of 400 ºC and
500 ºC are required [3, 17, 18]. Organic conducting polymers have been used in several devices
(capacitors, light-emitting diodes, solar cells) because of their intrinsic conductivity induced by the
redox doping process, flexibility and facile processability. Recently, conducting polymers such as
polyaniline have functioned as dopants in shifting the border of the TiO2 particles to longer
wavelengths, thereby improving the optical absorption in the visible region that depends on the
concentration of the conducting polymer [19]. These hybrid conducting polymer/TiO2 composites
present particular properties unlike those of the individual materials, such as controlled conductivity,
thermal or mechanical stability, and these properties have made them potentially applicable as anode
materials for lithium-ion batteries [20], anode electrodes for dye solar cells [19, 21] or photocatalytic
materials [22, 23]. The preparation of these composites can involve an in-situ method, where the
conducting polymer is synthesized in the presence of the defined particle size of the commercial
anatase TiO2 to form core-shell structures [19, 24]. These composites can also be prepared using a
two-step electrochemical process, in which a TiO2 nanotube film is anodized, and the conducting
polymer is then electrodeposited onto the anodized nanotube film [22].
Herein, hybrid nanocomposites based on anatase TiO2 and polypyrrole (PPy) using a simple, one-step,
ultrasonic-assisted synthesis were prepared and compared with those fabricated using cold-assisted
hydrothermal synthesis. The structural, morphological, intermolecular and thermal properties were
studied using X-ray diffraction, SEM and HRTEM, FT-IR spectroscopy and TGA, respectively.
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2. Experimental section

2.1 Reagents

Nitric acid (HNO3), ferric chloride (FeCl3), distilled pyrrole (Py) and titanium tetraisopropoxide
(Ti(OCH(CH3)2)4 were purchased from Sigma-Aldrich, and isopropanol (CH3-CHOH-CH3) was
purchased from J.T Baker. Distilled water was also used.

2.2 Procedure

The procedure for synthesizing hybrid nanocomposites was based on reference [21] with several
modifications. The synthesis was performed under ultrasound or cold conditions following the
procedure described in Figure 1.
For the ultrasonic-assisted synthesis (UT), two solutions were prepared and rapidly mixed to begin the
one-step synthesis of both components (polypyrrole and anatase titania). The first solution consisted of
FeCl3 as the oxidizing agent (2.350 g), distilled water (0.90 ml), HNO3 (0.090 ml) and isopropanol (3
ml) stirred well using a magnetic stirrer in a beaker at room temperature. For the preparation of the
second solution, the reagents were added in a beaker in the following order: isopropanol (2.4 ml), Py
(0.98 ml) and Ti(OPr)4 (4 ml), and the solution was promptly mixed with the first solution.
Immediately, the mixture was covered and stored under ultrasound conditions (100 W, 42 kHz ±6%)
for 1 h. The color of the mixture changed from transparent to dark blue, which is the characteristic
color of PPy. After 1 h, the mixture was stored at rest for 12 h, and then the homogeneous crystalline
product was washed several times with isopropanol to remove any remnants, which were dispersed in
the same solvent.
4

For the cold-assisted synthesis (Cold) without ultrasonic assistance, a similar procedure to the UT
synthesis was implemented; however, the temperature of the first solution was maintained at
approximately 5 ºC, while the second solution was being prepared. The mixture was stored at 1 h at 5
ºC - 7 ºC and remained at rest for 12 h, and then the dark amorphous product was washed with
isopropanol and dispersed in the same solvent.

The fine, dark, crystalline nanocomposites from the UT and the amorphous composites from the coldassisted synthesis were poured into a Teflon-lined autoclave for hydrothermal treatment at 130 ºC for 3
h or 24 h. Then, one portion of the composites was dried at 70 ºC for 24 h in a vacuum oven for the
post-characterizations. The samples will be labeled as Cold and UT for the low temperature and
ultrasound-assisted systems, respectively, and the hybrid composite that was hydrothermally treated
will be labeled with HT.

2.3 Characterization

For the Fourier transform infrared (FT-IR) spectroscopy characterization, nanocomposite powder
(approximately 1%) mixed with potassium bromide (KBr) was prepared to obtain nanocomposite KBr
pellets. A Rigaku MiniFlex+ X-ray diffractometer using CuKα radiation was used to determine the
crystallinity of the nanocomposite powder.
SEM morphology and EDS analysis were performed using a JEOL microscope model JSM- 6060 L.
High-resolution transmission electron microscopy (HRTEM) was performed in a JEOL JEM-2010 at
200 KV. For SEM and HRTEM, the samples were dispersed in isopropanol and sonicated for
5

approximately 20 min before placing them on SEM stubs or TEM Formvar carbon-coated grids. For
UV-Vis spectroscopy, the nanocomposite solutions were diluted in an isopropanol solution, and their
properties were measured in a Spectronic Genesys 2PC spectrophotometer. Thermogravimetric
analysis (TGA) of the nanocomposite powder was conducted in a TA Q500 TGA analyzer up 900 ºC at
a scan rate of 10 ºC/min under nitrogen gas (N2).

3. Results and discussion

The SEM morphology of the hybrid composites is presented in Figure 2. The composites fabricated
using the cold-assisted synthesis contain agglomerates composed of particles, 110 nm ±25 nm in size
(Figure 2a). When the composite is hydrothermally treated (HT) at 130 ºC for 3 h, irregular clusters of
particles, approximately 113 nm ± 26 nm in size, are observed (Figure 2c). However, the composite
produced using UT contains clusters of irregular particles with an average size of 121 nm ±26 nm
(Figure 2b), while well-defined regular particles with an average diameter of 175 nm ±42 nm are
observed in the hydrothermally treated UT composite (Figure 2d). Thus, the morphology and grain
particle size of the nanocomposites depend on the ultrasound assistance or the hydrothermal treatment.

Broad peaks are observed in the XRD pattern (Figure 3) of the hybrid composite fabricated using coldassisted synthesis, indicating that the composite is fully amorphous. However, well-defined sharp
peaks are observed in the spectra of the UT-assisted synthesis hybrid composites, where the peaks at
2= 25.28º, 37.8º, 48.04º, 55º and 62.75º match with those of the anatase titania card (JCPDS 21-1272)
[6], confirming the crystallinity and TiO2 phase. Both composites were hydrothermally treated (HT),
6

and the crystallinity of the TiO2 was improved, mainly in the amorphous Cold composite (see Figure
3b and 3d).

The mechanism for the formation of the anatase phase in an acidic medium at a fast heating rate
consists of the following steps: the 6-fold coordinated structures ([Ti(OH)x(OH2)6-x](4-x)+) (amorphous
aggregate) produced by the mixture of the alkoxide precursor with water condenses to produce
octahedra (TiO62-) that are free in solution. When the solution is promptly heated, the isolated
octahedra act as seeds or nucleation centers, and the heating promotes the arrangement of the four
edges shared per octahedron, the characteristic structure of the anatase phase of TiO2[7].
In this work, the pH of the solution was approximately 4, and the precipitation of anatase nanocrystals
was directly obtained with ultrasonic assistance. This process is explained by the acoustic cavitation
phenomena, where the implosive collapse of bubbles in a liquid, higher local temperatures (above
5000 K), higher pressures (>20 MPa) and higher cooling rates (1010 K/s) promote the formation of
crystalline phase nuclei [25, 26]. The optimization of the anatase phase under hydrothermal conditions,
however, has been explained to occur in two stages; in the first stage, solid-state epitaxial growth
occurs (fast growth rate) and in the second stage, dissolution and deposition occur (slow growth rate)
[27, 28].

The grain size of the TiO2 was determined from the diffraction peak of the anatase in the (101) plane
using Scherrer's equation [6]. The values calculated are presented in Table 1. It is clear that a short HT
time (3 h) in a hybrid composite produced using cold-assisted synthesis is sufficient to transform the
amorphous phase of titania to the anatase phase with an average grain size of 3.49 nm, which increases
to 4.735 nm after 24 h of HT. The UT-assisted composite had a grain size of 3.59 nm without any HT,
and the grain size increased to 5.07 nm after a 24-h hydrothermal treatment.
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These results indicate that a similar grain size of approximately 3.5 nm can be obtained from UT and
cold-assisted synthesis; however, in the latter, a hydrothermal treatment of 3 h is required, while in the
former, this treatment is not necessary. Thus, UT assistance is a feasible route to directly obtain
crystalline anatase TiO2 in a hybrid composite using lower energy and without any HT compared with
other procedures, where high temperatures between 350 ºC to 550 ºC are necessary to obtain this phase
[1, 2, 8]. In our case, these higher temperatures could affect the properties of the PPy. In addition, the
grain size could be increased by 25% of its value with a short hydrothermal treatment.
The average grain size of the neat TiO2 at 3 h of HT was 5.35 nm (Figure S1a of supplementary
document.); therefore, the growth of TiO2 is not affected during the synthesis of the hybrid
composites. PPy is fully amorphous according to the XRD results (Figure S2 of supplementary
document).

The validation of the presence of PPy and TiO2 in the amorphous and crystalline hybrid
nanocomposites was performed using FT-IR spectroscopy in the range of 1800 to 550 cm-1 (Figure 4).
The PPy and TiO2 spectra are included, and their characteristic bands are marked for comparison with
the nanocomposite spectra. Pure anatase TiO2 exhibits peaks at 1624 cm-1 and 1380 cm-1 and a broad
peak in the range of 1000 cm-1 to 500 cm-1; the latter is attributed to the Ti-O-Ti bond of the crystalline
phase [8]. Other peaks at 3450-3300 cm-1, 1639-1630 cm-1 and 660-634 cm-1 have been reported for
nanoporous TiO2 fabricated using the plasma-enhanced chemical vapor deposition (PECVD) process
[8] or for commercial nanoparticles [24]. Based on these results, all the crystalline hybrid composites
exhibit the main peak (1000 cm-1 to 500 cm-1) of neat anatase TiO2; however, this peak is slightly
shifted to a shorter wavenumber (800-500 cm-1), which is in concordance with the literature [29-31],
unlike the amorphous composite from the cold-assisted synthesis.
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Table 2 presents the IR bands of the pure PPy [30-33] compared with all the peaks of the hybrid
nanocomposites. Almost all the peaks of the neat PPy are present in all the nanocomposites; however,
they are shifted to larger wavenumbers, which could be due to the strong interaction between the
nitrogen atom of PPy and the TiO2 nanoparticles. Titanium is a transition metal, and titania tends to
form coordination compounds with nitrogen atoms [31].

The thermal stability of the amorphous and nanocrystalline hybrid composites was examined using
thermogravimetric analysis (Figure 5) at a heating rate of 10 ºC/min under N2. The TGA profile of all
the composites exhibits three stages of weight loss in the range of 60 ºC to 850 ºC. The first stage
appears between 30 ºC to 100 ºC, which could occur because of the moisture and the remnant O-Ti-O
hydroxyls in the composites. The second and third stages may result from the degradation of the
composites, where the behavior of each profile depends of the Cold and UT conditions or the
hydrothermal treatment, according to the derivate graphic (DTGA, not presented here). The
composites that underwent HT treatment exhibit slow degradation in the range of 140 ºC to 600 ºC,
while the degradation of those without HT occurs between 140 ºC and 500 ºC. This phenomenon could
be attributed to the crystallinity of the TiO2 or the strong electrostatic interactions of TiO2 with the
functional groups of PPy.

The temperature of the maximum rate of degradation (Tmax) of the moisture (first stage) and the
decomposition of the composites (second and third stages), the onset decomposition temperature
(Temp. onset) after the moisture weight loss and the percentage of the weight loss acquired from the
DTGA graphics are summarized in Table 3. In the first stage, the composites exhibited a weight loss
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due to moisture in the range of 8 - 12 %, and this value was reduced to 5 - 7 % in the composites
hydrothermally treated for 3 h. In the second stage, both the crystalline composites that were
hydrothermally treated exhibited a major weight loss (20 - 26 %), and they are 40 -50 ºC more stable
than the composites without any hydrothermal treatment. Therefore, it is clear that the hydrothermal
treatment improves the thermal stability of the composites.

The UV-Vis spectra of the crystalline hybrid composites with hydrothermal treatment (UT-HT and
Cold-HT) are presented in Figure 6a. The neat TiO2 and pure PPy spectra are presented as references.
The neat anatase TiO2 exhibits an absorption edge at 375 nm (the maximum absorption in the blue
region), and the neat PPy absorbs above 500 nm (the visible and near IR regions). It is clear that the
high absorption of the PPy in the IR region (beyond 760 nm) of the free carrier tail (delocalized
conjugation length) is due to the extended coil chain [35].
In the Cold-HT hybrid nanocomposite, the absorption of both components in the blue zone due to the
TiO2 and in the visible region due to the PPy are observed. However, the absorption edge of the
TiO2:PPy composite is shifted 20 nm to longer wavelengths compared with the neat TiO2. In the UTHT composite, a well-defined band in the visible region is observed at 670 nm, which is attributed to
the PPy absorption (see inset of Fig. 6a) and indicates that these composites could be useful in
harvesting energy for optoelectronic applications, such as in photovoltaic devices. Similar shifts have
been observed in biomorphic TiO2 produced using ultrasonication and subsequent annealing at 450 ºC
[36].

The direct optical transition of the composites was calculated using the equation: αh=A(h-Eg)p,
where α is the absorption coefficient, h is the photon energy, Eg is the optical band gap, p is assumed
to be 0.5 for the direct transition and A is a constant concerning the transition probability. The direct
10

transition of PPy and TiO2 was calculated based on reports [6], and then, this transition was used to
determine the Eg of the hybrid composites. The h vs. (αh)2 plots of the hybrid composite and the
reference materials (PPy and TiO2) are presented in Figure 6b.
The estimated Eg value of neat TiO2 is approximately 3.64 eV, which is in agreement with the values
reported in the literature (which range from 3.2 to 3.8 eV) [1]. The Eg value reported for neat TiO2 is
3.38 eV using the sols method [6], and it can be modified from 3.09 to 3.54 eV depending on the
preparation conditions [37], where a wide optical band gap is related to the lack of impurities and
defects [1]. The Eg of the hybrid composites is 3.25 eV for Cold composites and 3.4 eV for the UT
composites. These values are slightly lower than the Eg of TiO2, indicating that PPy is sensitized to the
TiO2.

The HRTEM images (Figure 7) illustrate the morphology of the hybrid composites fabricated using
cold- and UT-assisted synthesis with HT at 3 h. Both hybrid composites contain agglomerates
composed of amorphous PPy and crystalline TiO2, in which nanocrystals are embedded in the
amorphous PPy. Statistical distributions (not presented here) indicated that the average of the grain
diameters were 4.65 nm ±1.65 nm and 4.81 nm ±0.89 nm for the Cold and UT hybrid composites,
respectively. The lattice spacing of approximately 3.7 Å observed in the images corresponds to the
(101) planes of anatase TiO2 [6], which indicates that the hybrid nanocomposites are composed of
nanocrystalline TiO2.
According to the TEM results, the neat TiO2 had an average grain size of 4.72 nm ±0.89 nm (Figure
S1b of the supplementary document), which means that the grain size values from the HRTEM results
are slightly higher (~1 nm) than those values obtained from the X-ray diffraction patterns. However,
the values are in the range of the deviation of the average grain size obtained using HRTEM.
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The atomic percentages from the EDS patterns (not presented here) of the hybrid composite are listed
in Table 4. Carbon and oxygen are the main elements in the Cold and UT composites, which agree
with the chemical composition of polypyrrole and TiO2. Assuming that the monomer and TiO2
precursor are fully consumed during the synthesis, the estimated molar ratio is approximately 6.5:2.5
in the TiO2:PPy composites. The remnant of approximately 1% could be due to the carbon and oxygen
from the moisture in the nanocomposites (isopropanol or water), and the presence of Fe and Cl
elements could result from residual oxidizing agent (FeCl3).
One-step ultrasound-assisted synthesis is a practical and simple method to obtain anatase-TiO2:PPy
nanocomposites in regular particle form, where the direct formation of the crystalline anatase TiO2
observed in X-ray patterns is attributed to the cavitation phenomena. However, in the cold-assisted
synthesis, hydrothermal treatment is necessary to obtain crystallinity in the composites, but at low
temperatures and for short times. Both hybrid composites are good absorbing materials in the visible
spectrum, and they could be potential candidates for harvesting visible light for solar cells. Anatase
TiO2 is an inorganic, n-type semiconductor and PPy is a p-type, organic semiconductor forming an
acceptor/donor junction (hybrid heterojunction). According to the flat energy band diagram (Figure 8),
the electronic transport of carrier charge could occur easily from TiO2 to PPy. Jeong and coworkers
[21] observed photoelectric conversion of approximately 0.015% in this type of structure
ITO/TiO2:PPy/Al by modifying the PPy concentration. In addition, recently, a photovoltaic response
was observed in a commercial titania:polyaniline composite sandwiched between two ITO substrates
[19].
Similar structures were fabricated with the hybrid composites (ITO/TiO2:PPy/ITO) synthesized in this
work to evaluate their electrical properties (current vs. potential curves) in the dark and under
illumination (68820 Oriel Solar simulator, Universal Power Supply, 400-1000w). Figure 9 presents the
linear and logarithmic I-V curves of devices composed of UT and Cold nanocomposites. The Cold
12

composite exhibits a similar current vs. voltage response under the dark or illuminated conditions,
while the UT composite exhibits current intensity results almost one order of magnitude greater than
those of the Cold composite in the dark condition. Furthermore, an appreciable magnification of the
current is observed when the UT device is illuminated (inset of Figure 9). Hence, the difference in their
electrical properties could be due to the assistance of ultrasound leading to the creation of a UT
composite with more regular morphology and better homogeneity and dispersibility in solution in
comparison with the Cold composites.
The absence of the photovoltaic effect could be due to either the high TiO2:PPy ratio (6.5:2.5) or the
remnant of reagents in the composites. Michael [19] observed that the ideal concentration of the
conducting polymer is approximately 10% in commercial titania:polyaniline to obtain a photovoltaic
response. However, Jeong observed that the photoelectric efficiency conversion increased at a high
concentration of polymer [21]. Therefore, a systematic study of these specific hybrid nanocomposites
as a function of the PPy concentration is necessary and will be considered in future works.

4. Conclusion

Crystalline hybrid composites (TiO2:PPy) were successfully obtained directly from a simple, one-step,
ultrasonic-assisted synthesis using lower energy and without any HT compared with the amorphous
composites obtained from cold-assisted synthesis, in which the crystalline anatase TiO2 must be
induced by a hydrothermal treatment. According to the optical results and energy band diagram, both
the Cold and UT composites are good candidates for harvesting energy for optoelectronic devices,
such as solar cells. However, a photocurrent was observed only in the devices with the UT
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nanocomposites, suggesting a systematic study to determine the optimal concentration of PPy, which
will be considered in future work to improve the photoelectric response.
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Figure Captions

Figure 1. Flowchart of the experimental procedure of the cold- and UT-assisted synthesis.
Figure 2. SEM morphology of the hybrid composites prepared from a) cold- and b) ultrasound-assisted
synthesis. c) and d) correspond to cold- and ultrasound-assisted composites undergoing HT at 130 ºC
for 3 h.
Figure 3. X-ray patterns of hybrid composites prepared using cold- and ultrasound-assisted synthesis
with and without HT at 130 ºC for 3 h.
Figure 4. FT-IR spectra of amorphous and crystalline hybrid nanocomposites from cold and UTassisted synthesis. The spectra of neat PPy and TiO2 are included for comparison.
Figure 5. TGA profiles of the amorphous and crystalline hybrid composites with and without
hydrothermal treatment (130 ºC, 3 h).
Figure 6. a) UV-Vis spectra and b) h vs. (αh)2 curves of the hybrid composites hydrothermally
treated and dispersed in a solution of 2-propanol. The absorbance spectra of PPy and TiO2 are included
as references.
Figure 7. HTEM images of the hybrid composites synthesized under a) Cold and b) UT conditions and
hydrothermally treated at 130 ºC for 3 h.
Figure 8. Energy band diagram of the hybrid composite, illustrating the carrier charge transport from
the electron donor (PPy) to the acceptor donor TiO2.
Figure 9. I-V curves in the dark (close symbols) and under illumination (open symbols) for the
ITO/TiO2:PPy/ITO devices prepared from the UT and Cold hybrid composites.
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Table captions

Table 1. Grain size of the titania in the hybrid composites estimated from XRD patterns using
Scherrer's equation.
Table 2. Wavenumber and assignment of IR bands of PPy compared with the hybrid nanocomposites.
Table 3. Maximum and onset temperatures at different stages. The percentage of weight loss is
included in brackets.
Table 4. Atomic percentage composition of the hybrid nanocomposites.
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Supplementary Figures

Figure S1. a) X-ray diffraction patterns and b) TEM image of the neat titania obtained using UTassisted synthesis at 130 ºC for 3 h.
Figure S2. X-ray diffraction pattern of the neat polypyrrole obtained using UT-assisted synthesis at 130
ºC for 3 h.
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Table 1. Grain size of the titania in the hybrid composites estimated from XRD patterns using
Scherrer's equation.
Composite

Hydrothermal

Average grain size from XRD

treatment time

(nm)

0

Amorphous

3

3.49

24

4.735

0

3.59

3

4.17

24

5.07

Cold

UT
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Table 2. Wavenumber and assignment of IR bands of the neat PPy compared with the
hybrid nanocomposites.
Wavenumber (cm-1)
Wavenumber (cm-1) and assignment of
IR bands [30-34].
neat

Amorphous

PPy

Cold
w/HT

22

UT

UT w/HT

1714
1636.3, N-H in plane bending

1714

1683

1685

1685

1614

1606
1556

1560

1485

1485

1400

1402

1400

1325

1328

1330

1276

1288

1288

1207

1201

1201

1047

1049

1051

1004

1002

1560, C=C antisymmetric stretching

1581

1585

1581

1544, 1541.6, 1529 C=C antisymmetric

1539

1529

1527

stretching
1470, 1455.6, 1446 C=C symmetric

1485

stretching

1300, 1296.1, 1284 C-N and N-H

1406

1284

deforming vibration

1259
1222

1175, C-N stretching
1164.2, C-C stretching vibration
1144, 1134, N=Q=N (Q is referred to
pyrrole type rings)
1042, C-C stretching vibrations
1030, 1034.5, C-H deformation

1051
1022

vibrations and out-of-plane bending
964, 963.7, doping state of PPy

945

950

939

933

916, 893.9, 887, doping state of PPy

929

790, C-H deforming and wagging

808

vibration
23

786.8, C-C stretching vibration

786

781

786

734
707

707

630

624

781
736

680, 667.8, C- H out-of-plane bending

24

636

642

640

Table 3. Maximum and onset temperatures for different stages. The percentage of weight loss is
included in brackets.
hybrid Composites

Temp. max (ºC)

Temp. onset (ºC)

1st step (moisture

after the moisture

weight loss)

weight loss

Temp. max (ºC)

2nd step

3rd step

Cold TiO2:PPy

65 (12%)

140

390 (16%)

773 (16%)

Cold TiO2:PPy w/HT*

48 (5%)

144

447 (20%)

813 (14%)

TiO2:PPy (UT)

40 (8%)

130

250 (18%)

772 (16%)

TiO2:PPy (UT) w/HT*

43 (7%)

141

283 (26%)

475 (5%)

*Composites with better thermal stability
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Table 4. Atomic percentage composition of the hybrid nanocomposites.

Composites

C %

N%

O%

Ti %

Fe %

Cl %

Cold w/HT

54

2.4

30

9

0.6

4

UT w/HT

43

5

35

13

0.5

3.5

from
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Highlight



Synthesis of hybrid nanocomposites by using a simple one-step under ultrasonication



Direct obtention of crystalline titania in the nanocomposites by using low energy



Nanocomposites with harvesting energy in the visible range for flexible solar cells

