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 Abstract—TiO2 nanofibres were synthesised by means of the electrospinning technique, which were annealed at high 
temperatures to achieve the crystalline phase transformation. The chemical stoichiometry of electrospun TiO2 nanofibres was 
estimated by EDS, finding that at low annealing temperatures excess of oxygen was detected and at high temperatures excess of 
titanium that originates oxygen vacancies. TEM images show clearly the formation of TiO2 nanofibres that exhibit a 
homogeneous and continuous aspect without the presence of crystalline defects, whose surface morphology depends strongly on 
the annealing temperature. The crystalline phase transformation was studied by Raman spectroscopy, which revealed that 
annealed TiO2 nanofibres showed a crystalline phase transformation from pure anatase to, first a mix of anatase-rutile, then pure 
rutile as the annealing temperature increased, which was corroborated by X-ray diffraction and high-resolution TEM microscopy. 
The average grain size, inside the nanofibres, increased with the crystalline phase transformation from 10 to 24 nm for 
anatase-TiO2  and from 30 to 47 nm for rutile-TiO2, estimated by using the Scherrer-Debye equation. The band gap energy (Eg), 
obtained from optical absorption spectra, decreases monotonically, where a local minimum is observed at 700 °C, which is 
ranged in 3.75  Eg  2.42 eV, caused by the anatase → rutile crystalline phase transformation. The photoluminescence shows 
that radiative bands present a gradual red-shift as the annealing temperature increases due to the continuous change of Eg. 
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1. Introduction

HE synthesis of new semiconductor materials in 
nanometric size has received much attention in recent 
years because of the industrial demands increase [1], the 

number of reports on these nanoparticles such as nanofibres 
(NF’s) has increased worldwide mainly on titanium dioxide 
[2]. Titanium dioxide (TiO2) is a transition metal oxide that 
forms different polymorphs: anatase. rutile and brookite [3]. 
The most stable phases and, therefore, the most widely 
investigated are anatase and rutile, which are important for a 

wide variety of technological applications [4]. These 
nanomaterials can be classified by their length-to-diameter 
relationship into nanospheres, nanotubes, nanorods, nanowires 
and nanofibres [5,6]; which have different properties to those 
exhibiting the same materials at the atomic level and bulk [7]. 
Nanofibres (NFs) are solid-state one-dimensional 
nanomaterials characterized by having extraordinary 
flexibility properties and diameters currently having a great 
impact on the scientific area. In addition, to its wide variety of 
technological applications that are being made taking 
advantage of their unique physical and chemical properties 
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[8,9], which are mostly different from other forms of 
nanostructures [10]. The low cost and non-toxicity 
characteristics make TiO2 ideal for use in photocatalysis 
[11,12,13]. Amorphous TiO2 does not exhibit 
photocatalytic (PC) activity, thus, the crystallinity must be 
improved before PC applications [14]. Anatase is the most 
widely used phase in photocatalysis due to its high 
effectiveness in the degradation of organic pollutants 
[15,16]. The rutile phase of TiO2 crystallizes in 
tetragonal structure whereas the anatase crystal phase in 
octahedral structure. The physicochemical properties of TiO2 
vary depending on the crystalline phases present in the 
material [17], and they also offer new properties when its 
dimensional scale is reduced to nanometric range [18]. The 
synthesis of one-dimensional nanostructures has been a 
subject of relevant importance in many areas of science, where 
new methods are sought every day for the manufacture or 
synthesis [19]. Unlike other nanostructures such as nanotubes, 
nanowires or nanorods, that are synthesised by chemical 
methods and generally require additional purifications that 
imply a higher cost, nanofibres (NF’s) are manufactured using 
the electrospun technique, which turns out to be a highly 
efficient and low cost process [20]. The physical 
characteristics of electrospun-NF’s, such as diameter and 
morphology, can be controlled depending on the final 
applications of the material. In recent years, the technique of 
electrostatic spinning or electrospinning has been worldwide 
actively investigated [21]. Electrospinning is a versatile 
technique that uses electrical forces to break the surface 
tension of the precursor solution and initiate the spinning 
process for the manufacture of fibres. This technique is 
capable of producing fibres with diameters in the nanometric 
range, reaching values below one nanometre [22]. Of the most 
outstanding properties of NF’s is the high surface area. 
However, it is not the only one; a greater number of their 
physical properties can be exploited by carrying out a more 
detailed and systematic characterization of the morphological 
and structural properties. The diameter of electrospun TiO2-
NF’s can be controlled in a range from one to hundreds of 
nanometres [23]. TiO2-NF’s produced by electrospinning have 
different properties as compared with other morphologies of 
the same material such as powders or films, furthermore, the 
NF’s spacious morphology also provides great accessibility 
for liquid or gaseous reagents circulation [24,25]. 

In this research work, the controlled synthesis of 
electrospun TiO2-NF’s prepared with different crystalline 
structure and morphology are systematically analysed. The 
control of crystalline structures (anatase and rutile phases) and 
morphology properties were carried out through a heat 
treatment at high temperatures. The evaluation of the 
crystalline quality, synthesis and structural/optical properties 
of the NF’s were performed using the different 
characterization techniques such as X-ray Diffraction, Raman 
dispersion, TEM, HRTEM, UV-visible and 
photoluminescence at room temperature. 

2. Experimental details

To synthesise TiO2-NF’s the electrospinning technique was 
employed, following closely the method reported in ref. [26] 

but with some modifications in both the titanium molecular 
precursor and in amount of PVP used. By thermal treatment 
(TT) of each TiO2-NF sample in the temperature range of 100-
1000 °C (with a precision ±2 °C) for 2 h in an oven 
(trademark Barnstead Thermolyne 1300 Furnace), in an air 
atmosphere, the crystal phase transformation from pure 
anatase to anatase-rutile mixed and, finally, to pure rutile was 
achieved. For TT of electrospinning TiO2-NF’s a special gas 
mixture as oxidation atmosphere was not used, but it was 
performed in the laboratory air atmosphere. The oxidation 
temperature used increase was 4 °C/min, and after annealing, 
they were allowed to cool to room temperature (RT) for later 
characterization. The precursors utilized to synthesise the 
TiO2-NF’s were titanium (IV) n-butoxide (TBT, (Ti(OBu)4, 
(Mw= 340.32 g/mol with 97 % purity) and 
polyvinylpyrrolidone (PVP, MW = 1300000 g/mol with 99.9 % 
purity) purchased from Sigma-Aldrich company, glacial acetic 
acid and ethanol from Baker supplier. All chemical precursors 
were used as they were provided without subsequent 
purification. Distilled and deionized water (>18 MΩ cm-1) was 
used all the time to wash the laboratory equipment employed 
during the NF´s preparation. After annealing a set of eleven 
samples were obtained, tagged from M0 to M10 as TT 
changed from 0 to 1000 °C in steps of 100 °C. The chemical 
stoichiometry of titanium dioxide NF’s was measured by 
electron dispersive spectroscopy (EDS) in a LEO 438VP with 
WD system of 26 mm using a pressure of 20 Pa. Raman 
scattering experiments were performed at RT using a Raman 
Thermo Scientific brand DXR smart spectrometer with an 
operating range of 50-3350 cm-1 and a 780 nm laser excitation 
source with 12 mW output power and a thermoelectrically 
cooled CCD detector. Typical spectrum acquisition time was 
limited to 60 s to minimize the sample heating effects. The 
Raman shift and the full width at half-maximum (FWHM) of 
each peak have been determined by a quantitative fit to the 
experimental Raman spectra using a sum of Lorentzian line 
distributions. First dominant peaks were fit, and the additional 
peaks were added as necessary. The TiO2-NF’s crystalline 
phase and structural quality were determined measuring X ray 
diffraction (XRD) patterns with a Bruker D8 Discover 
diffractometer using the copper Kα radiation (λ=0.15406 nm) 
at 40 kV and 40 mA with parallel beam geometry in steps of 
0.02°. The morphology, selected area electron diffraction 
(SAED) and high-resolution transmission electron microscopy 
(HRTEM) studies were carried out in a JEOL JEM200 of 80-
200 kV, the obtained images are recorded with a CCD camera 
in real time. The Gatan Digital Micrograph software was used 
for the analysis of HRTEM images. High-resolution electron 
microscopy (HRTEM) images were digitally processed by 
using filters in the Fourier space. For electron microscopy 
analysis, two microscopes, a Jeol JEM200 and a Tecnai 200 
TEM were employed for the observations of the samples 
with low-magnification and high-resolution, respectively. RT 
optical absorption spectra of the colloidal samples were 
recorded using a 10 mm path length quartz cuvette in a UV-
Vis-NIR scanning spectrophotometer (Shimadzu UV 
3101PC double beam). The RT photoluminescence was 
measured using a He-Cd (Omnichrome–Series 56) laser 
emitting at 325 nm with an optical excitation power of ~15 
mW. The radiative emission from the sample was focalized 
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to the entrance slit of a HRD-100 Jobin-Yvon double 
monochromator, with a resolution better than 0.05 nm, and 
detected wi t h  a n  Ag-Cs-O Hamamatsu photomultiplier with 
a spectral response in the 350-1000 nm range. 

3. Experimental results and discussions 

3.1 Characterization by TEM 

TEM images of three typical annealed TiO2-NF’s are shown 
in Fig. 1: M1, M5 and M10 samples, which show clearly the 
presence of solid nanofibres with a well-defined shape and 
without the presence of interconnections and defects as beads, 
ribbon-like and pores along the longitudinal direction. In the 
TEM images, the TT effects on the nanofibres surface 
morphology and diameter are clearly observed. They present a 
smooth surface and are thick at low annealing temperatures 
(AT’s), as the temperature increases they become rough and  

segmented and their diameter decreases. Fig. 1 shows TEM 
images of a TiO2-NF sample where nanometric diameters are  

 

  
 

 
Fig.1. TEM images of three typical electrospun TiO2-NF’s annealed 
at a) 0, b) 500 and c) 1000 °C, respectively. The insets show high 
magnification image taken from the surface morphology. 
 
evident. Based on the diameters measurements, taken from the 
TEM images, histograms of diameter distribution were 
obtained that allowed to estimate the mean diameter of each 
sample, the obtained results are presented in Table 1 and in the 
inset of Fig. 1, which clearly show two behaviours for the 
TiO2 NFs diameters: 1) for the AT ≤ 500 °C, the decrease is 
exponential with an activation energy of 38.93 meV that can 
associate with the oxygen desorption energy. 2) For AT > 500 
°C the diameter remains almost constant. From these results it 
is observed that the average diameter depends strongly on AT. 
 

Table 1. AT’s of the electrospun TiO2-NF’s samples. 
Diameters are also included. 

Sample AT (°C) NF diameter (nm) 
M0 0 137.00 ± 0.42 
M1 100 128.00 ± 0.39 
M2 200 120.05 ± 0.37 
M3 300 117.50 ± 0.36 
M4 400 116.00 ± 0.35 
M5 500 114.62 ± 0.35 
M6 600 115.00 ± 0.35 
M7 700 115.40 ± 0.35 
M8 800 115.00 ± 0.35 
M9 900 115.00 ± 0.35 
M10 1000 115.30  0.35 

 

3.2 Characterization by EDS 

The systematic study of the chemical composition of 
annealed TiO2-NF’s was carried out by EDS. The results 
obtained for titanium and oxygen of all the studied samples 
are illustrated in Fig. 2. From figure a monotonic 
decrease/increase of the oxygen/titanium molar fraction is 
observed, until reaching the ideal stoichiometric composition 
around AT = 500 °C, for higher AT’s the data stay practically 
constant. The decrease in the molar fraction of oxygen with 
the increase of AT indicates the generation of oxygen 
vacancies (VOx’s). In addition, at low temperatures a strong 
dependence of the oxygen and titanium molar concentrations 
on AT is observed as is shown in Fig. 2. These experimental 
results can be explained as follows: the as-synthesised TiO2-
NF’s are amorphous, which contain a large amount of residual 
impurities that come from the employed precursors and from 
the PVP carrier. When TiO2-NF’s are heated at high 
temperatures, the PVP and most residual impurities are 
desorbed. Furthermore, VOx’s are generated and the atoms in 
the crystal lattice rearrange to form the crystalline phases 
(CP’s) of TiO2, causing a decrease in the diameter of TiO2-
NF’s. As the TiO2 crystalline structure is tetragonal for both 
crystalline phases, anatase and rutile, thus, the atomic weight 
of the ideal TiO2 unit cell is ~ 159.796 u, from which 40.049% 
corresponds to oxygen atoms and 59.951% to titanium atoms. 
From Fig. 2 is observed that the sample annealed at 500 °C is 
the one with the best chemical stoichiometry as compared to 
the ideal molar concentrations. From this, one observes that 
TiO2-NF’s annealed at temperatures below 500 °C contain a 
higher concentration of oxygen atoms, indicating that these 
ones can be found in interstices and antisites in the TiO2 unit 
cell, which cause a high concentration of structural defects. As 
the AT increases, oxygen atoms are desorbed creating VOx’s, 
which in turn cause the crystalline phase transformation, as 
will be discussed later. Consequently, remains a lower molar 
fraction of oxygen atoms in this temperature range, indicating 
thus a high concentration of VTi’s. At AT’s > 500 °C great 
variation in the incorporation of titanium atoms in the lattice 
or the desorption of oxygen atoms is no longer produced, 
which also indicates that, in this range of AT’s, large 
production of VOx’s is no longer generated. As seen in Fig. 2, 
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for AT´s > 500 °C the mole fractions vary slightly and remain 
close to the stoichiometric molar fractions. Therefore, the 
annealing of TiO2-NF’s at low temperatures causes a high 
oxygen desorption, which originates VOx’s. Furthermore, it 
causes the reduction of the NF diameter and, most important, 
the CP transformation. 

Fig. 2. Chemical stoichiometry of the electrospun TiO2-NF’s as 
function of the AT. The inset depicts NF’s diameter versus AT’s. 

3.3 Characterization by Raman spectroscopy 

In order to determine the crystalline phase and structural 
quality of TiO2, Raman scattering and X-ray diffraction 
(XRD) analysis of the samples were performed. As is 
shown by Raman spectroscopy, measured in the 80-800 cm-1 
range, the as-synthesised TiO2-NF’s are amorphous and 
become crystalline after annealing at a determined high 
temperature in an air atmosphere, which causes the 
annealed TiO2-NF’s to transform the crystalline structure 
from amorphous → anatase → anatase-rutile mixed → rutile 
[27] (see Fig. 3A). Fig. 3B illustrates four typical Raman 
spectra of the samples (M5, M6, M8 and M9) that allow to 
clearly observe the vibrational bands associated to the 
different CP’s, also the structural quality of the annealed 
samples. Additionally, it can be observed that there is a 
critical annealing temperature at which the CP transformation 
occurs, normally ~560 °C [27]. The M5 sample (AT = 500 °C) 
Raman spectrum (a) in Fig. 3B, shows four vibrational 
bands at 142, 397, 518 and 634 cm-1, corresponding to 
the Raman active modes (RAM’s) Eg(ν1), B1g(ν3), A1g(ν4) 
and Eg(ν6); associated to the anatase CP [28]. Fig. 3B shows 
the (d) Raman spectrum of the M9 sample (AT = 900 °C) that 
presents vibrational modes at 142, 232, 445 and 610 cm-1 that 
are assigned to A1g, Eg, multi-phonon process and B1g, 
respectively, associated to the RAM’s of rutile CP. In this 
figure, the (b) and (c) Raman spectra (AT).  

Fig. 3. A) Raman spectra of the TiO2-NF’s annealed at different 
temperatures. B) Raman spectra of samples annealed at a) 500, b) 
600, c) 800 and d) 900 °C. Weak vibrational bands are magnified 
(and superimposed) for a better comparison. 

600 and 800 °C) present a mixture of RAM’s associated with 
both CP’s, in the first Raman spectrum anatase dominates and 
in the second one rutile. Based on these results, the CP 
transformation of the TiO2-NF´s annealed at different 
temperatures can be systematically followed and clearly 
discussed. Furthermore, the Raman spectrum of M2 sample 
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(AT = 200 °C), despite the fact that most TiO2 is amorphous, 
shows a slight crystallinity, since the RAM Eg(1) associated 
with the anatase phase is present with FWHM = 19.7 cm-1. At 
AT’s > 200 °C the phase crystalline quality (CQ) of samples 
improves appreciably, and the other RAM’s characteristic of 
the crystalline anatase begin to appear. At AT = 500 °C, 
RAM’s associated with the anatase phase are well-resolved 
and the FWHM of the dominant active mode Eg(1) is ~ 15.6 
cm-1, which indicates a better CQ. At AT = 600 °C, the rutile 
phase begins to emerge coexisting with the anatase phase (see 
Fig. 3), until the rutile CP becomes dominant as is observed in 
the spectrum of the M8 sample (AT = 800 °C). This fact 
indicates that in the range from 500 to 600 °C there is a critical 
temperature, at around 560 °C [27], where the anatase  
rutile CP transformation starts, caused by the generation of 
VOx’s. For AT’s > 800 °C, the rutile is the only CP present as 
Raman spectra reveal, since only RAM’s of this CP are 
present (see Fig. 3). This CP behaviour is explained based on 
the EDS results shown in Fig. 2. As is observed when AT = 
700 °C, the oxygen molar fraction no longer varies 
appreciably, indicating that there is no more Vox’s large 
generation and therefore there is no CP transformation 
anymore, only rutile remains. Additionally, CQ of rutile can 
be evaluated as a function of AT by estimating the FWHM’s 
of the dominant A1g (608.3 cm-1) and Eg (444.15 cm-1) RAM’s. 
For AT = 600 °C the FHWM of A1g mode equals 56.93 cm-1 
and FHWM of Eg is equal to 33.14 cm-1. As AT increases the 
FWHM gradually decreases to 35.56 cm-1 for A1g and to 32.20 
cm-1 for Eg, both when AT = 800 °C. These values indicate 
that the M8 sample has a better CQ than the rutile fraction 
contained in the M6 sample. For higher AT’s the average 
widths do not vary appreciably, which means that the CQ is 
maintained at least up to 1000 °C annealing. With these 
discussed results can say the synthesised material at 500 and 
800 °C have a good CQ for anatase and rutile, respectively. 
These results were corroborated by XRD spectroscopy and 
HRTEM, which are then discussed. 

3.4 Characterization by XRD 

The multi-peaks diffractions observed in the XRD patterns 
of Fig. 4 indicate that the TiO2-NF’s are of polycrystalline 
nature. In figure, the XRD patterns of four typical TiO2-NF’s 
obtained at different AT’s are presented. In Fig. 4a 
diffractogram of the M5 sample shows diffraction peaks at 2 
= 25.24, 37.69, 48.02, 53.84, 54.23 and 62.70°, which 
correspond to the crystalline planes (101), (004), (200), (105), 
(211) and (204), respectively, of anatase CP (JCPDS cards # 
00-021-1272). In addition, other weak peaks were also 
identified on patterns. The diffractogram of the M9 sample 
(Fig. 4d) exhibits main diffraction peaks at 2 = 27.37, 36.00, 
54.40 and 56.55° that are associated to the crystalline planes 
(110), (101), (211) and (220) of rutile CP (JCPDS cards # 00-
021-1276). Additionally, in XRD patterns of the M9 sample 
weak diffraction peaks are present, which were also identified 
and labelled. Fig. 4b shows the XRD pattern of M6 sample, 
which clearly exhibits peaks of both CP´s, that is, anatase-
rutile mixed. Finally, Fig. 4c shows M8 diffractogram, which 

shows  

 
Fig. 4. X-ray diffractograms of the annealed samples: a) M5, b) M6, 
c) M8 and d) M9. The peaks are labelled using standard 
crystallographic cards (JCPDS cards # 00-021-1272) for anatase, and 
(JCPDS cards # 00-021-1276) for rutile. 

 

 
Fig. 5. The TiO2-NF’s grain size as function of the annealing 
temperature. The inset presents the lattice constants as function of the 
annealing temperature for both crystalline phases. 

 
the main diffraction peaks of rutile and weak peaks associated 
to anatase, as was also seen by Raman scattering. In addition, 
the weak peaks of both diffractograms were multiplied by a 
numerical factor for magnification, which were deconvoluted 
and assigned to each CP by means the databases above 
mentioned (see insets in Fig. 4). This indicates that there are 
no longer CP transformations despite AT increases. 
Diffractograms show that at low AT values the formation of 
the anatase (A) is promoted while at the other extreme the 
rutile (R) crystalline structure dominates. It is observed that in 
the 500-600 °C range the A→R transition occurs, where the 
exact critical temperature TAc, as has been previously reported, 
is about 560 °C [27]. Notice that the preferential growth 
direction is (101) for anatase and (110) for rutile. It is 
observed that the FWHM of the main peak in the XRD 
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patterns decreases as AT increases, indicating that the average 
diameter of the nanocrystals that make up the TiO2-NF’s 
increase when AT increases. The average crystallite size of the 
nanocrystals of the annealed TiO2-NF’s was estimated by 
applying the Scherrer-Debye equation to the dominant peak of 
the diffraction data and taking the average value [29,30]. The 
obtained results are illustrated in Fig. 5, for the two CP´s and 
for anatase-rutile mixed. It was found that anatase structure 
transformed to the rutile phase after reaching certain 
nanoparticle size, with the rutile phase turning more stable 
than anatase for particle sizes greater than 14 nm [31]. For AT 
= 500 °C a grain size of 13.65 nm is obtained, for a higher 
temperature the grain size exceeds 14 nm; therefore, the CP 
transformation occurs (see Fig. 5). Once the rutile CP was 
formed, its nanocrystals grew faster than those of the anatase 
CP. By refining experimental XRD data the parameters of 
anatase and rutile CP’s unit cells can be calculated taking into 
account that both crystalline structures are tetragonal. The 
results are shown in the inset of Fig. 5, which are closely 
similar to those of bulk TiO2 (for anatase abulk = 3.7845, cbulk = 
9.5143 Å and for rutile abulk = 4.5937 Å, cbulk = 2.9587 Å), as 
can be seen in figure only the anatase phase is slightly 
stressed. 

3.5 Characterization by HRTEM 

With the aim to verify the structure´s quality and CP of the 
prepared electrospun TiO2-NF’s, HRTEM images were taken 
and the results are included in Fig. 6 that presents high-
resolution TEM images taken from different parts of four 
typical annealed TiO2-NF’s, which show the presence of 
anatase and rutile titania. Fig. 6a displays a high-resolution 
TEM image showing the anatase grains in the M5-NF (AT = 
500 °C). Amplifying and analysing the selected area of the 
micrograph (shown as inset in Fig. 6a) suggests that the 0.359  

 

  
 

  

Fig. 6. TEM images and corresponding SAED patterns (inset) of 
TiO2-NF’s synthesised by electrospinning technique annealed at 
different temperatures: a) 500, b) 600, c) 800 and d) 900 °C, 
respectively. 
 
nm d-spacing corresponds to the (101) anatase crystal planes. 
The corresponding SAED pattern (inset image in Fig. 6a) 
indicates that the nanoparticles are polycrystalline anatase, in 
good agreement with the XRD results. Similarly, Fig. 6d 
shows evidence of (110) rutile planes. Figs. 6b-c present 
evidences of both CP’s, these results support the previous 
analysis that the produced TiO2-NF’s have a polycrystalline 
anatase-rutile mixed phase structure, caused by thermal 
heating in the AT 600-800 °C range as observed by Raman 
scattering and XRD. 

3.6 Characterization by absorbance spectroscopy 

The effect of TT´s on the band gap energy (Eg) of 
electrospinning TiO2-NF’s was investigated by RT absorbance 
(optical density: OD). Eg variation as function of the AT’s was 
calculated from optical absorption data. Fig. 7 depicts, for 
three typical samples (M5, M6 and M9), the first derivative of 
the optical density [d(OD)/d(h)] as a function of the incident 
photon energy (h, Plank constant times frequency). The 
relative minima in the d(OD)/d(Energy) spectra versus h 
graph defines with excellent approximation the various critical 
points of the band structure. Fig. 7 evidences, for the three 
representative samples, the Eg position-change in the energy 
axis [32]. The separation among Eg for M5, M6 and M9 (AT = 
500, 600 and 900 °C, respectively) observed in Fig. 7, for the 
three typical samples, denotes a good indication of the size 
change in the lattice parameter of the structure associated to 
the CP transformation [33]. The inset in Fig. 7 shows the 
second derivative of OD plotted against Energy. A more exact 
position of the critical point Eg in the Energy-axis is defined 
by the crossing of the second derivative curve with the 
Energy-axis, or rather the zero-position, which is pointed out 
by the upward arrow. The band gap energy obtained for the 
AT = 500 °C was 3.27 ± 0.08 eV. Similar analyses were 
performed for the rest of the annealed nanofibres and the 
obtained results are presented in Fig. 8. The band gap energy, 
obtained from optical absorption spectra, decreases 
monotonically but a local minimum is observed at AT = 700 
°C, and then goes back up slightly keeping almost a constant 
value, which corresponds to the rutile CP (see Fig. 8). To 
explain this band-gap energy behaviour, the aforementioned 
results will be used. In the 200-600 °C AT-range a high 
density of VOx’s coming from oxygen desorption the anatase 
phase is generated, and a decrease of Eg occurs, in addition, 
the crystalline domain increases. In the 600-800 °C AT-range, 
where anatase and rutile coexist, Eg vs AT exhibits a local 
minimum. This minimum can be due to the disorder in the 
anatase-rutile crystalline system, which reduces the band gap 
energy in a similar way as reported by other materials [33]. 
Finally, in the 800-1000 °C AT-range only rutile phase exists, 
where no more VOx’s are generated and no CP transformation 
happens, Eg remains almost constant, (see Fig. 8). TiO2-NF’s 
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annealed up to 300 °C possess optical Eg’s greater than 3.69 
eV; these values may be unreliable because of a relatively 
high proportion of the limit volume of amorphous grains 
[34,35], unless a small fraction of the crystalline domain is 
responsible, as was seen in the M3 sample by Raman 
scattering. For samples annealed at 400 °C Eg 3.50 eV and at 
500 °C 3.27 eV [36,37]; these obtained Eg values are 
relatively  

Fig. 7. First derivative of the optical absorption (OD) as a function of 
the photon energy (hν) for three different AT’s. The inset displays the 
second derivative of OD versus hν, which allows to calculate Eg for 
M5. The arrow indicates the position of Eg. 

Fig. 8. Band gap energy of the TiO2-NF´s as a function of annealing 
temperature. Besides, anatase and rutile lattices are included as insets. 

representative for well-crystallised anatase phase. At AT’s > 
500 °C, Eg decreases until reaching 2.42 eV at 700 °C as 
local minimum; which still represents another value reported 
for anatase-rutile mixed of unknown relative proportions, 
which is associated to VOx’s generated by TT, and probably 
with some carbon contamination from PVP origin [38,39]. For 
AT > 800 °C, the NF’s-Eg remains almost constant in the 
2.72-2.77 eV interval, this result is probably a relatively 
representative value for well-crystallised rutile. It is important 

to consider that the range of values for Eg’s of the crystalline 
anatase and rutile generally reported in the literature is larger 
than the ones measured in this work. However, values reported 
here are valid since for anatase values in the range 3.20 ≤ Eg ≤ 
3.56 eV have been reported by other authors [40,41,42]. 
For rutile, 3.00 ≤ Eg ≤ 3.34 eV is a typical range [40,43,44]. 
For an anatase and rutile mixed few reports were found 
about Eg, where the 3.11-3.17 eV interval contains the 
most values [35,40,41].  For this system Eg = 3.75 eV was 
measured for AT = 200 ºC, which may be due to the 
small fraction of anatase-TiO2 nanocrystals synthesised at 
that temperature [45]. This value is higher than the more 
common Eg = 3.2 eV. Eg = 3.27 eV is approximately that 
of bulk TiO2 obtained when AT ~ 500 ºC. 

3.7 Characterization by photoluminescence 

Figure 9 shows the RT photoluminescence (PL) spectra for 
NF’s with AT in the 200-1000 °C range, in which is clearly 
observed the PL emission of electrospinning TiO2-NF’s 
achieved by structural phase transformation. In this work, the 
titanium precursor employed is TBT, which is a precursor 
product of highly reactive metallic alkoxide due to the highly 
reactive alkoxide (OR) groups presence. The TiO2 synthesis 
procedures lead to the formation of alkoxy (Ti-OR) groups 
[46,47,48] on the TiO2 nanoparticles surface, in which seem 
that Ti-OR groups passivate surface traps, thus promoting 
the radiative recombinations [49]. Fig. 9 illustrates that 
nanofibres with AT < 400 °C present two radiative 
transitions, although with very wide FWHM, which is 
indicative of a poor CQ of the TiO2-NF’s as previously 
was discussed by Raman scattering. These weak radiative 
transitions are due to anatase-TiO2 nanocrystals formed in 
those NF’s, which may be caused by deep impurities and 
structural defects. Similarly, the M5 sample shows a 
dominant radiative band at 1.98 eV, and other weak broad 
band at 1.40 eV, obtained by deconvolution, associated to 
surface traps levels induced by oxygen excess [49,50] and/
or carbon complexes as the alkoxides [49], where the redshift 
is due to the Eg decrease. For 600 ≤ AT < 800 °C, the anatase-
rutile mixed, whose PL spectra  depend  strongly on  the 
dominant CP. The  
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Fig. 9. Photoluminescence spectra of the samples annealed at the 
temperature range 200-1000°C 
only PL spectrum where both CP’s are manifested is that of 
M6 sample, which presents three PL bands at 2.56, 2.04 and 
1.44 eV. The first two are associated to anatase CP and the last 
one to rutile CP. Furthermore, for AT > 700 °C, only the rutile 
phase PL spectrum prevails, which has four luminescent bands 
(see Fig. 9). Unlike the PL spectra of anatase, the PL spectra 
of rutile do not change appreciably, as is shown in Fig. 9, 
despite AT increased from 700 to 1000 °C, corroborating that 
VOx’s are no longer generated, as was observed by EDS, 
which promote the CP transformation. The redshift of anatase 
and rutile NF’s luminescent emissions, is caused by the Eg 
reduction as result of CP transformation, since the energy-
levels of the shallow traps due to VOx’s are the same in both 
crystalline structures. The RT PL spectra of the anatase-TiO2-
NF’s show two radiative bands, which could correspond to 
free electron-to-acceptor or donor-to-acceptor recombination 
and are associated with alkoxide and deep defects associated 
to VOx’s [49]. Finally, the PL spectra of the rutile-TiO2-NF’s 
exhibit four PL bands at 1.35, 1.37, 146 and 1.51 eV, which 
could be caused by the alkoxides and deep defects associated 
to VOx’s as has been already reported [49,50,51].

4. Conclusions

In this work a systematic study of preparation and
characterization of electrospun TiO2-NF’s is reported. From 
as-prepared amorphous TiO2 the crystallization and changes of 
phases along the thermal treatments in the 100–1000 °C 
interval in air, the morphological, structural and optical 
properties are studied. As confirmed by XRD and Raman 
scattering measurements, amorphous-crystalline TiO2 
constitutes the NF’s, in the annealing temperature (AT) 200-

500 °C interval anatase is the predominant phase, a mix of 
anatase and rutile coexists in the 500  Eg < 800 °C, and the 
rutile phase is predominant for AT > 800 °C. TEM images 
show the TiO2-NF’s free of crystalline defects. Energy band 
gap (Eg) decreases gradually from 3.75 eV (AT = 0) up to 2.4 
eV (AT = 700 °C), from where increases until ~3.8 eV for AT 
= 1000 °C. Photoluminescence spectra show how the 
crystalline quality (CQ) gradually improves from AT = 0 to 
1000 °C, where TiO2 is completely crystallised, in practice, 
for rutile. From PL spectra is observed that anatase (with some 
small contribution of rutile) exhibits the best crystalline 
quality when AT = 600 °C. In summary, this study shows how 
the electrospun TiO2-NF’s gradually change of phases when 
are annealed in air in the 0–1000 °C range, and the gradual 
variation of the physical properties. Furthermore, it is shown 
that the TiO2-NF´s prepared by electrospun are ideal for 
application photocatalyst using visible radiation because a best 
CQ and an appropriate Eg value for AT = 600 °C. 
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