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Titanium oxide filled polyvinylpyrrolidone (PVP) composite nanofibers have been prepared via a simple electrospinning technique.
The combination of good TiO, properties with its high surface area leads these nanofibers into having a vast applicability such as
cosmetics, scaffolds for tissue engineering, catalytic devices, sensors, solar cells, and optoelectronic devices. The structural and
chemical properties of the prepared samples have been studied. The presence of the TiO, phase on the nanofibers was confirmed.
An anatase to rutile transformation was observed at 600°C. Regarding the thermogravimetric and differential thermal analysis

(TGA/DTA), the TIP decomposition and the PVP evaporation at 225°C were verified.

1. Introduction

Electrospinning is a simple and versatile technique that is
capable of producing nanofibers with diameters ranging from
50 to 500 nm [1]. This nanofiber preparation method has the
advantages of easy deposition and versatile in the manufac-
ture of polymeric materials, composites, and ceramics. The
interest of this technique for producing ceramic nanofibers
has grown exponentially since 2002 [1].

The electrospinning process involves a high voltage source
connected to a needle and a metallic collector where the fibers
are deposited [2]. The needle is attached to injection pump,
where is the polymer solution or melt, and consists of the
positive electrode. The collector is connected to the negative
electrode, thus creating a potential difference. In this way
the electric field created, stretches the drop that forms on
the needle tip, which is then deformed into a conical shape
(Taylor cone) [3]. When the applied electric field exceeds the
surface tension of the drop, the solution is ejected in the form
of an electrically charged jet, reaching the negative electrode
which is the collector [4]. During this process, the solvent
is evaporated resulting in the deposition of nanofibers over
the collector. The diameter of the fibers can be adjusted by
varying the rheological properties of the solution and turning
the processing parameters [1, 5, 6].

The importance and applicability of nanofibers have
been a common theme in the field of nanotechnology. These
materials, due to their nanosize, enjoy a range of attractive
properties compared to known materials, such as high ratio
area/volume, flexibility of structures, and mechanical per-
formance (stiffness and tensile strength) [5].

Titanium dioxide (TiO,) or titania can be found in three
different crystalline forms: anatase, rutile, and brookite. How-
ever, the rutile phase is thermodynamically more stable. TiO,
is a semiconductor with interesting properties, such as trans-
parency to visible light, a high refraction index, and a low ab-
sorption coefficient [6].

The formation of the nanofibers with TiO, is the only
form of combining their elevated surface area and the TiO,
intrinsic semiconductor properties, thereby opening an enor-
mous potential of this material, for applications. The anatase
is a more photoactive phase due to its low velocity recombi-
nation of photogenerated charges in its structure, thus, this
TiO, phase has a vast applicability such as sensors, solar cells
[7], optoelectronic devices, and catalytic devices [6, 8] that
have an important role in disinfection applications or air and
water cleaning [6]. The rutile phase, due to their low intrinsic
photocatalytic activity, can be used in cosmetic field [9]. The
nanofibers of rutile phase can also be applied in the medical
area as scaffolds for tissue engineering [10, 11].



TABLE 1: Variations and different amounts of precursor and poly-
meric matrix.

Solutions TIP + acetic acid PVP + ethanol
A 1,5mL + 3mL 0,45g +10mL
B 0,75mL + 1,5 mL 0,45g +10 mL
C 1,5mL + 3mL 0,5g+5mL
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TABLE 2: Quantitative and qualitative analysis obtained by EDS.

Element TiK OK

nanofibers of solution Wit% At% Wt% At%
A 67,78 41,27 32,22 58,73
B 66,26 39,61 33,74 60,39
C 71,79 45,94 28,21 54,06

This study aims at producing titanium dioxide nanofibers
to combine the advantages of this material with the simplicity
and versatility of the electrospinning technique. Further-
more, it has the objective of studying the behavior of the TiO,
nanofibers at elevated temperatures. This study is different
from the known articles due to high temperatures. The main
aim of this research is to study the influence of the concen-
tration of the Ti(IV)-isopropoxide (TIP) in the production
of TiO, nanofibers. And the second aim of this study is to
understand what happens to the TiO, at different tempera-
tures for optimizing functionality depending on the required
application.

2. Materials and Methods

The solution comprises Ti(IV)-isopropoxide precursor, which
is subsequently added to a solvent and acetic acid. For a
better control of the rheological properties of the solution, it
will be added to a polymer matrix, of polyvinylpyrrolidone
(PVP), forming a solution. This matrix was chosen due to
its high molecular weight 1300000 g/mol, which ensures that
even at low concentrations the solution presents pairing of
chains, enough for its stretching through the action of the
electric field [6, 12]. The polymer is solved in ethanol, which
evaporates during deposition, along with the other solvents
involved. This leaves a dry PVP/TIP set of nanofibers in the
collector.

In order to determine the optimal solution for the pro-
duction of titanium dioxide nanofibers, three solutions were
prepared (Table 1). The production of A and B solutions was
produced with the same quantity of polymeric matrix (PVP);
however, the precursor (TIP) was reduced to half the quantity
in order to find out if it was possible to reduce the cost
of the solution without altering its efficiency. Knowing that
the concentration of PVP in ethanol can be increased to
0.1g/mL [13], solution C was made, with the same quantity
of precursor as in solution A.

Each solution was mixed with the aid of a magnetic
stirrer at room temperature until a homogeneous solution is
reached.

The solutions were then inserted into the injection pump,
containing a needle (stainless steel 0.5 mm in diameter) and
a vertically attached electrospinning device. The needle was
connected to a high voltage and the solution was deposited
at a rate of 0.1 to 0.5 mm/h. A fan-shaped foil was used as a
collector for better visualization of the nanofibers produced.
The needle collector distance was 12 cm. The electric field
created between the needle and the collector was 8 kV. The
samples were deposited for 10 minutes at room temperature.

The nanofibers were calcinated at maximum temperature
of 1400°C, in a Wire Wound Tube Furnace. To reach the
calcination temperature a heating rate of 5°C/min was used.
The isothermal plateau was maintained for 60 minutes and
subsequent cooling was at the natural rate.

3. Results and Discussion

3.1. The Effect of the Different Solutions Concentration. An
EDS analysis of the nanofibers obtained each solution was
carried out and showed the presence of TiO, (Table 2).

The scanning electron microscopy (SEM) analyses for
the different solutions before and after calcination at 1200°C
are shown in Figure 1. Calcination was carried out at this
temperature with the objective of discovering if the nanofiber
structure changes with the increase in temperature. Figure 1
illustrates a decrease in the nanofibers size from solution
A to solution B after annealing. This behavior is explained
by the decrease of the TIP precursor. The increase of the
average diameter of the nanofiber mat from A to C is due to
the higher concentration of polymer increasing the viscosity
of the solution that leads to increased loads which initiate
the fiber formation that may not be sufficient to stretch the
solution to the fiber diameters as thin as desired (from 200 to
400 nm); these dimensions required for the nanofibers have
good properties, such as high ratio area/volume, flexibility of
structures, and mechanical performance [14].

Changes in morphology before and after calcination are
related with drastic change in the crystal structure [15-17].
One can also see that after annealing there is a reduction in
the size of nanofibers, due to the PVP polymer evaporation
and the TiO, crystallization [15].

Analyzing the nanofibers after annealing corresponding
to precursor solutions of different concentrations, it was
found that the sample corresponding to solution C contains
nanofibers with 888 nm average diameter. This diameter is
not within the envisaged interval from 200 to 400 nm. The
fiber mat from solution A contains more defects than one
formed from solution B. As such, it was concluded that
the nanofibers corresponding to solution B were chosen for
the subsequent analysis and tests. Through the analysis in
Figure 1, it can be verified that with the increase in tempera-
ture the nanofiber structure does not alter; however, it causes
an increase in TiO, crystals.

3.2. Effect of Temperature on TiO, Nanofibers. The nanofibers
produced with solution B were calcined at different tem-
peratures. Figure 2 represents the X-ray diffraction (XRD)
spectra for the sample with different annealing temperatures.
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FIGURE 1: SEM analysis of solutions (A), (B), and (C) before (1) and after calcining (2).

Also are the peak positions (vertical lines) corresponding to
the anatase (ICDD 00-021-1272) and rutile (ICDD 00-021-
1276) phases expected for TiO,.

According to the XRD results (Figure 2) it appears that
nanofibers calcinated at 400°C, temperature at which anatase
crystals begin to form, have a nanocrystalline structure. At
600°C rutile starts to become more evident. However, the
predominant phase is still anatase. With increasing temper-
ature the rutile phase grows so that at 800°C it becomes

the one that has a higher percentage in the samples, as
expected [12, 15, 18].

With increasing temperature the grain size also increases;
this increase in the grain size is due to the sudden increase of
temperature. The grain size shown in Table 3 was determined
by the Scherrer equation.

The increase in grain size causes an increase in its thick-
ness, thus, the atoms’ levels of energy will increase result-
ing in the reduction of its bandgap. Besides the bandgap,
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TABLE 3: Grain size and phase with changes of temperature.

Temperature ("C) Crystallographic plane Phase Grain size (nm)
400 (011) Amorphous 5.0
500 (o11) Anatase 8.4
600 (o11) 15.7
700 (110) 38.4
800 (110) 481
1000 (110) Rutile 64.2
1200 (110) 71.0
1400 (110) 613.0
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FIGURE 2: Graph representing the XRD of solution B TiO, nanofi-
bers.

the grain size will affect the areas surface; for a constant
volume, the bigger the particle is, the less its surface area will
be [19]. For anatase phase, the TiO, photovoltaic efficiency is
improved with the decrease of the grain size; this is due to the
increase in the photons absorption and improved interfacial
characteristics [20]. For rutile phase with the decrease of
grain size, their ability to dispersion visible light is reduced;
however they maintain a high UV-scattering ability [21].

The differential thermal analysis (DTA) curve of heat
flow, shown in Figure 3, indicates two transformations with

and is related to moisture and solvent loss (ethanol and
acetic acid). The loss at 225.19°C is due to TIP decomposition
in conjunction with the degradation of PVP dehydration
through a polymer side chain. The loss at 424.41°C occurs due
to the formation of anatase crystals. These transformations
are in agreement with the literature [15, 22, 23].

4. Conclusion

TiO, nanofibers with average diameter of 206 mm were suc-
cessfully produced through the electrospinning technique.
It was found that the best TiO, nanofibers are obtained
from solution B that contains 0.75 mL TIP (in 1.5 mL acetic
acid) and 0.45g PVP (in 10mL ethanol). The scanning
electron microscope allowed for the nanofibers absorption
before and after calcination; this proved that its structure
is maintained with the increase in temperature, all that
occurs is the increase in TiO, crystal size. The structural
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transformation from anatase to rutile occurs in the range
600°C and 800°C. These results were confirmed through
DSC studies. For applications that require an anatase phase,
the TiO, will have to be annealed at a temperature equal
or lower than 600°C. Regarding the TGA study, the TIP
decomposition and PVP evaporation through dehydration in
the polymer lateral chain were verified at 225°C.
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