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TiO2 nanofibers (TNFs) with different anatase/rutile phase ratios were fabricated using electro-
spinning technique followed by the annealing at different temperatures. The effect of annealing
temperatures on their morphology, structural, and optical properties and photocatalytic activity
was investigated. The photocatalytic performance of TNFs was evaluated by degradation of
methyl orange (MO) in aqueous solution under the irradiation of simulated solar light. Annealing
temperature significantly influenced photocatalytic degradation of MO due to the incorporation of
rutile phase which suppresses recombination of photoactivated electron and hole pairs. Turnover
frequency (TOF) of MO degradation was introduced to describe the intrinsic activity of TNFs.
TNFs acquired best anatase/rutile phase ratio (A/R 5 83/17) when annealed at 650 °C, resulting
in highest TOF value 2394 h�1, two times higher as compared to P25 with similar anatase/rutile
phase ratio (A/R 5 85/15). Appropriate crystalline structure could be the reason for good
photocatalytic activity as well as intrinsic activity of TNFs.

I. INTRODUCTION

The beginning of TiO2 photocatalysis was in the early
seventies when Honda and Fujishima reported the de-
composition of water to hydrogen on the surface of TiO2

electrodes under light irradiation.1 Recently, a combined
effect of growing population and a rapidly developing
industry has resulted in a steady increase of water
pollution in many parts of the world due to the acceler-
ated release of harmful agents.2 During past few decades,
photocatalysis has emerged as a potential candidate to
overcome the environmental pollutants remedy and have
been potentially applied for the mineralization of organic
pollutants, disinfection of water and air, water-splitting,
production of renewable fuels and organic synthesis.3

Few metal oxides including ZnO, CeO2, WO3, and ZrO2

have also been investigated for the effective removal of
industrial pollutants and waste water treatment.4–7 How-
ever, titanium dioxide has been investigated as the best
known and most widely used photocatalyst owing to its
low cost, less toxicity, high stability, and photocatalytic
activity.8,9 Anatase, rutile, brookite, and TiO2 (B) are the
four main crystalline phases of TiO2. Anatase has been
investigated much more than other phases of titania due
to its intrinsic ability of surface assimilation for organic
molecules and low recombination of photogenerated
electron–hole pairs.10 Ordinarily, TiO2 nanoparticles
can exhibit excellent photocatalytic efficiency due to
efficient charge carrier separation and migration.11 How-
ever, TiO2 nanoparticles (NP) carry several drawbacks as
a photocatalyst due to their ultrafine particle size.
Moreover, nanoparticles can re-pollute the water because
of its difficulty in collecting and recycling the particles
from the suspension.12 TiO2 NP are aggregated so as to
minimize their surface area, which degrades their advan-
tages of nanostructure with high surface-to-volume ratios,
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making them unsuitable for photocatalysis. On the other
hand, one-dimensional (1D) nanostructures have been
extensively studied due to their distinctive advantages.
Generally, 1D nanostructure had high aspect ratio with
the diameter ranging from 1 to 100 nm, and it can be in
the rod-, wire-, fiber-, belt–, or tube-shape. Therefore, 1D
TiO2 nanostructured materials inherit all the typical
features of TiO2 nanoparticles and display a large specific
surface area which is easy for the photogenerated charge
carriers to transfer along the axial direction. High surface
area of the nanofibers has received immense attention due
to their unique physical and chemical characteristics, low
density, better light absorption, easier charge transport than
other nanostructured forms making full use of the benefits
of nanostructures in recent years.13–19 In addition, the ease
of their production adds to their advantage than other
several techniques, including freeze-drying method, sol–
gel method, thermal evaporation, hydrothermal method,
and electrospinning. Electrospinning has been recognized
as an efficient technique for the fabrication of nanofibers
because of its low cost, versatile, simple, and continuous
processing.20–24 This electrostatic processing strategy can
be used to fabricate fibrous organic or inorganic mats
composed of nano/microscale fibers.

In addition, it has been widely demonstrated that
photocatalytic performance depends strongly on the spe-
cific surface area, morphology, and crystal phase of
TiO2.

13,24,25 Annealing at different temperatures not only
influences the morphology but it also controls the crystal-
linity and structural properties. A relatively low specific
surface area on the smooth surface and single crystal phase
may pose certain constraints on their performances.
Moreover, wide band gap of TiO2 (anatase: 3.2 eV, rutile:
3.0 eV) occupy only 3–5% of the total solar spectrum.
Besides this, fast recombination of photogenerated
electron–hole pairs also decreases the efficiency in the
photocatalytic activity. Thus, the wide application of 1D
TiO2 nanostructured materials in some fields was limited
due to these critical issues. TiO2 nanofibers owns the
following advantages to overcome these problems: (i)
High specific surface area especially in case of porous
fibers, (ii) controllable pore sizes among the nanofibers
ranging from tens to hundreds of nanometers and (iii) the
thickness of the fibrous mat, which can be readily tailored.
The high specific surface areas of electrospun TiO2 nano-
fiber mats yields greater number of reaction sites, which
consequently enhance the photocatalytic efficiency. Fortu-
nately, 1D TiO2 hetrostructures can be designed and
fabricated by introducing another phase with a special
morphology (nanorods, nanowires, and nanofibers), to
overcome the above mentioned problems. Additionally, it
has been reported that the electrospinning process with side
by side dual spinnerets could be a simple approach for the
fabrication of bi-component TiO2/SnO2 nanofibers with
controlled hetrojunctions. Such a structure would lead to an

increase in the charge separation of the photogenerated
electrons and holes within the bi-component system,
allowing both electrons and holes to participate in overall
photocatalytic reaction.26 Based on this assumption, multi-
component (anatase and rutile) photocatalystic materials in
the form of 1D nanofibers could be more photoactive than
a single component photocatalyst owning to their syner-
gistic effect due to the anatase and rutile coexistence.27

The catalytic activity takes place at the interface
between the catalyst and the reactants only on specific
locations of the catalyst’s surface, termed as active sites.
Therefore, the performance of a catalyst depends on the
availability of suitable active sites. Activity is expected to
increase with the specific area of the catalyst. However,
activity correlations based on this parameter alone are not
adequate. The catalyst nature, concentration, and acces-
sibility of the active sites must be considered to find the
true activity of a catalyst. It is difficult to count the active
sites directly, therefore, for the quantitative measurement
of the catalytic activity, turnover frequency (TOF) is
a useful assessment for comparing the activity of a cata-
lyst by the active sites. It is simply defined as the number
of reactant molecules converted per minute per catalytic
site for given reaction conditions.28

Our current work focuses on the effect of annealing
temperature on the morphology, crystal structure, the
phase transformation (from anatase to rutile), band gap
and the resultant photocatalytic activity of TiO2 nano-
fibers. Moreover, TOF was introduced to evaluate the
intrinsic photocatalytic activity of TiO2 nanofibers. The
aim of this study is to understand that how phase ratios of
anatase and rutile affect the photocatalytic activity as well
as intrinsic activity. In our work, TiO2 nanofibers with
optimal phase ratio of A/R 5 83/17 have good photo-
catalytic and intrinsic activities. For comparison, com-
mercially available Degussa P25 was used directly for the
photocatalytic and intrinsic activity as a reference.

II. EXPERIMENTAL SECTION

A. Materials and methods

All materials were of analytical grade and used without
further purification. Polyvinylpyrrolidone (PVP, Mw 5
1.3 � 106) was purchased from Aladdin Chemistry Co.
Ltd. (Shanghai, China). Tetra-n-butyl titanate (TBT, $
98.0%), acetic acid (CH3COOH, $ 99.5%) and ethanol
were purchased from Sinopharm Chemical Reagent Co.
Ltd. (Beijing, China). Degussa P25 was purchased from
Sigma-Aldrich (St. Louis, Missouri) ($99.5%).

B. Synthesis of TiO2 nanofibers

For electrospinning of polymeric precursor fibers, 0.9 g
of PVP was mixed with 10 mL of ethanol followed by the
addition of 3 mL acetic acid and stirred for 2 h.
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Subsequently, 1.5 g of TBT was added to this mixture
and magnetically stirred at room temperature until the
solution became clear and homogeneous. The prepared
solution was loaded into a plastic syringe with a stain-
less steel nozzle (anode) and the tip of the nozzle was
placed in the front of a metal cathode with a fixed
distance of 15 cm between the nozzle and the collector.
An electrical potential of 15 kV was applied for the
electrospinning of the fibers at a constant flow rate of
0.5 mL h�1. The resultant dense fibrous mat was collected
and dried at 80 °C for 12 h to hydrolyze TBT completely.
Afterward, annealing of as-spun TiO2/PVP nanofibers was
carried out at the desired temperatures ranging from 500 to
900 °C for 3 h with the heating rate of 0.5 °C min�1,
followed by furnace-cool to ambient temperature. The
resulting samples were named as TNF500, TNF600,
TNF650, TNF700, TNF750, TNF850, and TNF900 after
annealing them at 500, 600, 650, 700, 750, 850, and
900 °C respectively. For comparison, commercially avail-
able Degussa P25 was used directly for the photocatalytic
activity reference.

C. Characterization

The surface morphologies of TiO2 nanofibers were
examined using the scanning electron microscopy
(Hitachi S-4800, Hitachi Corp., Tokyo, Japan) system.
X-ray powder diffraction patterns were obtained, using
a powder x-ray diffractometer (Rigaku Corporation,
Tokyo, Japan, Cu Ka radiation, k 5 1.54178 Å) over
Bragg’s angles ranging from 10° to 80°. The fraction of
anatase-to-rutile transformation in the samples annealed
at different temperatures can be calculated from the XRD
intensity peaks using the following equation,29

x ¼ 1= 1þ 0:8 IA=IRð Þf g : ð1Þ

Where x is the weight fraction of rutile in the nanofibers,
IR is the intensity of rutile peak, and IA is the intensity of
anatase peak. Crystallite sizes for each sample were
calculated from the half-height width of the characteristic
peaks of anatase (101) and rutile (110) using the Scherrer
formula,30

D ¼ kk=b cos h : ð2Þ

Where D is the crystallite size, k is the shape constant, k
and h are the wave length and angle of x-rays. The band
gap was determined by UV–Vis diffuse reflectance
spectroscopy (DRS) performed at room temperature by
UV–Vis spectrometer (Hitachi U-4100, Hitachi Corp.)
over the wave length ranging from 300 to 800 nm, using
BaSO4 as the reflectance standard for the correction of
instrumental background. The Kubelka–Munk function
was used to determine the band gap values by trans-
forming the original coordinates (reflectance versus wave

length to (ahm)1/2 versus hm) in accordance with the
theoretical equation,

ahmð Þ1=2 ¼ A hm� Ebg

� �
: ð3Þ

Where a is the absorption coefficient of the photocatalyst,
A is the proportionality constant, Ebg is the energy band
gap, and hm is the incident photon energy. The extrapo-
lation of the linear portion of (ahm)1/2 curve versus the
photon energy hm tangent line crossing point gives a good
approximation of the band gap energy of the TiO2

nanofibers. The PL emission spectra were recorded by
fluorescence spectrophotometer (F900, Edinburgh Instru-
ments Ltd., Livingston, United Kingdom). The samples
were excited at 320 nm and the emission spectra were
scanned between 350 and 600 nm wave length ranges.
The decay pattern was determined by using the expo-
nential function in following equation,

I tð Þ ¼ B exp �t=sð Þ : ð4Þ

Where s is the lifetime and I(t) is the intensity at time t.
The specific surface area of the samples were measured
by Brunauer–Emmett–Teller (BET; Quantachrome
Autosorb-1, Quantachrome Instruments, Boynton
Beach, Florida). The samples were degassed at 250 °C
for 10 h before the measurements. Comparative charac-
terizations with Degussa P25 were also performed.

D. Photocatalytic activity test

For practical applicability, the photocatalytic activity
measurement of the resultant products was evaluated by
the photodecomposition of methyl orange (MO) aqueous
solution as an organic pollutant under simulated solar
light and degradation rates were calculated according to
the following equation,

Degradation ¼ C=C0 � 100 ; ð5Þ

where C0 and C are initial and final concentrations of the
MO dye. Typically, 20 mg of the as-prepared photocatalyst
was suspended into 20 mL MO solution (20 mg L�1) and
placed in a double-walled Pyrex glass reactor under
magnetic stirring. All the suspensions were magnetically
stirred in dark for 2 h to ensure the establishment of
adsorption/desorption equilibrium between the photo-
catalyst and the MO dye. Then the photodegradation
experiment was carried out under ambient conditions,
where a metal halogen lamp (HQIBT, 400W/D,
OSRAM, Munich, Germany) was used as the light
source. A double-walled Pyrex glass reactor was used
to maintain a constant temperature with a circulating
water system to prevent any evaporation during the
experiment. An aliquot (1 mL) of the solution was
taken at a certain time interval (30 min) during the
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photocatalytic reaction, centrifuged and the supernatant
was collected to analyze the UV–visible absorption
spectrum measurement (Hitachi U-4100 UV–visible
spectrophotometer). The change in MO absorbance of
the solution was used to monitor the extent of reaction
at given irradiation time intervals. For comparison, P25
was also used as a photocatalyst for the degradation of
MO with the same concentration and light conditions.
The photodegradation of MO could be considered as
a pseudo-first-order reaction31 and its kinetics might be
expressed as follows,

C ¼ C0e
�kt : ð6Þ

Where “k” is the degradation rate constant and t is the
reaction time. Turnover frequency (TOF), of MO degra-
dation was introduced to describe the intrinsic activity of
the TiO2 nanofiber photocatalyst, which was determined
according to the following equation,32

TOF h�1
� � ¼ MMO � v

MTiO2 � D � t : ð7Þ

Where MMO and MTiO2 is the amount of methyl orange
dye and TiO2 nanofiber catalyst used (in moles), v is the
conversion of MO, t is the reaction time, and D is the
dispersion of TiO2 as a fraction of surface-active TiO2

catalyst, determined by the following equation,

D ¼ SA
1

MTiO2
� NA � 4pr2Ti
� � : ð8Þ

Where SA and MTiO2 is the surface area and molecular
weight of TiO2 (79.86 g mol�1) respectively. rTi is the
atomic radius of Ti (0.176 nm), and NA is Avogadro
number (6.02 � 1023).

III. RESULTS AND DISCUSSIONS

A. Characterization of TiO2 nanofibers

The SEM images of TiO2 NFs prepared by the
electrospinning technique and P25 are shown in Fig. 1.
The as-spun precursor fibers are ranged in the size from
few to dozens millimeters in length with average di-
ameter of ;500 nm with smooth surfaces [Fig. 1(a)]. It is
observed that annealing of as-spun TiO2 nanofibers
significantly altered the surface morphology, as shown
in Figs. 1(b)–1(h). The products are of high yields with
well-defined fiber shapes, suggesting that the numerous
tiny nanoparticles are assembled uniformly in the fiber
matrix. When annealed at lower temperatures from 500 to
650 °C, surface of the nanofibers was porous throughout
the bodies. Notably, further annealing of NFs to 900 °C
resulted in rougher surface due to the excessive grain
growth at high temperature.33 Meanwhile, the average

diameter of the fibers were almost 150 nm and no
significant change was observed with the increase in
calcination temperature. As the diameter of the nanofibers
mainly depends on the electric field strength, distance
between the spinneret and collector, and viscosity and
flow rate of the polymer solution.34 Thus, the diameter of
all annealed samples of TiO2 nanofibers are not much
different from each other as all the electrospinning
parameters are the same for as-spun TiO2 nanofibers.
The SEM image of TiO2 nanoparticles (Degussa P25)
showed the size of the particle around 20 nm [Fig. 1(i)].

The x-ray diffraction (XRD) patterns of all samples are
shown in Fig. 2, which displays the gradual changes in the
crystal structure with increase in annealing temperature.
As indicated from the XRD patterns, TNF500 obtained
pure and crystallized anatase phase of TiO2. Further
increase in annealing temperature leads to crystal growth
and enhanced crystallinity as clear from the increased
intensity of characteristic peak.39 The rutile peak was
observed to nucleate at the interface of anatase particles.
Rutile phase formation starts in the nanofibers above
600 °C, as indicated by the presence of separate sets of
peak indexed as rutile TiO2.

35,36 On further increasing the
annealing temperature to 900 °C, the anatase phase
disappears and almost pure rutile phase of TiO2 can be
observed for TNF900. These phases are corresponding to
standard JCPDS file # 21-1272 for anatase and JCPDS file
#21-1276 for rutile. The fractions of anatase-to-rutile
transformation in the samples are determined by using
Eq. (1). The percentage detail is listed in Table 1. The
XRD of Degussa P25 shows mixed anatase and rutile
phase with the best A/R ratio as nearly A/R ratio for
TNF650.

Generally, the activity of a photocatalyst is determined
by the surface area, charge transfer rate to the surface of
the catalyst and electron–hole recombination rate. Thus,
for the higher photocatalytic activity, smaller crystallite
size with higher surface area and number of active sites is
more effective which increases the charge carrier transfer
rate to the surface of catalyst. In our present work, the
increase in crystallite size (from 18 to 40 nm for anatase
and 34–47 nm for rutile) is observed when the annealing
temperature was raised from 500 to 900 °C which
significantly influenced the photocatalytic activity.

The optical properties of the samples were measured
by DRS at room temperature, shown in Fig. 3. The band
gap of TNF500, TNF600, TNF650, TNF700, TNF750,
TNF850, and TNF900 and P25 as calculated by
Kubelka–Munk function [Eq. (3)] are 3.16, 3.13, 3.02,
3.00, 3.00, 2.99, 2.99, and 3.05 eV, respectively. This
band gap fall might be due to the increasing percentage of
rutile with increasing annealing temperature. However, it
has been demonstrated that band alignment of ;0.4 eV
exists between anatase and rutile TiO2 with a higher
electron affinity for anatase which will cause the effective
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separation of photoexcited charge carriers to enhance the
photocatalytic activity.37 In our work, these slight
changes in the band gap of TiO2 nanofibers annealed at
different temperatures could be attributed to the syner-
gistic effect of anatase and rutile phases. The band gap of
TNF500 was found to be 3.16 eV for the pure anatase
phase and band gap of TNF900 was 2.99 eV for the pure
rutile. Thus, on increasing the temperature, the incorpo-
ration of rutile contents to anatase phase decreased the

band gap from 3.16 to 2.99 eV which is close to the band
gap of pure rutile phase (3.0 eV), as listed in Table 1. The
effective band gap value of TNF600 (3.13 eV) and
TNF650 (3.03 eV) with an optimal ratio for the anatase
and rutile phases might be due to the introduction of the
rutile phase and approximately the band gap value of

FIG. 1. SEM images of (a) as-spun TNFs (b) TNF500 (c) TNF600 (d) TNF650 (e) TNF700 (f) TNF750 (g) TNF850 (h) TNF900 and (i) P25.

FIG. 2. XRD patterns of TNFs annealed at different temperatures and P25.

TABLE I. The properties of TiO2 electrospun nanofibers under
different heating temperature.

Samples
Average fiber
diameter (nm)a

Optical
band gap
(eV)b

Crystallite size
(nm)c

Phase
percentage

(%)d

Anatase Rutile Anatase Rutile

P25 . . . 3.05 20 32 85 15
TNF500 154 3.16 18 . . . 100 0
TNF600 158 3.13 22 34 93 7
TNF650 159 3.02 25 31 83 17
TNF700 142 3.00 31 32 39 61
TNF750 158 3.00 40 47 30 70
TNF850 161 2.99 37 41 5 95
TNF900 149 2.99 . . . 44 0 100

aAverage fiber diameter was directly measured from SEM images of Fig. 1.
bCalculated from DRS curves (Fig. 3), using Kubellka-Munk transforma-
tion of original coordinates (reflectance versus wave length to (ahm)1/2

versus hm) in accordance with the theoretical Eq. (3).
cCrystallite sizes were calculated by Scherrer formula [Eq. (2)] based on
XRD pattern.
dPhase percentage was calculated from XRD intensity peaks using Eq. (1).
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Degussa P25 (3.05 eV). From the absorption spectra
between 300 and 800 nm, the optical absorption edge of
TiO2 nanofibers annealed at higher temperatures is
shifted to higher wave length as compared to P25
indicating more absorption of light and decreasing band
gap with increasing crystallite size, as shown in inset of
Fig. 3.

BET surface area analysis was performed to investi-
gate the effect of annealing temperature on the specific
surface area, which is one of the prerequisites for the
catalytic activity. The measured specific surface areas of
the samples P25, TNF500, TNF600, TNF650, TNF700, and
TNF900 are 66.2, 43.0, 23.9, 20.1, 11.4, and 6.3 m2 g�1,
respectively, as listed in Table 2. The rest of the samples
were skipped for BET because the photocatalytic activ-
ity did not show significant differences due to increased
percentage of rutile at higher annealing temperatures. As
confirmed by XRD, crystallite size increased as anneal-
ing temperature increased, resulting in a drop in specific
surface area.38,39

SEM, XRD, and DRS results (Table 1) reveals that
with an increase in annealing temperature, surface
becomes rougher due to the crystallite size growth.
TNF500 with a band gap value of 3.16 eV, is close to
the pure anatase and TNF900 has a band gap value of
2.99 eV close to the pure rutile phase, indicating the
transformation of anatase to rutile phase. A fine control of
the anatase and rutile ratio and variation in energy gap
can be adjusted by annealing temperature and time.40

Thus, the phase transformation and continuous crystallite
size growth with higher annealing temperatures are also
confirmed by XRD data. Increasing rutile content should
decrease the surface area because anatase to rutile phase
transformation takes place at higher temperatures usually
greater than 600 °C which is accompanied by excessive
grain growth and the surface becomes rougher.33

B. Photocatalytic degradation of methyl orange

The photodegradation rate of methyl orange (MO)
used to simulate the reaction was investigated to explore
the photocatalytic activity of the TiO2 nanofibers by
using Eq. (5), shown in Fig. 4. It can be observed that
photocatalytic activity of TiO2 nanofibers is improved
when the annealing temperature of the as-prepared
composite nanofibers was increased from 500 to
650 °C. In case of nanofibers annealing at 600 and
650 °C, MO was almost completely degraded within 120
min of illumination. However, annealing beyond 650 °C
for the as-prepared nanofibers leads to the deterioration in
the photocatalytic activity due to the larger crystallite size
at higher temperatures. The degradation rates of MO for
TNF500, TNF600, TNF650, TNF700, TNF750,
TNF850, and TNF900 are 71, 100, 98, 48, 5, 8, and
3%, respectively. TNF600 and TNF650 exhibited excel-
lent photocatalytic activity among all the tested samples
like P25 and the data coordinates well with the expo-
nential function as shown in Fig. 4. These results were in
consistent with the previously reported work.41,42 The

FIG. 3. UV–Vis-diffuse reflectance spectra of TNFs annealed at differ-
ent temperatures. Inset shows absorption spectra from 300 to 800 nm.

TABLE II. Photocatalytic behavior of TiO2 nanofibers.

Samples BET area (m2/g) Degradation (%)a TOF (h�1)b

P25 66.2 55 1175
TNF500 43.0 19 626
TNF600 23.9 39 2309
TNF650 20.1 34 2394
TNF700 11.4 16 1986
TNF900 6.3 1 224

aDegradation of MO solution under UV light at 0.5 h of the reaction.
bTOF at 0.5 h, the number of reactant molecules that react per site per unit
time, was calculated by using Eq. (7).

FIG. 4. Photocatalytic performance of MO solution with time in the
presence of TNFs annealed at different temperatures and P25 under
UV light. Inset is the relationship between the degradation rate
constant and annealing temperature.
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photodegradation of MO could be considered as a pseudo-
first-order reaction and its kinetics might be calculated by
Eq. (6). The relationship between degradation rate constant
“k” and annealing temperature “T” is shown in the inset of
Fig. 4. It shows the highest photocatalytic activity with
highest rate constant (k) of 0.0170 min�1 where the
optimal crystal phase ratio is obtained at 600 °C for the
degradation of the MO dye. The best photocatalytic
efficiency of TNF600 and TNF650 might be attributed
to the optimal phase ratio between the anatase and rutile
phases of TiO2 and efficient electron–hole separation due
to the good crystallite structure. Electrons appear to have
transferred from anatase to rutile trapping sites, which
obstruct the charge recombination.43

1. Intrinsic photocatalytic activity

The true intrinsic photocatalytic activity for all the
samples is calculated by turnover frequency (TOF) using
Eq. (7), as listed in Table 2. The maximum TOF value
was observed for TNF650 (2394 h�1) after 0.5 h of
the MO degradation reaction, almost two times of P25
(1175 h�1). However, BET surface area of the sample
TNF650 is lower than P25 but its higher TOF value
might be attributed to the presence of a large number of
active surface sites for the degradation of methyl orange
dye. Higher TOF values of TNFs may be attributed to
their higher stability and higher reaction rates than
Degussa P25.44,45 Appropriate crystalline structure with
suitable anatase/rutile phase ratio could be the reason for
enhanced intrinsic photocatalytic activity of TiO2 nano-
fibers. PL spectra also provides an evidence for higher
TOF of TNF650.

The PL spectra of TNF650 and commercial P25 are
shown in Fig. 5. Since, the efficiency of charge carrier
trapping, migration, and transfer could greatly affect the

photocatalytic activity. The PL emission intensity is the
result of recombination of photo-excited electrons and
holes, thus lower PL intensity indicates a lower electron–
hole recombination rate. The intensity of TNF650 is
slightly lower than P25. It might be ascribed to the lower
recombination rate of photoexcited e�–h1 pair which is
due to the efficient electron–hole transfer to the fiber’s
surface. Decay time of TNF650 and P25 (inset of Fig. 5)
also provides another evidence of lower electron–hole
recombination rate which is well traced using the
exponential function of Eq. (4), having a lifetime of
112 ls suggests the existence of carrier trapping sites
which leads to the distribution of carrier transport rate.

IV. CONCLUSIONS

In summary, TiO2 nanofibers were fabricated using
electrospinning technique followed by annealing at different
temperatures. The TiO2 anatase/rutile phase ratio of the
fibers was successfully controlled by different annealing
temperatures ranging from 500 to 900 °C. The photo-
catalytic activity of obtained TiO2 nanofibers was evaluated
by the decomposition of methyl orange under UV irradia-
tion which shows a strong dependence on the annealing
temperature. The optimal annealing temperature is 650 °C,
which corresponds to anatase/rutile phase ratio of 83/17,
resulting in the best photocatalytic performance closely
proportional to P25. This might be attributed to the effective
electron–hole separation due to the introduction of mixed
anatase-rutile phase. TNF650 acquired the highest TOF
value 2394 h�1, two times of P25 with similar anatase/rutile
phase ratio (A/R 5 85/15). The current work may provide
a possible strategy to the future research initiatives for
nanofiber photocatalysis based on titanium dioxide.
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