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ABSTRACT: Al-doped TiO2 nanofibers were synthesized using the one-step electrospinning method. The as-synthesized
nanofiber catalyst was investigated in terms of the effect of calcination heating rate (3 to 10 °C/min) at a constant
temperature of 500 °C. X-ray diffraction analysis revealed that the anatase phase is the dominant phase, and a mixed
phase of rutile and anatase was formed when heating rates exceeded 3 °C/min. Increasing the heating rate had almost
no effect on specific surface area, pore size, and pore volume, while the band gap energy showed a slight decrease
from 3.16 to 3.12 eV with increasing heating rate. The calcination heating rate has a distinct effect on the amount of
oxygen vacancies and chemisorbed oxygen species of Al-doped TiO2 nanofibers. The increase in heating rate decreased
the oxygen vacancies in bulk Al-doped TiO2 nanofibers, while the amount of chemisorbed oxygen increased. The
large amount of oxygen vacancies in the lattice of Al-doped TiO2 nanofibers acts as recombination centers for charge
carriers, thereby decreasing the efficiency of photocatalysis. Conversely, the large amount of chemisorbed oxygen
promotes the formation of active species, resulting in enhanced photocatalytic efficiency. Therefore, Al-doped TiO2
nanofibers calcined with a heating rate of 10 °C/min exhibited the highest methylene blue degradation efficiency of 98%
within 120 min under UV light irradiation. It can be concluded that the calcination heating rate is a crucial parameter
influencing the formation of oxygen vacancies and active species, which is directly related to the photocatalytic
efficiency of Al-doped TiO2 nanofibers.
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INTRODUCTION

Dyes are the most commonly used chemicals in various
industries, including the textile, paper, cosmetic, phar-
maceutical, food, and leather industries, which are
significant causes of water pollution [1]. Methylene
blue is a dye that was released into natural water in
large amounts, causing severe health problems and
environmental damage. It has been reported to be
harmful to human health, such as nausea, vomiting,
increased heart rate, tissue necrosis, jaundice, and
quadriplegia [2–4]. Additionally, methylene blue can
damage the aquatic ecosystem by blocking light pen-
etration, thereby reducing natural photosynthesis [5].
Thus, the treatment of industrial wastewater before re-
leasing it into the environment has become a matter of
great concern. There are several methods for removing
methylene blue from effluents, including the adsorp-
tion method [6], chemical oxidation [7], ultrafiltra-
tion [8], and photocatalytic degradation [9]. Among
these methods, photocatalytic treatment has garnered
considerable attention because it can decompose dye
pollutants into non-toxic forms, such as carbon dioxide
and water [10, 11]. Titanium dioxide (TiO2) has re-
ceived significant attention as a photocatalyst due to its
high photocatalytic activity, high stability, non-toxicity,
availability, and low cost [12, 13]. TiO2 nanomaterials
can be fabricated into various morphologies, includ-
ing nanoparticles, nanowires, nanorods, nanotubes,

nanosheets, and nanofibers. The photocatalytic ac-
tivity of TiO2 nanofibers can be improved through
doping with suitable elements, resulting in a lower
electron-hole recombination rate and a narrower band
gap, which extends the absorption to visible light
regions [14]. Aluminium has gained significant inter-
est as doping elements to improve the photocatalytic
performance of TiO2 because of its availability, low
price, heat stability and non-toxicity. Moreover, the
substitution of aluminium ions into the TiO2 lattice
can reduce the recombination rate of the electron-hole
pairs [15]. Villarreal-Morales et al [16] reported that
the incorporation of Al3+ ions into the TiO2 crystal
lattice improved the TiO2 photocatalytic activity due
to an increase in surface acidity and surface area
and a decrease in the recombination rate of produced
charges.

Electrospinning is the most widely used method
for producing nanofibers because it is a simple and
effective way to control the morphology of nanofibers
by adjusting solution properties, operational parame-
ters, and ambient conditions during the electrospin-
ning process [17]. After electrospinning, the organic
material has to be removed by calcination. The calcina-
tion parameters, including temperature, holding time,
and heating rate, play an important role in surface
morphology and crystallinity structure of nanofibers,
which affect their photocatalytic performance. Nu-
merous research reports have investigated the impact
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of calcination temperature on the morphological and
crystalline properties of TiO2 nanofibers [18–21]. The
results showed that crystallinity and the percentage of
the rutile phase increased with increasing calcination
temperature, while the specific surface area decreased.
It is well known that the photocatalytic activity of
TiO2 is highly dependent on its phase composition,
with mixed-phase TiO2 (containing both anatase and
rutile phases) often exhibiting superior performance
compared to single-phase TiO2. This is due to the
formation of heterojunctions between the two phases,
which further facilitates charge separation and reduces
electron-hole recombination [22]. In addition to the
calcination parameters affecting the composition of
the titanium dioxide phase, aluminium doping also
promotes the formation of the rutile phase [23].

Therefore, in this work, TiO2 nanofibers were
doped with aluminium to obtain a mixed phase. In
addition, there are almost no studies on the effect of
calcination heating rate on the structural properties
of TiO2 nanofibers. This work aims to investigate
the effect of calcination heating rate on the surface
morphology, crystal structure, band gap energy, and
photocatalytic activity of TiO2 nanofibers doped with
aluminum for the degradation of the methylene blue
dye.

MATERIALS AND METHODS

Reagents

Titanium (IV) isopropoxide (C12H28O4Ti, 97%)
and polyvinylpyrrolidone (Mw∼1,300,000) were
purchased from Sigma-Aldrich Chemical Co., St.
Louis, MO, USA. Absolute ethanol (C2H5OH) was
bought from BDH Chemical Ltd., Poole, England.
Acetic acid (CH3CO2H, 99.8%) was procured from
QRëC, Auckland, New Zealand. Aluminium nitrate
(Al(NO3)3 ·9 H2O, 98%) was acquired from Ajax
Finechem, Sydney, Australia. Methylene blue
(C16H18N3SCl2H2O) was obtained from Suvchem
Laboratory Chemicals, Mumbai, India. All the
chemicals were used as received without any further
purification.

Synthesis of Al-doped TiO2 nanofibers

Al-doped TiO2 nanofibers were synthesized by solgel
electrospinning in a one-step process. The polymer
solution was prepared by dissolving 14 ml of absolute
ethanol, 4 ml of acetic acid, 1 g of polyvinylpyroli-
done, and 2 ml of titanium (IV) isopropoxide. Alu-
minium nitrate was added to the polymer solution
with a 0.017 Al/Ti molar ratio and stirred at room
temperature for 3 h to obtain a clear, uniform, yellow
gel. Then, the polymer solution was transferred into
a 20 ml syringe fitted with a stainless steel needle
(0.9×25 mm) to fabricate TiO2 nanofibers using the
electrospinning technique. The flow rate was set to
be 5.0 ml/h by the syringe pump, and the distance

between the needle tip and aluminium foil collector
was fixed at 10 cm with an applied voltage of 20 kV. The
needle tip is connected to the positive pole of power
supply, and the aluminium foil collector is connected to
the negative one. The obtained electrospun nanofibers
were calcined in a homemade tubular furnace (quartz
tube, 35 mm ID) under air atmosphere at 500 °C for 3 h
with different heating rates of 3, 5, 7 and 10 °C/min
and labeled as Al-TNF(3), Al-TNF(5), Al-TNF(7) and
Al-TNF(10), respectively.

Characterization

X-ray diffraction (XRD) testing was used to analyze
the crystal structure and phase composition of the
synthesized TiO2 nanofibers doped with aluminum,
performed on a Shimadzu XRD-6100 (Shimadzu, Ky-
oto, Japan) equipped with Cu-Kα radiation (λ =
0.15406 nm), operating at 40 kV and 30 mA. The
scanning range was 10° to 80°, with a scan speed of
2°/min and a scan step of 0.02°. Multipoint Brunauer-
Emmett-Teller (BET) method was used to analyze the
surface area, pore size and pore volume of the sam-
ples. The nitrogen adsorption/desorption isotherm
was recorded using the Micromeritics ASAP 2020 in-
struments (Micromeritics, Georgia, USA) at 77 K. En-
ergy dispersive X-ray fluorescence spectroscopy (EDX)
was used to analyze the elemental composition of the
samples. The analysis was performed on a Shimadzu
EDX-7200 in the air atmosphere. Scanning electron
microscope images were captured using Coxem/EM-
30 (Coxem, Daejeon, South Korea) to study the surface
morphology and size of the TiO2 nanofibers. The
ultraviolet-visible diffuse reflectance spectra (UV-Vis
DRS) were employed to determine the band gap value
using a Tauc plot. The spectra of the TiO2 nanofibers
were recorded on a Shimadzu UV-2600 spectropho-
tometer. Ultraviolet-visible spectroscopy (UV-Vis) was
conducted using a Shimadzu UV-1800 to measure the
absorption spectra of the methylene blue solution. X-
ray photoelectron spectroscopy (XPS) measurements
were performed by using Kratos/Axis Supra (Kratos,
Kyoto, Japan) to analyze the surface elemental com-
position and chemical state of the TiO2 nanofibers.
Electron paramagnetic resonance (EPR) spectroscopy
was performed on a Bruker EMX micro spectrometer
(Bruker, Karlsruhe, Germany) at room temperature.

Photocatalytic activity

The photocatalytic activities of Al-doped TiO2
nanofibers were evaluated for the degradation of
methylene blue (MB) under ultraviolet light. 0.2 g of
Al-doped TiO2 nanofibers were dispersed in 200 ml
of MB solution (10 ppm) and stirred in the dark for
1 h to reach the adsorption-desorption equilibrium.
After the suspensions were stirred under a UV lamp
(250 W), samples were taken at defined time intervals
to analyze the remaining MB concentration using a
UV-Vis spectrophotometer at 662 nm. The percentage
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Fig. 1 X-ray diffraction patterns of Al-doped TiO2 nanofibers
calcined at various calcination heating rates.

of degradation of MB was calculated as the following
equation;

Degradation percentage of MB (%)=
C0−Ct

C0
×100%

where C0 is the initial concentration of MB and Ct is
the concentration of MB at reaction time (t).

RESULTS AND DISCUSSION

XRD and SEM analyses

The XRD patterns of the Al-doped TiO2 nanofibers after
calcination at different heating rate of 3, 5, 7 and
10 °C/min are shown in Fig. 1. Each sample displays
the prominent diffraction peaks at 2θ values of about
25.4°, 38.2°, 48.5°, 54.8° and 63.2° which are assigned
to (101), (104), (200), (211), (204) planes of anatase
phase, respectively. The highest intensity at 2θ = 25.4°
indicated that anatase (101) is the dominant phase of
the Al-doped TiO2 nanofibers. The diffraction peaks
at 2θ positions of 27.5°, 36.4°, 41.5°, and 43.8° are
assigned to (110), (101), (111), and (210) planes of
the rutile phase, respectively, which were found only in
Al-TNF(5), Al-TNF(7), and Al-TNF(10). This indicates
that the rutile phase position became apparent when
the heating rate was higher than 3 °C/min and the
intensity of rutile peaks gradually decreased as the
heating rate increased. Further, the peak located at 2θ
about 23.0° is assigned to (101) planes of titanium (Ti)
element which is found in all the samples. However,
there was no diffraction peak of aluminium compound
in the XRD patterns because the doping amount was
small. The existence of aluminium was confirmed by
EDX, which will be discussed in the next subsection.
The morphology of Al-doped TiO2 nanofibers was il-
lustrated in SEM images of Fig. S1 at a scale bar of
10 µm. From these figures, it was observed that the
diameter of all samples at various calcination heating
rates was relatively uniform and smooth without bead

Table 1 BET surface areas, pore volumes and EDX analysis of
Al-doped TiO2 nanofibers calcined at various heating rates.

Sample Surface area Pore size Pore volume Al/Ti
(m2/g) (Å) (cm3/g) molar ratio

Al-TNF(3) 63.81 45.60 0.072 0.016
Al-TNF(5) 55.41 59.42 0.084 0.015
Al-TNF(7) 54.15 58.34 0.080 0.015
Al-TNF(10) 57.56 57.56 0.084 0.016

Table 2 XPS data of Al-doped TiO2 nanofibers calcined at
various heating rates.

Sample Ti 2p3/2 Ti 2p1/2 OL OV Oc OV Oc
(eV) (eV) (eV) (eV) (eV) (%) (%)

Al-TNF(3) 459.0 464.8 530.2 531.0 532.4 27.7 5.6
Al-TNF(5) 459.0 464.7 530.1 531.0 532.4 19.0 9.0
Al-TNF(7) 459.0 464.8 530.1 530.6 531.6 14.8 30.2
Al-TNF(10) 459.0 464.9 530.2 530.7 531.3 11.4 31.8

formation, with an average diameter of less than 1 µm.
The results indicated that increasing the calcination
heating rate had almost no effect on the diameter of
the Al-doped TiO2 nanofibers.

BET and EDX analyses

The BET method was used to determine the spe-
cific surface area and pore structure of Al-doped
TiO2 nanofibers at various calcination heating rates.
As shown in Table 1, it was observed that the Al-
TNF(3) sample, which was calcined at a heating
rate of 3 °C/min showed the highest surface area of
63.81 m2/g with a mesoporous pore size of 45.6 Å.
In contrast, the samples with a calcination heating
rates higher than 3 °C/min had a similar surface area
of around ∼54–57 m2/g. Although increasing the
heating rates higher than 3 °C/min resulted in larger
pore sizes, the pore sizes of the samples with heating
rates in the range of 5–10 °C/min were not significantly
different, with values of approximately 57–59 Å. The
increase in pore size resulted in a decrease in surface
area, from approximately 63 to 55 m2/g. However,
there was no significant difference in the pore volume
of the samples when the heating rates were varied in
the range of 3–10 °C/min. These results showed that
the morphology of Al-doped TiO2 nanofibers remained
consistent across different calcination heating rates,
suggesting that the heating rate did not significantly
alter the physical structure of all the samples, while
the theoretical content of Al doping in TiO2 nanofibers
(0.017 Al/Ti molar ratio) and the content found in
TiO2 nanofibers by EDX were nearly the same for all
samples.

XPS and EPR analyses

XPS and EPR were employed to confirm the presence
of Ti3+ and oxygen vacancy of the Al-doped TiO2
nanofibers. As shown in Fig. 2 and Table 2, the Ti 2p
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Fig. 2 High resolution Ti 2p XPS spectra of (a) Al-TNF(3); (b) Al-TNF(5); (c) Al-TNF(7); (d) Al-TNF(10).

Fig. 3 High resolution O 1s XPS spectra of (a) Al-TNF(3); (b) Al-TNF(5); (c) Al-TNF(7); (d) Al-TNF(10).
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Fig. 4 EPR spectra of Al-doped TiO2 nanofibers at various
calcination heating rates.

spectrum of all samples exhibited two typical peaks
at around 459.0 eV and 464.8 eV, which referred
to Ti 2p3/2 and Ti 2p1/2 in TiO2 lattice, respectively
[24, 25]. The binding energy difference between these
doublet peaks was about 5.8 eV indicating that the
valence state of Ti in TiO2 lattice was +4 for all the
samples [26]. After peak fitting and deconvolution,
Ti 2p3/2 spectra could be divided into two peaks at
binding energies of 459.0 eV and 459.6 eV, which were
identified as Ti4+, revealing the presence of anatase
and rutile, respectively [24]. Furthermore, there was
no XPS peak corresponding to the surface Ti3+ for all
the samples, which was located at binding energies of
456.8 and 462.5 eV [27], implying that the Ti3+ was
absent on the surface of TiO2 nanofibers.

Fig. 3 shows that the asymmetric O 1s high res-
olution spectra of the samples could be fitted into
three peaks at around 530 eV, 531 eV, and 532 eV.
The first peak at the lower binding energy of ∼530 eV
corresponds to the lattice oxygen (OL) in the TiO2
structure. The second peak at the medium energy of
∼531 eV is associated with the O2– ions in the oxygen-
deficient region within the TiO2 lattice, also known as
oxygen vacancies (OV). Generally, each oxygen atom
in the TiO2 lattice is surrounded by three titanium
atoms. When an oxygen atom is removed from its
lattice position, leaving behind two electrons, oxygen
vacancies are formed. The higher binding energy of
the last peak located at ∼532 eV is usually attributed
to the presence of loosely bound chemisorbed oxygen
(Oc), such as hydroxyl groups (−OH) or adsorbed O2
and H2O on the surface of TiO2 [27, 28]. The relative
percentage of oxygen vacancy and chemisorbed oxy-
gen was related to the proportion of each peak area
to the total oxygen peak area, as shown in Table 2.
The O 1s spectra showed that the relative peak area of
OV decreases with increasing calcination heating rate,
indicating a decrease in oxygen vacancies in the lattice
of the TiO2 sample with increasing heating rate. On
the contrary, the relative peak area of Oc increases with

Fig. 5 UV-Vis absorption spectra (a) and energy band gap (b)
of Al-doped TiO2 nanofibers at various calcination heating
rates.

increasing heating rate.
EPR spectra in Fig. 4 demonstrated that Al-doped

TiO2 nanofibers at various calcination heating rates
exhibited strong signals at g ∼ 2.003, which can be
attributed to bulk single-electron-trapped oxygen va-
cancy (SETOV) [29, 30]. So, the quantity of OV can
be compared by measuring the intensity of the EPR
signal at g ∼ 2.003. The quantity of OV of Al-doped
TiO2 nanofibers followed the order of Al-TNF(3) >
Al-TNF(5) > Al-TNF(7) > Al-TNF(10), indicating that
the creation of bulk OV decreased with the increase of
calcination heating rates. Based on the literatures, the
EPR signal of Ti3+ defects was generally in the range of
g ∼ 1.94–1.99 [31–33], and g ∼ 2.020 [23, 24]. How-
ever, the peaks assigned to Ti3+ could not be detected
in the EPR spectra of Al-doped TiO2 nanofibers. These
results were consistent with the XPS results, which
only detected the OV, confirming the presence of large
amount of bulk oxygen vacancies in Al-doped TiO2
nanofibers at lower heating rates.

Optical absorption analysis

The results from UV-Vis diffuse reflectance spectra
showed the optical absorption of all Al-doped TiO2
nanofibers, as illustrated in Fig. 5(a). The spectra of
all the samples showed the strong absorption in the UV
region at the wavelength range 300–400. Among the
samples, Al-TNF(10) showed the highest absorption in
the UV region, while the visible-light absorption ability
of all samples were not different. The Kubelka-Munk
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Fig. 6 Photocatalytic degradation of MB under UV light using
Al-doped TiO2 nanofibers calcined at various heating rates.

function is a widely used method to estimate the band
gap of semiconductors, which can be expressed by the
following equation:

(αhν)0.5 = A(hν− Eg) (1)

where α is the absorption coefficient, h is Planck’s
constant, ν is the photon’s frequency, A is a constant,
and Eg is the band gap energy [27, 34]. According
to Eq. (1), the (αhν)0.5 was plotted against the hν
as shown in Fig. 5(b). The band-gap energy can be
determined by drawing a tangent line that intersects
the x-axis. The value at the intersection point gives
an estimate of the band gap energy. The band gap
of Al-TNF(3), Al-TNF(5), Al-TNF(7), and Al-TNF(10)
samples was 16, 3.14, 3.14, and 3.12 eV, respectively.
The results indicated that the band gap energy tends to
decrease gradually with increasing calcination heating
rate. Based on XRD results, increasing the heating rate
resulted in a phase transformation of Al-doped TiO2
nanofibers from anatase to rutile, thus a rutile phase
was observed when the heating rate was increased.
It is well known that pure anatase and rutile phase
have band gap values of 3.2 eV and 3.0 eV, respectively
[35]. The presence of rutile phase in titanium dioxide
crystals is the reason for the reduced bandgap of Al-
doped TiO2 nanofibers.

Photocatalytic activity

The photocatalytic performance of as-prepared Al-
doped TiO2 nanofibers was investigated by MB pho-
todegradation under UV light. The percentage degra-
dation of MB versus irradiation time is shown in Fig. 6.
The Al-TNF(10) sample exhibited significantly better
activity than the others, with a percentage degradation
of MB of up to 98% within 120 min. These results in-
dicated that the calcination heating rates significantly
influenced the degradation efficiency of MB. Based on
the results of XPS analysis, increasing of calcination

heating rates from 3 °C/min to 10 °C/min increased
the amount of the chemisorb oxygen. The increase
in chemisorb oxygen indicates the amount of hydroxyl
groups, oxygen and water molecules on the surface
of Al-doped TiO2 nanofibers. It is well known that
water molecules can dissociate at bridging oxygen sites
to form hydroxyl groups, and these surface hydroxyl
groups could be converted into the hydroxyl radi-
cal (•OH) [36]. Moreover, when the Al-doped TiO2
nanofibers were excited by UV light during photo-
catalytic degradation, the electron–hole pairs will be
generated. The adsorbed oxygen can be combined
with the generated electron in the conduction band to
form superoxide radicals (•O–

2) [37]. Both hydroxyl
and superoxide radicals are important active species
in photocatalytic reactions. The formation of active
species on Al-doped TiO2 nanofiber is illustrated in
Fig. S2. The results of XPS and EPR demonstrated
that the amount of bulk oxygen vacancies in Al-doped
TiO2 nanofibers decreased with increasing calcination
heating rates. Many researchers have reported that
excessive bulk oxygen vacancies act as recombination
centers for electrons and holes, resulting in a decrease
in photocatalytic activity [29, 38–40]. Additionally,
increasing the heating rate during calcination resulted
in a slight decline in the optical band gap value of
Al-doped TiO2 nanofibers. The decrease in band gap
value not only reduces the energy required to create
electron-hole pairs but also increases light absorption,
which is beneficial for photocatalytic reactions. For all
the reasons mentioned above, the Al-TNF(10) sample
exhibited the highest photocatalytic activity, whereas
the lowest activity was observed in the Al-TNF(3). The
degradation efficiency of all samples can be arranged
in order of Al-TNF(10)> Al-TNF(7)> Al-TNF(5)> Al-
TNF(3). This study clearly demonstrates the influence
of heating rate during calcination on the characteristics
of Al-doped TiO2 nanofibers, which directly affects the
activity in the MB degradation reaction under UV light.

CONCLUSION

Al-doped TiO2 nanofibers were prepared by the elec-
trospinning method with varying calcination heating
rates to investigate the effect of heating rate during cal-
cination on the physical and crystal structure, the band
gap energy, and photodegradation activity of Al-doped
TiO2 nanofibers. The diffraction patterns of all samples
indicated that anatase was the dominant phase, and a
small amount of rutile phase was formed at heating
rates greater than 3 °C/min, while the physical struc-
ture of all samples, including specific surface area, pore
size, and pore volume, remains almost unchanged with
increasing heating rate. The calcination heating rate
obviously affected the proportions of oxygen vacancy
and chemisorbed oxygen species. By increasing the
heating rate, the content of chemisorbed oxygen on
Al-doped TiO2 nanofibers increased, followed by an
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increase in active species such as hydroxyl and su-
peroxide radicals, which enhanced the photocatalytic
performance. On the contrary, the bulk oxygen vacan-
cies were generated at a low calcination heating rate
and decreased with increasing calcination heating rate.
The excess of oxygen vacancies in bulk Al-doped TiO2
nanofibers may act as recombination centers of charge
carriers, leading to a decrease in the photocatalytic
activity. In addition, the increase in heating rate also
results in a tendency for the energy gap to decrease.
For these reasons, Al-doped TiO2 nanofibers calcined
at a heating rate of 10 °C/min exhibited the highest
photocatalytic efficiency, degrading 98% of MB under
UV light irradiation within 120 min.

Appendix A. Supplementary data

Supplementary data associated with this article can be found
at https://dx.doi.org/10.2306/scienceasia1513-1874.2026.
001.
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Appendix A. Supplementary data

Fig. S1 SEM images of Al-doped TiO2 nanofibers of (a) Al-TNF(3); (b) Al-TNF(5); (c) Al-TNF(7); (d) Al-TNF(10).

Fig. S2 Schematic illustration of active species in photocatalytic degradation of MB.
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