International Journal of Electrospun Nanofibers & Applications
Vol. 7no. 1 (June, 2021)

Recelved: 10th February 2021 Revised: 01st June 2021 Accepted: 16th June 2021

Effects of PVP Concentration on Structure of Electrospun
Titanium Dioxide (TiO,) Nanofibers

Wirat Jarernboon, Vittaya Amornkitbamrung EkRaphan Swatsitang,
Thanusit Burinprakhon, & Santi Maensire*

Integrated Nanotechnology Research Center (INRC), Khon Kaen University, and Solid State Laboratory,
Department of Physics, Faculty of Science, Khon Kaen University, Khon Kaen, 40002, Thailand

Abstract: Titanium dioxide (TiO,) nanofibers were fabricated by electrospinning technique using
the tranium (diisoproproxide) bis(2, 4-pentanedionate) 75 wt% in 2-propanol solution in the presence
of polyvinylpyrrolidone (PVP) as a polymer source. The as-spun TiO,/[PVP composite nanofibers
(with 7, 10, and 15 wt.% PVP) were characterized by TG-DTA to determine the thermal
decomposition and crystallization temperature. TiO, nanofibers with diameters of 60-100 nm were
obtained from calcinations of the as-spun TiO /PVP composite nanofibers at 500°C in air for 3h. The
wfluence of PVP concentration on the structure of TiO , nanofibers were investigated by using X-ray
diffraction (XRD) and Raman spectroscopy. The TiO, nanofibers were also characterized by using
Scanning Electron Microscope (SEM), Energy dispersive X-ray spectroscopy (EDS), and Brunauer-
Emmett-Teller (BET). The average diameter of as-spun nanofibers and TiO, nanofibers increases
whereas the number of beads reduce when the PVP concentration increases. The highest surface area
of the nanofibers is 90 m?/g at the PVP concentration of aboutr 7 wt.%. It was found thar PVP
noticeably affected the formation of rutile phase of TiO , nanofibers. At the same calcination temperature,
high concentration of PVP (10 and 15 wt. % PVP) caused the formation of rutile phase.

Keyword: Electrospinning; Titanium dioxide; Nanofiber; polyvinylpyrrolidone (PVP); X-ray
diffraction; Raman spectroscopy.

1. INTRODUCTION

In recent years, nanomaterials have attracted great attention due to their unique structure
and properties. One-dimensional (1D) nanostructured metal oxides have been particularly
of great interest because of their unique properties and potential applications in
electronics, photonics and other related areas [1-3]. Nanocrystalline titanium dioxide
(TiO,) is a well-known material and is widely studied for its potential applications in
chemical sensors, photoelectrochemical cells, optical filters, and systems with enhanced
catalytic activity [4-8]. Various methods have been used to synthesize nanocrystalline
TiO, in the forms of nanoparticles [9], nanotubes [10], nanowires or rods [11], and
nanofibers [12]. Most recently, TiO_-based nanofibers fabricated by electrospinning
have been of great interest due to the wide potential applications of nanofibers [13-21].
Electrospinning represents a simple and convenient method for preparing polymer fibers
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and ceramic fibers with both solid and hollow interiors that are exceptionally long in
length, uniform in diameter ranging from tens of nanometers to several micrometers,
and diversified in compositions [22-26]. In the preparation of electrospun'TiO, nanofibers,
polyvinylpyrrolidone (PVP) has been successfully used as a polymer source, and gives
uniform nanofibers of the resultant TiO, [13,14,21]. However, the effects of PVP
concentration on the morphology and structure of electrospunTiO, nanofibers have not
much been reported.

In this study, we investigated the influences of PVP concentration on morphology
and structure of TiO, nanofibers fabricated by electrospinning. The as-spun and calcined
TiO_/PVP composite nanofibers were characterized using X-ray diffraction (XRD),
Raman spectroscopy, and scanning electron microscopy (SEM) equipped with energy
dispersive X-ray spectrometer (EDS).The surface area of samples was characterized by
Brunauer-Emmett-Teller (BET) surface area measurement.

2. EXPERIMENTAL PROCEDURE

2.1 Preparation of TiO, Nanofibers

In this study, titanium(diisoproproxide) bis(2, 4-pentanedionate) 75 wt% in 2-propanol
abbreviated TIAA (Acros organics, 99%), polyvinyl pyrrolidone (PVP) (M_= 1 300
000, Aldrich), acetic acid (BDH, 100%) and ethanol (BDH, 100%) were used as the
starting chemicals. The preparation of TiO,/PVP solution for electrospinning is similar
to that reported in our previous study [21]. In a typical procedure, the PVP/ethanol
solutions with the PVP concentrations of 7,9, 10 and 15 wt.% were prepared by dissolving
PVP in ethanol.’To obtain a solution of TiO,, 1.5 ml (1.485 g) of TIAA was dissolved in
3 ml acetic acid and 3 ml ethanol. The solution was then dissolved in the prepared PVP/
ethanol solution. The mixture was vigorously stirred at room temperature to get a
homogeneous polymer solution for electrospinning. The schematic electrospinning setup
used for the electrospinning process is shown in Fig. 1. The polymer solution was loaded
into a plastic syringe equipped with a 22-gauge needle made of stainless steel. The needle
was connected to a high-voltage supply (DEL High Voltage (0-100 kV), DEL Electronics
Corp., USA).The voltage for electrospinning was 9.0 kV. The solution was fed at a rate
of 0.5 mL/h using a syringe pump (TERUMO Terufusion Syringe pump TE-331, Japan).
A piece of flat aluminum foil was placed 15 cm below the tip of the needle, and used to
collect the nanofibers. All electrospinning processes were carried out at room temperature.

2.2 Materials Characterization

The as-spun TiO_/PVP composite nanofibers were subjected to thermogravimetric-
differential thermal analysis (TG-DTA) using Pyris Diamond TG/DTA (PerkinElmer
Instrument, USA). This was done to determine the temperatures of possible
decomposition and crystallization (or phase changes) of the nanofibers. The analyses
were performed with a heating rate of 15°C/min in static air up to 1000°C. The nanofibers
were calcined at 500°C for 3h in air in box furnace (Lenton Furnaces, UK), using heating
and cooling rates of 5 min/°C.
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Powder X-ray diffraction (XRD) was used for crystal phase identification and
estimation of the crystallite size. The X-ray Diffraction measurements were performed
on a Phillips X-ray diffractometer (PW3710 mpd control, The Netherlands) with CuKa
radiation (A = 0.15406 nm).The fraction of rutile phase in each sample was determined
via the generally accepted quantitative method [27]. The volume fractions of anatase
and rutile were calculated from the (101) reflection of anatase and the (110) reflection
of rutile. The volume fraction of rutile present in the composites after various calcinations
were calculated using the following equation [28]:

-1
Xg = (1+ O.8|—AJ

R

where X is the volume fraction of rutile, I, and I are the integrated line intensities of
the anatase and rutile, respectively.

The Raman spectra were performed at room temperature by using a triple
spectrometer (JobinYvon/Atago-BussanT-64000, France) with a liquid nitrogen cooled
CCD detector for 800 s, in micro-mode. The Ar* laser beam with the excitation A =
638.2 nm with an output power of 20 mW was focused under 90x microscope objective
and the laser spot size was between 1 and 2 mm. Raman spectra were recorded in the
850-50 cm™! range. The spectral resolution was 1 cm™.

The morphology of the as-spun and calcined TiO,/PVP composite nanofibers was
characterized by SEM (LEO SEM 1450VP, U.K.), which is equipped with energy
dispersive X-ray spectrometer (EDS). Measurements of ~100 random fibers taken from
SEM micrographs were used to determine average fiber diameter and distribution. The
BET surface area of the TiO, nanofiber was obtained with nitrogen adsorption in a
Micromeritics ASAP 2010 nitrogen adsorption apparatus.

RESULTS AND DISCUSSION

The results of TG and DTA analyses of the as-spunTiO,/PVP composite nanofibers at
different PVP concentrations are shown in Fig. 2. The DTA curve depicted an exothermic
peak at ~80°C, which indicates the loss of moisture and trapped solvent (water, ethanol
and carbon dioxide). According to the DTA curve, all the samples exhibited two strong
endothermic peaks, but they have difference peak positions. The first strong peaks at
348°C (TiO /7 wt.% PVP), 341°C (TiO_/10wt.% PVP) and 340°C (TiO /15 wt.% PVP)
corresponded to the loss of organic species from the crystals and the decomposition of
TIAA along with the degradation of PVP by a dehydration on the polymer side chain,
which was confirmed by a dramatic weight loss in TG curve at the corresponding
temperature range. The second strong peaks at 479°C (TiO /7 wt.% PVP), 459°C (TiO,/
10 wt.% PVP) and 451°C (T10,/15 wt.% PVP) corresponded to the decomposition of
main chain of PVP and the formation of metal oxide anatase phase of TiO, [13,21]. In
addition, it is seen that 15 wt.% PVP can effectively promote the formation of TiO, at
lower temperature than the others.
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Figure 1: Schematic diagram of electrospinning set up.
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Figure 2: TG-DTA curves of thermal decomposition of the as-spun TiO /PVP composite
nanofibers at a heating rate of 15°C/min in static air.
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Figure 3 shows SEM micrographs of as-spun nanofibers and calcined TiO_/PVP
composite nanofibers prepared using PVP concentrations of 7, 10, and 15 wt.%. The
diameters of the as-spunTiO_/PVP composite nanofibers increased with increasing the
concentration of PVP as shown in Fig. 3(a), (b) and (c). The as-spun composite nanofibers
appeared quite smooth due to the amorphous nature of TIAA/PVP composite, and each
individual nanofiber was quite uniform in cross section. However, some beads were
found in the as-spunTiO /7 wt.% PVP composite nanofibers (Fig. 3(a)). At low viscosity,
polymer chain entanglements are also low and there is a higher likehood that beads
fibers are obtained instead of smooth fibers [29]. The electrospun beaded fibers are

Figure 3: SEM images of the as-spun and calcined TiO /PVP composite nanofibers with
different PVP concentrations, (a) and (d) 7 wt.% PVP, (b) and (e) 10 wt.% PVDP,
(c) and (f) 15 wt.% PVP. Calcination was carried out at 500 °C for 3h in air.
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related to the instability of the jet of polymer solution, which has been studied by Fong
et al. [29]."The presence of the beads in the as-spunTiO,/7 wt. % PVP composite nanofibers
is possibly due to the increasing solution instability. This is because the low viscosity of
the solution resulted in the polymer and metal ions being not interacting properly.

Figure 4 shows a plot of the average diameters of the fibers as a function of PVP
concentration. The diameters of the as-spunTiO,/PVP composite nanofibres were the
range of 106 £ 38 nm to 311 * 42 nm. The PVP was selectively removed by calcinations
the as-spun composite nanofibers in air at 500 °C for 3h. After calcination, the nanofibers
remained as continuous structures (Figure 3(d), 3(e), and 3(f)). The diameters of the
calcined nanofibers were smaller than those of the as-spun nanofibres, and the average
diameters of the fibers were the range of 64 * 15 to 127 * 24 nm (See—Table 1). The
reduction in size of the nanofibers could be attributed to the loss of PVP from the
nanofibers [13,21,30] and the crystallization of TiO, [13,21]. It is seen that the beads
still existed in the calcined 7 wt.% PVP/TiO, composite nanofibers (Fig. 3(d)).

Figure 5 shows the XRD results of the TiO /PVP composite nanofibres calcined in
air at 500°C for 3h. XRD peaks of TiO, were detected in the range of 20 between 20-
80°. In the calcined sample of TiO,/7 wt.% PVP composite nanofibres (Figure 5(a)), the
peaks of pure anatase at 20 as 25.4°, 37.9°, 48.2°, 54.0°, 55.2°, 62.9°, 69.0° and 75.2°
corresponding to (101), (004), (200), (105), (211), (204), (116) and (215) planes were
observed. The calcined samples of T10 /10 wt.% PVP and TiO /15 wt.% PVP composite
nanofibers (Figure 5(b) and 5(c)) exhibited a mixture of anatase and rutile phases. The
diffraction peaks of rutile at 26 of 27.5°,36.2°, 41.4°, and 56.8° corresponding to (110),
(101), (111) and (220) planes were observed, whereas, the main peaks of anatase were
also detected. It is clear that the peaks intensity of rutile(110) increased when the PVP
concentration increased from 10 to 15 wt.%, corresponding to the content of rutile
phase of 7 and 25 wt.% for the calcined samples of TiO_/10 wt.% PVP and TiO /15
wt.% PVP composite nanofibers, respectively. The content of rutile phase presented in
the samples is also tabulated in Table 1.

The formation of TiO, nanofibers was further monitored by Raman spectroscopy
which can used to distinguish spectra of the anatase and rutile phases of T10,,. In particular,
anatase has six Raman active modes, 4, + 2B, e +3Eg and three 1nfrared active modes,
A, + 2E .In the case of anatase smgle crystal six allowed bands in the first-order Raman
spectrum were identified at 144 cm™ (Eg) 197 cm™ (Eg) 399 cm (Bg) 513 cm™ (4 g)
519 cm! (B,), and 639 cm! (Eg) [31]. Rutile has a total of 15 vibrational modes with

Table 1
Summary of the Properties and Preparation Conditions of TiO /PVP
Composite Nanofibres Calcined in Air at 500°C for 3 h.

PYVP Crystal structure Rutile content Fiber diameter BET surface area
concentration by XRD(%) (nm) (m?lg)

7 Anatase 0 64 = 15 90

10 Anatase + Rultie 7 89 + 22 68

15 Anatase + Rultie 25 127 £ 25 47




Effects of PYP Concentration on Structure of Electrospun Titanium Dioxide (Ti0,) Nanofibers

400
I As-spun nanofibers
I TiO, nanofibers 4
300 - 4 e
-
-
200 - -

-

o

o
1

Average Fiber Diameter (nm)

0 -1 5 rsrrrrrror T
6 7 8 9 10 11 12 13 14 15 16
PVP concentration (%wt)

Figure 4: Average diameter of the as-spun and calcined TiO,/PVP composite nanofibers
with different PVP concentrations.
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Figure 5: XRD patterns of the calcined TiO,/PVP composite nanofibers prepared with

different PVP concentrations, (a) 7 wt.% PVDP, (b) 10 wt.% PVP and (c) 15 wt.%
PVP.
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the following irreducible representation: 4 et A T A, +B et Bzg +2B, + Eg +3E.
Among them, four modes, 4 T B o T Bzg + Eg are Raman active and four modes, 4, +
3E , are infrared active. As for rutile single crystal, four Raman-active phonons were
detected at 143 cm™! (B,), 447 cm! (E), 612 cm! (4,),and 826 cm! (B,) [32]. Raman
spectra of the calcined TiO /PVP nanofibers are shown in Figure 6(a). In all samples of
the calcined TiO_/PVP nanofibers, a strong sharp band at 144 cm™, three mid-intensity
bands at 399, 519, and 639 cm™ and a weak band at 197 cm™ were observed. Including
the superimposition of two fundamental peaks near 519 cm™, these six peaks corresponded
to the six fundamental vibrational modes of anatase TiO, with the symmetries of E » E
B1g’ A1g’ B1g’ Eg, respectively [31]. Moreover, the calcined samples of TiO_ /10 wt.% PVP
and TiO,/15 wt.% PVP nanofibers showed extra two peaks at 447 and 609 cm™ (Fig.
6(b)).The 447 and 609 cm™ peaks are characteristic of the rutile crystal phase, suggesting
that the TiO, nanofibers are composed of a mixture of anatase and rutile [32, 33], having
anatase as the major component. In Figure 6(b), as the PVP concentration increases, the
intensities of the rutile bands at 447 and 609 cm™ increase, indicating an increase in the
ratio of rutile to anatase. This variation of phases process is in good agreement with the
XRD results. It is seen that XRD and Raman results confirm the effectiveness of PVP in
promoting the anatase to rutile transformation of electrospunTiO, nanofibers.

The effects of PVP on phase transformation of nanocrystalline TiO, powders from
anatase to rutile have also been investigated by Zheng et al. [34]. These authors found
that PVP could noticeably enhance the transformation from anatase to rutile by reducing
the onset transformation temperature. The transformation from anatase to rutile started
at 700°C for TiO, powders prepared from pure TiO, gel without PVP [35], whereas the
transformation began at 450°C and completed at 650°C for TiO, powders prepared
from TiO, gel with PVP [34].
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Figure 6: Raman results. (a) Raman spectra of calcined TiO,/PVP composite nanofibers
were prepared with different PVP concentrations. (b) Enlarge scale of Raman
spectra in the range of 350-715 cm™!
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Figure 7: (a) Atomic weight and atomic weight ratio of Ti/O elements, (b) EDX spectra of
TiO,/PVP composite nanofibers (7 wt.% PVP)

Figure 7 shows the EDS results of the calcined TiO /PVP composite nanofibres. The
atomic fraction (%) of Ti and O for the samples prepared with different PVP
concentrations is shown in Fig. 7(a). When the PVP concentration increases the atomic
weight (%) of Tiincreases but that of O decreases. As a result, the atomic weight ratio of
Ti/O increases with increasing the PVP concentration. The EDS spectrum of the sample
of TiO /7 wt.% PVP composite nanofibers is presented in Fig.7(b). The peaks of Ti and
O were observed. The Au and C came from a gold coating and carbon film.

The BET surface areas are obtained to be 47, 68, and 90 m?/g for the calcined
samples of TiO /10 wt.% PVP and 'TiO /15 wt.% PVP composite nanofibres, respectively.
The measured surface area is consistent with the measurements of fiber diameter. The
smaller the fiber diameter, the larger the surface area. The BET surface areas of all
samples are also tabulated in Table 1.

4. CONCLUSION

Electrospinning is an easy and effective technique for producing TiO, nanofibers with
small diameters of 64-127 nm and high surface area of 47-90 m*/g.The diameter of TiO,
nanofibers increased with increasing PVP concentration. Beads formed in the electrospun
nanofibres when the low concentration of PVP was used. The XRD and Raman results
confirmed that PVP can effectively promote the anatase to rutile transformation of
electrospun TiO, nanofibers. The effects of doping with Zr, Fe, La, and Si on anatase
phase stability and photocatalytic properties of TiO, nanofibers are under investigation
and will be reported elsewhere in the near future.
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