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ABSTRACT: In practical implementation of TiO2 semiconductors,
utilization of their outstanding properties is mainly hindered by poor
material quality and high operational costs. In this contribution, the
electrospinning method was employed to fabricate N-doped mixed-
crystalline TiO2 with exposed high-energy facets. The Ti oxide trans-
formation process was thoroughly studied. During the mixed crystal
structure formation process, the high-energy facets could be preserved due
to the lower calcination temperature and the protective role of
polyvinylpyrrolidone (PVP) in the electrospinning process. In addition,
after calcination, the N doping, generated by the decomposition of PVP,
extended the absorption spectrum of TiO2 to the visible region. These TiO2
fibers exhibited superior photooxidation of arsenite (III) to arsenate (V)in
both the UV and visible light regions, mainly attributed to the exposure of
high-energy facets, robust separation of photoexcited charge carriers between the anatase/rutile phases, and narrow band gap
induced by the in situ N doping. Combining both robustness and scalability, the TiO2 fibers produced via this electrospinning
process have the potential for a broad range of applications.
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■ INTRODUCTION

Titanium dioxide (TiO2) has been extensively used in many
domains, particularly in the fields of catalysis, sensors, and
electronic devices.1−4 TiO2 exists mainly in three polymorphs
in nature, namely, anatase, rutile and brookite.5,6 Anatase is an
important form of TiO2 that has a wider band gap (3.2 eV)
than rutile (3.0 eV) but much stronger photocatalytic activity.
Among the three main crystallographic forms of TiO2, naturally
metastable brookite is the least investigated in comparison with
the comprehensively studied anatase and rutile phases because
of the difficulties encountered in isolating it in pure form.7

Furthermore, compared with any of single phase of TiO2, many
researchers believe that TiO2 material composed of mixed
phases exhibits much higher photoactivity.8−10 What is more,
the {001} facets, with a higher energy (0.90 J m−2), are more
conducive to higher reactivity, and they usually diminish rapidly
during the crystal growth process.11 Therefore, because of the
transformation of anatase to rutile phase that occurs in the
temperature range of 700−800 °C,12,13 it seems impossible to
control the exposure of higher-energy {001} facets in the phase
transformation process. In addition, band-gap engineering is

crucial for optimizing the energy-harvesting capability of TiO2
under solar radiation. Previous attempts to do so have involved
adding traces of metal14,15 and nonmetal impurities as
dopants16−18 to extend its activity into the visible-light region.
However, these dopants tend to act as charge carrier
recombination centers during the doping process.19 Recently,
interesting approaches based on in situ doping or dopant-free
TiO2 were proposed to overcome this limitation.20,21

Currently, arsenic pollution, both anthropogenic and natural,
adversely affects the health of millions of people, especially in
Southeast Asia, and various technologies have been utilized for
its removal from drinking water.22 Most absorbents exhibit
much higher affinity for arsenate (As(V)) compared to arsenite
(As(III)). In addition, As(III) is more toxic than As(V).
Therefore, preoxidation of As(III) to As(V) is essential to
develop the full potential of an arsenic removal system.23−25

Photooxidation with TiO2 as catalyst can be adopted as a
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measure to achieve this pivotal step. Although the oxidation of
arsenic catalyzed by TiO2 has been reported in recent
literature,26,27 poor quality and high operation costs restrain
its practical application in environmental remediation.
Herein, to preserve the high-energy facets in the mixed-phase

TiO2 as much as possible, the electrospinning process was
employed to fabricate TiO2 fibers. Fibers were prepared via two
steps: electrospinning synthesis followed by thermal treatment.
The in situ nitrogen-doped TiO2 fibers thus produced were
applied for photooxidation of arsenic in the visible-light region.

■ EXPERIMENTAL SECTION
Materials. All chemical reagents were purchased and used without

further purification, including Titanium(IV) butoxide (TBT) (98%,
Fluka), polyvinylpyrrolidone (PVP) (Mw = 1 300 000, Aldrich), nitric
acid (HNO3) (Guaranteed reagent, 65−68%), acetic acid (Guaranteed
reagent, 100%), absolute ethanol (Guaranteed reagent, 100%), O2
(99.99%), ammonium hydrogen phosphate, ammonium nitrate
(Guaranteed reagent, Aldrich), and sodium metaarsenite (Analytical
reagent).
Synthesis of N-Doped TiO2 Fibers. Briefly, 2 mL of TBT and

900 mg of PVP powder were dissolved into a mixture containing 2 mL
of acetic acid and 10 mL of absolute ethanol under vigorous stirring, to
form a homogeneous polymer solution. Then the precursor solution
was loaded into a syringe equipped with a blunt stainless steel needle,
which was connected to a high voltage supply. The voltage for
electrospinning was 15 kV, and the solution was fed at rate of 1 mL
h−1 using a syringe pump. A stainless steel drum under the tip of the
needle was used to collect the fibers. The as-spun product was dried in
an oven at 80 °C overnight. Finally, the samples were heated in a
quartz tube furnace at 500 °C for 180 min in oxygen at a ramp rate of
1 °C min−1.

Fabrication of TiO2 Powders. Correspondingly, two other
species of TiO2 powders were fabricated and denoted as E- and Sol-
TiO2. E-TiO2 powders were obtained through calcining the electro-
spun precursor in oxygen at 500 °C. A sol−gel method was selected
for fabricating the Sol-TiO2 powders. Briefly, an absolute ethanol,
water, and acetic acid mixture was added dropwise to a TBT solution
to obtain Ti(OH)4, and the follow-up thermal treatment was the same
as above. To prepare N-doped P25 TiO2 powders, pristine P25 TiO2
powders (Degussa Company) were annealed under NH3 flow at 500
°C for 3 h.

Material Characterization. The crystal structures of samples were
characterized by powder X-ray diffraction (XRD) (X’Pert Pro PW
3040-Pro, PANalytical Inc.) using Cu Kα irradiation operating at 40
kV and 40 mA with a fixed slit. Raman spectra were measured on a
Spectra-Physics model 127; the excitation source was He−Ne laser,
and the resolution was 2 cm−1. Specific surface area was measured by
the volumetric method on an automatic adsorption instrument. The
morphologies of TiO2 fibers were observed with a Hitachi field-
emission scanning electron microscope (FESEM). Lattices and fringes
were obtained by JEOL high-resolution transmission electron
microscopy (HRTEM). To investigate the light absorption and
emission behavior of TiO2, UV−visible absorption spectra were
utilized under the diffuse reflection mode using an integrating sphere
(UV2401/2, Shimadzu). XPS experiments were performed on the
TiO2 with a PHI5000 Versa Probe system (Physical Electronics, MN),
and the samples were pressed to form a pellet prior to XPS
measurement. The binding energy of XPS spectra was calibrated with
reference to the C 1s peak at 284.8 eV.

Photoelectrochemical Measurements. The photocurrent ac-
tion spectra were measured in a home-built two-electrode config-
uration experimental system, where TiO2 powders coated on indium
tin oxide (ITO)-coated glass by the doctor-blade method served as the
working electrode, with an active area of 1 cm2, and a platinum wire
was used as the counter electrode in the electrolyte of 0.1 M KCl. A

Figure 1. (a, b) SEM images of the as-spun fibers and (c, d) the TiO2 fibers calcined in 500 °C.
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500 W Xe lamp with a monochromator was used as light source. The
photoelectrochemical cell was illuminated from the ITO side of the
TiO2 electrode by the incident light. The photocurrent signal was
collected using a lock-in amplifier (Stanford Instruments SR830 DSP).
The monochromatic illuminating light intensity was 15 μW cm−2. The
illumination area of the working electrode was 0.12 cm−2. All
measurements were done after bubbling N2 through the solution for
20 min and were controlled automatically by a computer. The
chronoamperometry in this study was carried out using a Princeton
Versa STAT 3 in a standard three-electrode cell, using Pt foil as the
counter electrode and a Ag/AgCl electrode as the reference electrode.
0.1 M Na2SO4 purged with N2 was used as electrolyte.
Testing of Photocatalyst. A commercial quartz reactor equipped

with a 300 W xenon lamp was employed. Light with wavelength
centered on 350 nm was employed for UVA irradiation, and
wavelengths below 420 nm were cut off by an optical filter for
visible-light irradiation. The photocatalytic activity was evaluated by
oxidation of As (III) with initial concentration of 10 mg L−1. A total of
50 mg of catalyst was added to 100 mL of As (III) containing solution.
The original pH value was adjusted to 7.0 by a buffer solution. Before
irradiation, to achieve adsorption equilibrium, suspensions were mixed
under vigorous stirring in the dark for 30 min. After desired time
intervals, samples were taken and centrifuged to separate the
supernatant liquid from the catalysts. The two arsenic species were
separated using Ultra Performance liquid chromatography with a PRP-
X100 anion-exchange column (Hamilton Company) at 298 K.28 The
mobile phase, which was produced by dissolving 1.3602 g of
(NH4)2HPO4 and 0.8004 g of NH4NO3 into 1 L of water, and then
adjusting the pH to 6.2, was delivered at 1.0 mL min−1 through the
column. The follow-up mass spectrum (MS) detector was used to
monitor the signal of the arsenic (m/z = 75) through the “time-
resolved analysis” mode. To examine the roles of electrons and holes
in the oxidation process, electron-spin resonance (ESR) spectra were

employed for indirectly trapping the signals of generated reactive
oxygen species (ROS) levels using 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) as scavenger. In addition, comparative experiments were
performed by incorporating methanol, oxygen, and nitrogen gas into
the photoreactor. Methanol acted as scavenger for photogenerated
holes, oxygen can trap photogenerated electrons to generate
superoxide anions, and nitrogen can deplete the oxygen content in
the solution.

Computational Model and Details. To calculate the electronic
structure of the N-doped anatase/rutile TiO2 composite, we
considered a thick anatase/rutile slab with 96 atoms (64 O atoms
and 32 Ti atoms) for the composite. The structure of an N-doped
anatase/rutile interface was modeled by adding one N atom to the
anatase part of the anatase/rutile slab. The cell parameters and the
atomic positions of the undoped and N-doped structures were
optimized by performing the spin-polarized Perdew−Burke−Ernzer-
hof (PBE) exchange correlation functional within the generalized
gradient approximation (GGA).29 Considering that the PBE functional
usually underestimates the band gap of semiconductors, cell
parameters and atomic positions of the structure were also optimized
by PBE+U calculations,30 where a U(Tid) value of 4.2 eV was applied
to Ti d states. The projector augmented-wave method (PAW) was
employed to treat valence-core interactions with cores of [Ar] for Ti
and [He] for O and C.31 The plane wave cutoff energy of 400 eV and
the Monkhorst−Pack grid with k-point mesh for integration in the
Brillouin zone were used. The convergence threshold for self-
consistent-field iteration was set at 10−5 eV, and all of the atomic
positions were fully optimized until all components of the residual
forces were smaller than 0.02 eV Å−1. All of the calculations were
carried out using the Vienna ab initio simulation package.32

Figure 2. (a) XRD patterns of the TiO2 fibers calcined at different temperatures. (b) TEM images showing the morphologies of the TiO2 fibers
calcined at 500 °C. (c) HRTEM image of the selected area and (inset) corresponding selected area electron diffraction result. (d) HRTEM image of
the same area at a higher magnification, with inset showing a schematic drawing of a truncated tetragonal pyramid.
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■ RESULTS AND DISCUSSION

Morphology and Crystal Structure of the TiO2. As
shown in Figure 1a,b, fibers from 200 to 400 nm width and up
to tens of centimeters long were sprayed onto the steel drum.
These as-spun fibers possess a large surface area-to-volume
ratio, which enables moisture to diffuse into the interior of
fibers effectively, thereby ensuring complete hydrolysis of
tetrabutyl titanate (TBT) to titanium hydroxide. As a result,
titanium hydroxide uniformly coated by PVP was ordered along
the direction of applied electric field. Furthermore, due to the
rapid evaporation and decomposition of PVP molecules during
the calcination process, PVP decomposition products act as a
porogen to form uniform pores with average diameter of 7.5
nm, providing a large external surface that can be accessed
readily by reactant molecules (Supporting Information, Figure
S1).
X-ray powder diffraction (XRD) patterns of TiO2 fibers

calcined at different temperatures are shown in Figure 2a.
Anatase crystals together with tiny rutile crystals were obtained
in the 400 °C calcining condition. The crystals were further
converted to a stable mixed-crystal phase as temperature was
raised to 500 °C. Raman results indicated that the rutile
content in the fibers was 23% (Supporting Information, Figure
S2).33 In addition, the resulting mixed-crystal phase showed
high phase stability, retaining the structure even after being
calcined at 600 °C. It is speculated that owing to the compact
wrapping by PVP, the in situ hydrolysis of titanium hydroxide
took place in an orderly manner, resulting in a shorter
intermolecular distance compared to the traditional synthetic
approaches. The novel molecular arrangement enhanced the

thermal conductivity of titanium hydroxide, promoting the
efficacy of the calcining process. In addition, because of the
formation of nuclei occurring preferentially at surfaces,
nucleation of rutile is influenced by the surface structure of
titanium hydroxide.34 When the high-voltage electric field was
applied, the surface structure of titanium hydroxide was altered
such that the surface energy was increased. As a result,
nucleation of rutile occurred more readily due to the reduced
free-energy barrier,35 thereby enabling the rutile crystal phase to
take shape at a relatively lower calcining temperature. To verify
these theoretical predictions, two TiO2 species were fabricated
through conventional measures. As expected, in the equivalent
calcining condition at 500 °C, only pure anatase crystal phase
was obtained (Supporting Information, Figure S3).
Aiming to determine the specific phase structure, TEM

analysis of TiO2 crystals with crystalline lattice fringes was
carried out as supplementary evidence (Figure 2b−d). Selected
area electron diffraction patterns confirmed that the TiO2 fibers
showed mixed-crystal characteristics. The fringe spacing of 3.5
Å corresponds to the planes of {101} of the anatase, while
spacing of 4.8 Å corresponds to {002} planes, indicating the
top-bottom surfaces exposed by truncation are bounded by
{001} facets.11 The {001} facets, dominated by unsaturated
atoms, tend to bond strongly with external species, which is
therefore critical to high-efficiency photocatalytic reaction.36

Unfortunately, surfaces with high reactivity usually diminish
rapidly during the crystal growth process as a result of the
minimization of surface energy. However, in the synthesis
method used, PVP molecules might act as surfactant and shape
controlling agent. Because of its polar character under an

Figure 3. X-ray photoelectron spectra of fully scanned, N 1s, Ti 2p, and O 1s of the N-doped TiO2 fibers and undoped TiO2 powders (sol−gel).
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electric field, PVP preferentially bonded onto {101} facets of
positively charged TiO2 surfaces in acidic solutions. The firm
binding could have hindered the growth of {101} facets and
indirectly promoted the growth of {001} facets. In addition, as
mentioned above, the required calcining temperature for the
nucleation of rutile was greatly reduced after activation in the
strong electric field, and this situation benefited the retention of
high-energy facets. Hence, because of the presence of PVP and
the low calcination temperature, the high-energy {001} facets
can be preserved in the anatase/rutile mixed phase via the
electrospinning process.
Nitrogen Doping Process of the TiO2. The XPS

measurements were performed to determine the composition
of the N-doped TiO2 fibers (Figure 3). A peak at 399.6 eV
could be observed in the N 1s XPS spectrum, which was
ascribed to Ti−N−O oxynitride. No band characteristic of N−
H was found in Fourier transformed infrared spectra (FTIR)
(Supporting Information, Figure S4), excluding the possibility
that the peak at 399.6 eV was derived from N−H. Furthermore,
the XPS analysis determined that the nitrogen content was 1.08
atom % for our TiO2 fibers. In addition, the XPS spectrum also
showed that the Ti 2p core of the undoped TiO2 powders
exhibited a Ti 2p3/2 peak at 458.8 eV and an O 1s peak at 529.9
eV. Peaks of Ti 2p3/2 in N-doped TiO2 fibers occurred at 458.4
eV. Also, the O 1s peak shifted to 529.7 eV compared to the
corresponding TiO2 powders.
Theoretical calculations were performed to illustrate the N-

doping of TiO2 fibers. We constructed a rutile slab
accompanied by an anatase slab to simulate the crystalline
structure of the TiO2 fibers. According to the results of the
calculations, among possible combinations of rutile and anatase
atomic surfaces, rutile {101} and anatase {001} established the
closest arrangements. Furthermore, partial density of states
(PDOS) analysis showed that both localized states are formed
by the hybridization of 2p orbitals of N, 2p orbitals of O and 3d
orbitals of Ti, which is consistent with the presence of Ti−N−
O oxynitride in the N-doped interface (Supporting Informa-
tion, Figure S5). Therefore, we speculated that, owing to the

particular configuration of PVP and Ti(OH)4 molecules under
the applied electric field, intermediates produced in situ could
readily infiltrate and embed firmly in the lattice of anatase
{001}. Eventually a small portion of N remained in the lattice
of the anatase phase as interstitial doping atoms.
To gain a deep insight into the products involved during the

Ti oxide transformation process, thermogravimetric (TG)
analysis and temperature-programmed oxidation analysis
(TPO) coupled with mass spectrometry (MS) were performed.
As shown in Figure 4, the TG plot shows two major weight-loss
regions. The first (up to about 100 °C) was attributed to
desorption of water molecules absorbed by PVP molecules,
which was further confirmed by MS analysis (m/z = 18). The
second loss, starting at 200 °C, corresponded to the
decomposition of PVP and dehydration of Ti(OH)4 with
evolution of H2O (m/z = 18), CO2 (m/z = 44), and NH3 (m/z
= 17). In addition, N-vinyl-2-pyrrolidone (m/z = 111), the
monomer of PVP, which was derived from the pyrolysis of PVP
molecules, could also be detected. Thus, the organic
intermediates derived from PVP must be the N source
contributing to the N-doping process.

Evaluation of the Photocatalytic Activity. For P25 TiO2
powders, the absorption spectrum was cut off at ∼390 nm.
However, for the N-doped TiO2 fibers, a special add-on
shoulder was imposed onto the cutoff edge of the absorption
spectrum, extending the absorption from 390 to 450 nm
(Figure 5). Extension of light absorption from UV to the visible
range arose from the interstitial nitrogen atoms in the lattice.
These nitrogen atoms induced N 2p levels near the valence
band of TiO2. In this way, the energy gap between the valence
and the conduction bands of TiO2 was reduced.
As observed in Figure 6a, under visible light irradiation, the

oxidation process of arsenic(III) to arsenate(V) catalyzed by N-
doped TiO2 fibers (A/R = 3, calcined at 500 °C) was
completed within 90 min. In addition, the photoactivity of two
other TiO2 fiber samples calcined at 400 and 700 °C and N-
doped P25 TiO2 powders were tested, respectively. Pure
anatase phase was obtained via calcination at 400 °C. Under

Figure 4. TG-differential thermal analysis curves of the as-spun fibers and TPO-MS profiles of selected gaseous products during the heating up
process.
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700 °C treatment conditions, a mixed phase of anatase and
rutile with a ratio of 1.8:1 was obtained. As shown in Figure 6b,
when TiO2 fibers calcined at 700 °C were used as catalyst,
approximately 80% of As(III) was oxidized to As(V) within 90
min. In contrast, only 35% and 70% of As(V) was formed for
the pure anatase and N-doped P25 TiO2 photocatalytic
systems, respectively, under the same experimental conditions.
In addition, TiO2 fibers calcined at 500 °C exhibited a similar

level of activity compared to the P25 TiO2 powders under UV
irradiation (Supporting Information, Figure S6).
The photocatalytic activity was mainly determined by the

lifetime of the photoexcited charges. According to the
photocurrent action spectra (Figure 7a), compared to pure-
phase crystal, much higher photocurrent intensity was obtained
in the mixed-phase crystal systems. This could be attributed to
the transfer of photogenerated electrons from rutile to anatase
lattice, which preserved the photogenerated charges that would
have been lost to recombination. Moreover, the spectrum of N-
doped TiO2 fibers clearly shifted toward the visible range,
which was further confirmed by chronoamperometry (Figure
7b). Besides, on account of their exposed high-energy facets,
the TiO2 fibers exhibited more affinity to the inorganic arsenic,
also factoring in the catalytic performance.10,37 Furthermore, in
the UV range, the TiO2 fiber electrode generated a similar
photocurrent intensity to that of the P25 TiO2 electrode, and a
higher intensity compared to the N-doped P25 TiO2 powder
electrode. This could be attributed the reduced introduction of
recombination centers in our N-doping process.38−41

To examine the roles of electrons and holes in the arsenic
oxidation process, ROS generation on the surface of the TiO2
fibers is possible due to the phenomenon of surface plasmon
resonance (SPR). The generated electrons interact with O2
adsorbed on the surface of the catalyst to form superoxide
anions (O2

•−), while holes associate with hydroxyl ions (OH−)
to form hydroxyl radicals (•OH). Six characteristic peaks of the

Figure 5. Diffuse reflectance spectra (DRS) of P25 TiO2 powders and
N-doped TiO2 fibers.

Figure 6. (a) HPLC-MS results of photooxidation of arsenite to arsenate catalyzed by the N-doped TiO2 fibers under visible light irradiation (peak at
retention time 300 s refers to As (III); that at 850 s corresponds to As (V)); (b) Photooxidation of As(III) catalyzed by N-doped TiO2 under visible
light irradiation; (c) ESR spectra recorded with and without visible light irradiation condition for DMPO-O2

•−; (d) Photocatalytic activity of N-
doped TiO2 fibers under visible-light irradiation for 90 min in absence and presence of methanol, oxygen, and nitrogen, respectively.
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DMPO-O2
•− spin adducts could be detected by ESR under

visible-light irradiation (Figure 6c). In addition, as shown in
Figure 6d, the photocatalysis rate of the system was reduced by
saturating the aqueous solution with nitrogen to deplete it of
oxygen. In contrast, the effect of •OH on the rate of As(III)
oxidation could be minimized through the addition of an •OH
radical scavenger. The results demonstrated that under visible
light irradiation, O2

•− was the dominant oxidant in the
photocatalytic process. Therefore, the mechanism for oxidation
of As(III) catalyzed by N-doped TiO2 fibers under visible light
irradiation could be deduced (Scheme 1).

■ CONCLUSIONS
In summary, we exhibited an alternative approach to prepare N-
doped TiO2 fibers via the electrospinning technique. We
speculated that PVP molecules played key roles in promoting
the rutile phase to take shape at an unusually low temperature,
and ensured the presence of {001} facets at that calcining
condition. In addition, the in situ N-doping process did not
diminish its UV photoactivity in the As(III) oxidation process.
Hence, the proposed electrospinning process has great
potential for the production of high-quality TiO2 to support
a broad range of applications.
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