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One-dimensional  2,9,16,23-tetra-nitrophthalocyanine  iron(II)  (TNFePc)/TiO2 nanofiber  heterostructures
have  been  successfully  obtained  by  a  simple  combination  of  electrospinning  technique  and  solvothermal
process.  The  as-obtained  products  were  characterized  by  field  emission  scanning  electron  microscopy
(FE-SEM),  energy-dispersive  X-ray  (EDX)  spectroscopy,  transmission  electron  microscopy  (TEM),  X-ray
diffraction  (XRD),  X-ray  photoelectron  spectroscopy  (XPS),  and  IR  spectrum.  The  results  revealed  that
the TNFePc  nanosheets  were  successfully  grown  on the  primary  TiO2 nanofibers.  And,  the  coverage
iO2

hthalocyanine
2O2

anofiber
hotocatalysis

density  of  the  secondary  TNFePc  nanostructures  could  be  controlled  by  adjusting  the experimental
parameters.  Photocatalytic  tests  displayed  that  the  H2O2 assisted  TNFePc/TiO2 nanofiber  heterostruc-
tures  (TNFePc/TiO2–H2O2) possessed  a  much  higher  degradation  rate  of  methyl  orange  than  the  pure
TiO2 and  TNFePc/TiO2 nanofiber  without  H2O2 under  visible  light.  Moreover,  the  TNFePc/TiO2 nanofiber
heterostructures  could  be easily  recycled  without  the  decrease  of  the photocatalytic  activity  due  to  their
one-dimensional  nanostructural  property  of TiO2 nanofibers.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Nowadays, organic pollutants constitute an important family
f pollutants of wastewater produced by chemical, petrochemical,
ood-processing or textile industries. Due to the urgent need for

 clean and comfortable environment, photocatalysis becomes a
ot topic of research for the elimination of toxic chemicals in the
nvironment through its efficiency and broad applicability [1,2]. As

 cheap, non-toxic, green and highly efficient photocatalyst, tita-
ium dioxide (TiO2) has been extensively studied and applied to
ineralize various organic contaminants transforming them into

norganic species or converting them into organic species readily
iodegradable [3].  However, one severe disadvantage of this semi-
onductor material is the large band gap of 3.2 eV for anatase form,
hich limits its photoresponse to the ultraviolet (UV) region as it is

xcited at 387 nm.  It greatly limits the use of sunlight as an energy

ource for the photoreaction since only about 3–4% of solar light
alls in the UV range [4–6]. Therefore, its applications are still lim-
ted. To efficiently utilize solar energy, many attempts have been

∗ Corresponding authors. Tel.: +86 43185098803.
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304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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undertaken to make this process responsive to visible light, such
as doping ions, compound, acid treatment, etc. [7–9]. Although
the degradation efficiency is partly improved, the potential effects
are unknown. For instance, doped materials suffer from thermal
instability, photocorrosion, lattice distortion, and an increase in the
carrier-recombination probability [10]. Other methods may  result
in secondary pollution in environment. Thus, we need one effective
reagent, which can effectively modify the surface of TiO2 and leave
no pollution in the environment.

In our previous work, the metallophthalocyanines sensitized
TiO2 catalysts exhibited a good photocatalytic activity of common
organic pollutants by the formation of the MPc/TiO2 heteroar-
chitectures. The as-prepared MPc/TiO2 heteroarchitectures could
hinder the charge recombination and improve the photocatalytic
efficiency. Meanwhile, phthalocyanines can be fixed onto TiO2,
which could avoid phthalocyanines enter into the environment to
cause additional pollution [11]. However, this heteroarchitectures
catalyst is not effective enough for the degradation of azo dyes,
which are widely dispersed in industrial wastewater and long per-
sistence as environmental hazards in water. Therefore, there is a

need to enhance reaction rate of photocatalysis for efficient and
rapid treatment of these pollutants during practical wastewater
treatment. According to previous researches [12], H2O2 assisted
photocatalysis have been shown to be potentially advantageous

dx.doi.org/10.1016/j.jhazmat.2012.03.068
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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s Mat

a
d
t
e
t
t
F
f
t
o
i
w
o
o

a
i
b
m
p
s
I
d
i
p
a
T
b
p
t
p

2

2

M
e
s
T
t
s
i
T
0
w
d
v
a

2

F
n
a
e
r
w
T
s
t
d

Z. Guo et al. / Journal of Hazardou

nd useful in the treatment of the compounds that are difficult to
egradation. Highly reactive and non-selective hydroxyl radicals
hat have the ability to oxidize most of the azo dyes in industrial
ffluents are produced by H2O2 assisted photocatalysis. However,
o our knowledge, there has been no report on the degradation of
he azo dyes by the MPc/TiO2–H2O2 process under visible light.
urthermore, the separation of the nanostructural photocatalysts
rom the solution after reaction is another challenge in a prac-
ical photocatalytic process. The photocatalysts nanoparticles are
ften limited, because the suspended particulate catalysts are eas-
ly lost in the process of photocatalytic reaction and separation,

hich may  repollute the treated water again. The materials with
ne-dimensional (1D) structural, especially for nanofibers, may
vercome the above problems [13,14].

Motivated by the above concerns, we report a successful
ttempt at the fabrication of 2,9,16,23-tetra-nitrophthalocyanine
ron (TNFePc) nanostructure grown on TiO2 nanofibers substrate
y combining the electrospinning technique and the solvothermal
ethod. And the photocatalytic activity of the TNPcFe/TiO2–H2O2

hotocatalysts in the visible-light region are investigated by mea-
uring the degradation of methyl orange (MO) as a test substance.
n this study, MO  has been chosen as a model representative azo
ye owing to its wide application in various industries. The exper-

mental results showed that the as-obtained TNFePc/TiO2–H2O2
hotocatalysts exhibited excellent visible light photocatalytic
ctivity. Moreover, due to the large length to diameter ratio of
iO2 nanofibers, the TNFePc/TiO2 nanofiber heterostructures could
e reclaimed easily by sedimentation without a decrease of the
hotocatalytic activity. Finally, the mechanisms of the visible pho-
ocatalysis with the TNFePc/TiO2 nanofiber heterostructures were
roposed.

. Experimental

.1. Preparation of TiO2 nanofibers

First, 2 g of poly(vinylpyrrolidone) powder (PVP,
w  = 13,00,000) was added to a mixture of 9 mL  of absolute

thanol and 5 mL  of acetic acid in a capped bottle. The obtained
olution was stirred for 1 h to generate a homogeneous solution.
hen, 2.0 g Ti(OC4H9)4 was added to the solution, and the mix-
ure was continuously stirred for another 1 h to make precursor
olution. Three milliliters of the precursor solution were placed
nto a 5 mL  syringe, which equipped with a blunt metal needle.
he outer diameter and the inner diameter of the needle were
.8 mm and 0.6 mm,  respectively. A stainless steel plate covered
ith a sheet of aluminum foil was employed as the collector. The
istance between the needle tip and collector was 15 cm,  and the
oltage was set at 9 kV. The as-collected nanofibers were calcined
t 550 ◦C for 2 h to form anatase TiO2 nanofibers.

.2. Fabrication of TNFePc/TiO2 nanofibers

In a typical experiment, 4-nitrophthalonitrile (0.100 mmol),
eCl2·4H2O (0.025 mmol), ammonium molybdate (1 mg), and TiO2
anofibers (15 mg)  were put into a 25 mL  Teflon-lined stainless
utoclave. The autoclave was maintained at 160 ◦C for 20 h with
thylene glycol up to 80% of the total volume, and then cooled to

oom temperature naturally. The obtained samples were washed
ith distilled water under ultrasound, then, dried at 50 ◦C for 8 h.

he as-fabricated sample was denoted as PcT1. When the precur-
or concentration for synthesizing TNFePc was  increased 2 and 4
imes, two other samples of TNFePc/TiO2 were fabricated and were
enoted as PcT2 and PcT3, respectively.
erials 219– 220 (2012) 156– 163 157

2.3. Characterization

The scanning electron microscopy (FESEM, XL-30 ESEM FEG,
Micro FEI Philips) and transmission electron microscopy (TEM; high
resolution TEM [HRTEM], JEM-3010) were used to characterize the
morphologies of the products. Energy dispersive X-ray (EDX) spec-
troscopy being attached to scanning electron microscopy (SEM)
was  used to analyze the composition of samples. X-ray diffrac-
tion (XRD) measurement was carried out using a D/max 2500 XRD
spectrometer (Rigaku) with Cu K� line of 0.1541 nm.  X-ray photo-
electron spectroscopy (XPS) was  performed on a VG ESCALAB LKII
instrument with Mg  KR-ADES (h� = 1253.6 eV) source at a residual
gas pressure of below 10−8 Pa. The UV–vis diffuse reflectance (DR)
spectroscopy of the sample was recorded on a Cary 500 UV–vis-
NIR spectrophotometer. Fourier transform infrared spectra (FT-IR)
were obtained on Magna 560 FT-IR spectrometer with a resolution
of 1 cm−1.

2.4. Photocatalytic test

The photoreactor was designed with an internal xenon lamp
(XHA 150 W and the average intensity was 28 mW/cm2) equipped
with a cut-off glass filter transmitting >400 nm,  and the internal
light source was surrounded by a water-cooling quartz jacket to
cool the lamp. For a typical experiment, a 100 mL  of 10 mg  L−1

methyl orange (MO) solution was  mixed with TNFePc/TiO2
nanocatalyst (0.05 g). The solution was  stirred in the dark for 0.5 h
to obtain a good dispersion and established adsorption–desorption
equilibrium between the organic molecules and the catalyst sur-
face. Then, 2 mL  H2O2 was added into the mixture. Decreases in the
concentrations of dyes were analyzed by a Cary 500 UV–vis-NIR
spectrophotometer. At given intervals of illumination, the samples
(3 mL)  of the reaction solution were taken out and centrifuged.
Finally, the filtrates were analyzed.

3. Results and discussion

The morphology of the TiO2 nanofiber and the TNFePc/TiO2
nanofiber heterostructures (PcT1) were observed by FE-SEM, which
were shown in Fig. 1. Fig. 1a and b shows the typical SEM images
of the electrospun TiO2 nanofibers before solvothermal treatment.
From Fig. 1a, it could be observed that the pure TiO2 aligned in ran-
dom orientation because of the bending instability associated with
the spinning jet. Fig. 1b displayed the corresponding SEM image
with higher magnification. It was showed that these randomly ori-
ented TiO2 had a smooth and uniform surface without secondary
nanostructures, and the diameter of the TiO2 ranged from 250 nm
to 300 nm.  After solvothermal treatment, the as-fabricated sam-
ple remained as a non-woven nanofibers morphology. However,
the surface of the TiO2 nanofiber was  no longer smooth. Instead,
as shown in Fig. 1c, the nanofibers were decorated with numer-
ous secondary nanosheets. Fig. 1d with high magnification revealed
the more detailed structural characteristics of the heterostructures,
from which we  could see TNFePc nanosheets closely attaching onto
the surface of the TiO2 nanofiber. The TNFePc nanosheets were
about 60 nm in thickness and 200–300 nm in size. The EDX spec-
trum in Fig. 1e demonstrated Ti, O, and C elements existed in pure
TiO2 electropun nanofibers. As expected, the atomic ratio of Ti to O
was  close to 1:2, whereas, in Fig. 1f, Ti, Fe, O, N, and C was detected
in TNFePc/TiO2 nanofiber heterostructures. Five different places of

the TNFePc/TiO2 nanofiber heterostructures surface were analyzed
by EDX, and the mass ratio of TNFePc to TiO2 was about 9:10, con-
firming the uniformity of the TNFePc nanosheets grown on the TiO2
nanofibers.
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Fig. 1. (a) and (b) SEM images of the TiO2 nanofiber with different magnifications;
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c) and (d) SEM images of the TNFePc/TiO2 nanofiber heterostructures with different
agnifications; (e) and (f) EDX spectra of samples.

In order to obtain the microstructure of the TNFePc/TiO2
anofiber heterostructures, the TEM images depicted in Fig. 2 pro-
ided a clear observation of the as-synthesized PcT1 sample. The
ow magnification TEM image of the TNFePc/TiO2 nanofiber het-
rostructures was displayed in Fig. 2a. It could be seen that the
ltrasonic process during the sample preparation for TEM mea-
urements did not cause the TNFePc nanosheets to fall off the TiO2,
t indicated that TNFePc nanosheets had been successfully grown
nto the surface of the TiO2. Moreover, it could be observed that the
iameter of TiO2 was about 300 nm,  which was in agreement with
he SEM analysis above. And the TNFePc nanosheets possessed the
verage size about 200 nm.  Meanwhile, a high-resolution image of
he TNFePc/TiO nanofiber heterostructures obtained from the area
2

arked with circularity in Fig. 2a were shown in Fig. 2b. The junc-
ion displayed two types of clear lattice fringes as shown in Fig. 2b,
ne set of the fringes spacing was ca. 0.35, corresponding to the

Fig. 2. (a) TEM image of sample PcT1; (b) HRT
Fig. 3. XRD patterns of the TNFePc (a) and TNFePc/TiO2 nanofiber heterostructures
(b).

(1 0 1) plane of the anatase crystal structure of TiO2. Another set of
disordered stacking feature, corresponding to the low crystallinity
of TNFePc. These results confirmed that the heterostructures were
well formed between TNFePc nanosheets and TiO2.

The X-ray diffraction (XRD) patterns of the TNFePc/TiO2
nanofiber heterostructures and the pure TNFePc were shown in
Fig. 3. The curve in Fig. 3a revealed that the crystal phase of
the pure TNFePc with the diffraction peaks at about 2� = 8.0◦,
26.9◦, 28.7◦, 36.1◦, 38.0◦, 46.9◦ and 60.1◦. As for the TNFePc/TiO2
nanofiber heterostructures in Fig. 3b, except for the diffraction
peaks of pure TNFePc, additional diffraction peaks located at 2�
values of 25.5◦, 37.9◦, 48.2◦, 54.1◦, and 55.0◦ could be perfectly
indexed to the (1 0 1), (0 0 4), (2 0 0), (1 0 5), and (2 1 1) crystal
faces of anatase TiO2 (PDF card 2-387, JCPDS). No other impu-
rity peaks such as Fe4(TiO4)3, or Fe2O3 were detected, suggesting
that the composition of the above hierarchical nanostructures
were TNFePc and TiO2. Moreover, the average grain sizes of the
products was  calculated by applying the Debye–Scherrer formula,
D = K�/(  ̌ cos �), where � was the wavelength of the X-ray radiation
(Cu K� = 0.15406 nm), K was  a constant taken as 0.89,  ̌ was the line
width at half maximum height, and � was  the diffracting angle. The
average TNFePc sheet size had been calculated using the three dif-
ferent prominent planes mean value of 208 nm,  which was  close to
the TEM analyses.

The FT-IR spectra of the pure TiO nanofibers, TNFePc/TiO
2 2
nanofiber heterostructures (PcT1), and TNFePc were shown in
Fig. 4. As observed in Fig. 4, the FT-IR spectrum of pure TiO2
nanofibers only exhibited the absorption peak before 500 cm−1,

EM image of the heterojunction region.
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Fig. 4. FT-IR spectra of TiO2, PcT1 and TNFePc.
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diation but in the absence of the photocatalysts. These results
illuminated that the adsorption–desorption equilibrium of MO in
hich was assigned to the Ti–O vibration. No characteristic
eaks for impurity were observed, indicating that all the organic
olecules could be removed completely from the PVP/Ti(OC4H9)4

omposite fibers after calcination at 550 ◦C, and the pure TiO2
anofibers was obtained at this temperature. After solvothermal
reatment, the as-fabricated sample PcT1 also appeared sev-
ral absorption peaks at around 727, 755, 910, 1090, 1141, and
605 cm−1, which might be assigned to phthalocyanine skele-
al and metal–ligand vibrations, respectively [15,16].  The other
bsorption peaks at 1521, 1337, and 850 cm−1 might be assigned
o the asymmetric N–O stretching, symmetric N–O stretching and
–NO2 stretching due to the nitro groups present in the structure
f the TNFePc molecule [17]. These peaks were also observed in
he FT-IR spectrum of pure TNFePc. The above results revealed that
NFePc was successfully coated onto the surface of TiO2 nanofibers.

In order to confirm the chemical composition of the prepared
anofiber heterostructures, the sample PcT1 was  further stud-

ed by XPS analysis and compared with those of the pure TiO2
anofiber. Fig. 5a showed the fully scanned spectra. The overview
pectra demonstrated that C, Ti, O, Fe and N existed in TNFePc/TiO2
anofiber heterostructures, while; C, Ti, and O elements existed in
are TiO2, respectively. The high-resolution XPS spectra with scan-
ing over the area corresponding to the binding energies for the Ti
p region around 460 eV were analyzed in Fig. 5b. For the sample
cT1, the peak located at 464.2 eV corresponded to the Ti 2p1/2 and
nother one located at 458.5 eV was assigned to Ti 2p3/2. The split-
ing between Ti 2p1/2 and Ti 2p3/2 was 5.7 eV, indicating a normal
tate of Ti4+ in the TNFePc/TiO2 nanofiber heterostructures. Besides,
he peaks for Ti 2p in the sample PcT1 showed no shift compared
ith that in pure TiO2 nanofibers, confirming that the structure of

iO2 remained intact after synthesis of TNFePc/TiO2 nanofiber het-
rostructures. The Fe 2p XPS spectrum could be resolved using the
PS peak fitting program, version 4.1. In Fig. 5c, the most intense
air of doublets for the Fe 2p 3/2 and Fe 2p 1/2 signals at 711 and
25 eV were seen, suggestive of the presence of metallic iron (or

ts carbide) and oxidized iron species [18]. And, the lower peak at
06.9 eV was attributed to the Fe–N. The N 1s XPS spectrum was
hown in Fig. 5d, the lower binding energy component at 398.4 eV
as attributed to the pyridyl N, the peak observed at 399.6 eV was
yridyl N associated with metal Fe, affirming peak detected in Fe
p spectrum due to association with N. The other peaks at 400.4 eV
nd 405.7 eV were related to pyrrolic N, NO2

−, respectively [19].
hese results further confirmed that the heterostructures were

omposed of TNFePc and TiO2. The relative quantitative analysis
f each element was completed using the XPS peak area data of
erials 219– 220 (2012) 156– 163 159

different elements and their respective elemental sensitivity factor
according to the equation below:

n(E1)
n(E2)

= A(E1)/S(E1)
A(E2)/S(E2)

where n was  the number of the atom, E1 and E2 were the element
1 and 2, respectively. A was  the peak area, and S was the elemental
sensitivity factor [20]. The sensitive factor S of Fe 2p and Ti 2p was
3.69, and 1.80, respectively. Here, the molar ratio of Ti to Fe was
about 10:1. The result showed that the value calculated was close
to the EDX analyses.

Fig. 6 shows UV–vis diffuse reflectance spectra of the TNFePc,
TiO2 nanofibers and as-prepared TNFePc/TiO2 nanofiber het-
erostructures. The spectrum of the TiO2 nanofibers exhibited the
typical absorption behavior of a wide-band-gap oxide semiconduc-
tor, having an intense absorption band with a steep edge at about
390 nm.  There was  no more absorption in visible wavelengths. For
the TNFePc/TiO2 nanofiber heterostructures, the curves of sample
PcT1 showed significant red-shift of the absorption edge. It also
showed the characteristic absorption of TNFePc around 722 nm,
which might be attributable to the Q-band of TNFePc. The Q-band
corresponds to excitation between the ground state a1u (�) HOMO
to e.g. (�*) LUMO [21]. This absorption band was  also observed in
the UV-vis diffuse reflectance spectrum of pure TNFePc. The above
results indicated that the sensitization of TiO2 with TNFePc could
extend the absorbance spectrum of TiO2 into visible region. And, it
could possibly lead to a better photocatalytic efficiency, especially
under visible-light irradiation.

By simply changing the precursor solution concentration, the
secondary TNFePc nanosheets grown on TiO2 nanofibers with dif-
ferent density could be facilely controlled. From Fig. 7a, it could
be seen that the density of the nanosheets grown on the submi-
cron fibers increased significantly when the concentration of the
FeCl2·4H2O precursor was increased 2 times. Moreover, the TNFePc
nanosheets were no longer highly dispersed on each fiber. Instead,
as shown in Fig. 7b, the nanosheets had been self-assembled into
flowerlike architectures. The thickness of the nanosheet increased
to about 100 nm and the size had no obvious change. As shown in
Fig. 7c, when the concentration of the FeCl2·4H2O was  increased 4
times, there were more flowerlike architectures appeared, which
was  made up of numerous nanosheets. Fig. 7d was the high magni-
fication of the sample PcT3, from which we  could see that almost all
of the TiO2 were covered by TNFePc flowerlike architectures. Fig. 7e
showed the EDX spectra of samples PcT2 and PcT3, respectively.
The EDX analysis could confirm that the TNFePc loading percentage
in TNFePc/TiO2 nanofiber heterostructures was increased with the
increasing of concentration of FeCl2·4H2O. The characteristic peaks
of TNFePc and TiO2 were both observed in the as-obtained sam-
ples PcT2 and PcT3, suggesting that the composition of the above
nanofibers were TNFePc and TiO2.

To demonstrate the visible light photoactivity of the as-obtained
TNFePc/TiO2 nanofiber heterostructures for the degradation of
organic pollutants, we carried out the experiments of the photo-
catalytic degradation of methyl orange (MO) as a test reaction,
which was a common contaminant in industrial wastewater and
had good resistance to light degradation. In the experiments, pure
TiO2 nanofibers used as a photocatalytic reference and the degra-
dation efficiency of the as-prepared samples was  defined as C/C0,
where C and C0 stood for the remnants and initial concentration of
MO,  respectively. As observed in Fig. 8a, the control experiments
were performed under different conditions: (1) in the presence
of photocatalysts but in the dark and (2) with visible-light irra-
the dark was  established within 30 min. It was seen that the MO
solution was  very stable and no decomposition in the absence of
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ig. 5. (a) XPS fully scanned spectra of the samples PcT1 and pure TiO2 nanofibers; 

f  Fe 2p for the sample PcT1; (d) XPS spectra of N 1s for PcT1.

hotocatalyst could be observed at all. Fig. 8b showed the degrada-
ion curves of MO  on the TiO2 nanofibers, TNFePc/TiO2 nanofiber
eterostructures (PcT1), H2O2 assisted TNFePc/TiO2 nanofiber het-
rostructures (PcT1, PcT2 and PcT3). As observed in Fig. 8b, because
f the large band gap energy (3.2 eV for anatase), TiO2 nanofibers
hotocatalysis proceed only at wavelengths shorter than approx-
mately 400 nm.  So, TiO2 nanofibers had a low photocatalytic
ctivity under visible light, and the degradation was  only 11% in

 h. For the TNFePc/TiO2 nanofiber heterostructures (PcT1), the

Fig. 6. UV–vis diffuse reflectance spectra of samples TNFePc, PcT1 and TiO2.
S spectra of Ti 2p for the samples PcT1 and pure TiO2 nanofibers; (c) XPS spectrum

degradation rate reached 48% in 3 h, which was  much higher than
that of pure TiO2 nanofibers. However, it was not effective enough
for practical wastewater treatment under visible light irradiation
within reasonable time. In contrast, in the presence of H2O2, the
sample PcT1 exhibited the highest photocatalytic activity. The cor-
responding degradation rates of MO reached about 94% within
3 h. And the samples PcT2 and PcT3 also displayed good photo-
catalytic activity under visible light irradiation with the assistance
of H2O2, the degradation efficiency of MO was about 85, and 69%
after 3 h, respectively. Then why  did PcT2 and PcT3 show con-
siderably lower activity than PcT1? Although the heterojunction
favored electron flow from TNFePc to TiO2 nanofibers, higher sur-
face coverage of TNFePc nanosheets with aggregation decreased the
accessibility of the active sites of the TNFePc nanosheets and TiO2
nanofibers surface, and thus in turn reduced the photoactivity. All
above experimental results suggested that TNFePc as visible-light
sensitization improved the visible-light photocatalytic activity of
the TNFePc/TiO2 hierarchical nanostructures. It could be seen that
the addition of H2O2 could effectively improve the photocatalytic
activity, and would greatly promote their industrial application to
eliminate the organic pollutants from wastewater.

Moreover, the stability of the PcT1 was examined for degra-
dation of dye during a three-cycle experiment, which was  very
important for the PcT1 to apply in environmental technology. As
shown in Table 1, each experiment was  carried out under identical
conditions, after a three cycle experiment, the degradation effi-
ciency of MO was  still over 92%, which revealed the photocatalytic
activity of the PcT1 remained almost unchanged.
Based on the above results and the earlier reports on the
dye-sensitized photocatalytic oxidation of pollutants, a pro-
posed mechanism of H2O2 assisted photocatalytic degradation of
MO in visible light irradiation with the TNFePc/TiO2 nanofiber
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ig. 7. (a) Low-magnification SEM image of sample PcT2. (b) High-magnification
igh-magnification SEM image of the sample PcT3. (e) EDX spectra of samples PcT2

eterostructures was elucidated schematically in Fig. 9. And the
echanism for the photocatalytic degradation of MO in our exper-

ment was proposed as follows:
Pc  + h� → MPc∗ (1)

Pc∗ + O2 → MPc  + 1O2 (2)

Pc∗ + TiO2 → MPc•+ + TiO2(e−) (3)

able 1
hotocatalytic activity of the sample PcT1 for MO  degradation with three times of
ycling uses.

Catalyst Recycling number Degradation efficiency

PcT1 1st run 93%
2nd run 92.2%
3rd run 92%
image of the sample PcT2. (c) Low-magnification SEM image of sample PcT3. (d)
nd PcT3 (b). (f) XRD patterns of samples PcT2 (a) and PcT3 (b).

TiO2(e−) + (O2or1O2) → TiO2 + O2
•− (4)

TiO2(e−) + H2O2 → OH− + OH• (5)

O2
•− + H2O → HO2

• + OH− (6)

HO2
• + H2O → H2O2 + OH• (7)

H2O2 → 2OH• (8)

OH• + MO  → CO2 + H2O (9)

MPc•+ + MO  → MPc  + MO•+ (10)

The phthalocyanines in the solid state behave as p-type semi-

conductors, characterized by energy of the band gap about 2.0 eV
[22–26]. Upon irradiation with light � > 400 nm, it was possible to
excite only the phthalocyanine (MPc) particles supported on TiO2
nanofibers and generated the 1O2 via energy transfer (Eqs. (2) and
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ig. 8. (a) Degradation profiles of MO in the dark in the presence of the nanofiber p
f  photocatalysts. (b) Degradation profiles of MO over different samples (C = 10 mg 

3)). The excited charge was then injected from the excited state of
Pc  into the conduction band of TiO2, followed by generation of the
Pc  cation radical (MPc•+) and conduction band electrons (ecb

−) of
iO2. Electron injection at the TiO2 surface was on a subnanosecond
ime scale, while electron back-transfer from the conduction band
o the MPc  radical occurred at a rate several orders of magnitude
lower than the forward charge injection. Such a rapid electron
njection offered more chance for conduction band transport of
he injected electrons to surface reaction sites and for the oxidized

Pc  to react [27]. Dissolved oxygen molecules and singlet oxygen
1O2) reacted with conduction band electrons (ecb

−) to yield super-
xide radical anions (O2

•−), which on protonation generated the
ydroperoxy radicals (HO2

•), producing hydroxyl radicals (OH•),
hich was a powerful oxidizing agent to degrade MO. Because

he TNFePc•+ radicals had a redox potential of about 1.2 V vs. NHE
28], it could oxidize a suitable substrate, together with recovery
f the original TNFePc (Eq. (10)). Inaddition, H2O2 had been found
o facilitated the generation of hydroxyl radicals and promoted the
hotodecolorization effectively. And, it could also inhibition of elec-

− +
ron/hole (e /h ) pairs recombination according to the following
quation [29]:

iO2(e−) + H2O2 → OH− + OH• (11)

ig. 9. The proposed mechanisms for the H2O2 assistant photocatalysis of the
NFePc/TiO2 nanofiber heterostructures under visible light irradiation.
talysts and self-degradation of MO with visible light irradiation but in the absence
mple = 0.05 g).

4. Conclusion

In summary, the TNFePc/TiO2 nanofiber heterostructures were
successfully fabricated via the electrospinning and solvothermal
methods. The as-prepared heterostructures exhibited an excellent
photocatalytic efficiency for degradation of MO solution in the
presence of H2O2 under visible light irradiation (� > 400 nm). Fur-
thermore, as their one-dimensional nanostructure property, the
TNFePc/TiO2 nanofiber heterostructures could be easily recycled
without decrease of the photocatalytic activity. More importantly,
it is expected that the H2O2 assistant TNFePc/TiO2 nanofiber het-
erostructures with high photocatalytic activity will greatly promote
their practical application to eliminate the organic pollutants from
wastewater.
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