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ABSTRACT: In this work, p-MoO3 nanostructures/n-TiO2 nanofiber
heterojunctions (p-MoO3/n-TiO2−NF-HJs) were obtained by a two-
step fabrication route. First, MoO2 nanostructures were hydro-
thermally grown on electrospun TiO2 nanofibers. Second, by thermal
treatment of the obtained MoO2 nanostructures/TiO2 nanofibers, p-
MoO3/n-TiO2−NF-HJs were obtained due to the phase transition of
MoO2 to MoO3. With increasing the concentration of molybdenum
precursor in hydrothermal process, the morphologies of MoO2
changed from nanoparticles to nanosheets, and then fully covered
shells with an increased loading on TiO2 nanofibers. After calcination,
the obtained p-MoO3/n-TiO2−NF-HJs possessed similar morphology to that without thermal treatment. X-ray photoelectron
spectra showed that both Ti 2p and OTi−O 1s peaks of p-MoO3/n-TiO2−NF-HJs shifted to higher binding energies than that of
TiO2 nanofibers, suggesting electron transfer from TiO2 to MoO3 in the formation of p−n nanoheterojunctions. The p−n
nanoheterojunctions decreased photoluminescence intensity, suppressed photogenerated electrons and holes recombinations,
and enhanced charge separation and photocatalytic efficiencies. The apparent first-order rate constant for the degradation of RB
by p-MoO3/n-TiO2−NF-HJs with nanosheets surface morphology was two times that of TiO2 nanofibers. For the core/shell
structure of p-MoO3/n-TiO2−NF-HJs, the internal electric field of p−n junction forced the photogenerated electrons transferring
to TiO2 cores, then decreased the surface photocatalytic reactions and led to the lowest photocatalytic activity among the p-
MoO3/n-TiO2−NF-HJs.
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1. INTRODUCTION

In recent years, the design and construction of semiconductor
photocatalysts have been extensively studied due to the strong
demand for degradation of various kinds of organic and
inorganic pollutants to improve the environment.1−7 As well-
known n-type semiconductor photocatalysts, TiO2 nanostruc-
tures have attracted great amounts of attention due to their
relatively high photocatalytic activity, biological and chemical
stability, low cost, nontoxic nature, and long-term stability.8−10

To enhance their photocatalytic activity, constructing hetero-
junctions of TiO2 nanostructures is usually taken as a general
method to increase the electron−hole pair separation efficiency.
Therefore, a large number of heterostructural nanomaterials,
such as SnO2TiO2, ZnOTiO2, Bi2MoO6TiO2, etc.,

11−13

have been investigated for many photocatalytic reactions.
Theoretically, the formation of p−n heterojunctions could
hinder the recombination of photogenerated electron−hole
pairs more effectively and improve the photocatalytic activity.
Previously, our group has reported that p-type NiO/n-type
ZnO heterojunction nanofibers exhibited higher photocatalytic
activity than the pure NiO and ZnO nanofibers for the
degradation of RB dye under UV light irradiation due to the
enhanced separation efficiency of photogenerated electron−

hole pairs from the p−n heterojunctions.14 Thus, it is a good
idea to construct p−n heterojunctions of TiO2 nanocatalysts to
enhance their photocatalytic activity and promote their
industrial applications.15−19

MoO3 is a well-known p-type metal oxide semiconductor
with high work function and good hole conductivity, which
make it widely used in organic solar cells and organic light-
emitting diodes.20,21 The conduction and valence band position
of MoO3 are both higher than that of TiO2.

22,23 Therefore,
constructing p-MoO3/n-TiO2 heterojunctions might enhance
the photocatalytic activity by hindering the charge recombina-
tion and improving the charge transfer process. However, very
few studies have been performed on MoO3/TiO2 hetero-
structures for photocatalytic applications.24−27 Agarwal et al.
reported that using MoO3 as cocatalyst in TiO2 nanotubes
(prepared by electrochemical anodization of Ti−Mo substrates
with different Mo contents) can yield a strongly enhanced
photocatalytic activity compared with pure TiO2 nanotubes.
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But the p−n junction effect has not been considered and
investigated in their reports.
Moreover, the structure and morphology of photocatalysts

also have a strong effect on their photocatalytic activities.
Among various morphologies, electrospun TiO2 nanofibers
have attracted great attention for their improved performance
because of the following advantages: (1) the nanofibers possess
a high surface-to-volume ratio which would be beneficial to
adsorb a large amount of chemicals for photochemical
reactions; (2) the one-dimensional (1D) nanostructure could
provide quick charge transfer channels for the separation of
photogenerated electron−hole pairs; (3) the unique three-
dimensional (3D) porous structure makes it use light better
through strong light scatterings; (4) the nonwoven nanofibrous
web structure results in an easy separation from fluid by
sedimentation.28−30 To the best of our knowledge, there has
been no report on the preparation and photocatalytic
properties of 1D heterostructural MoO3/TiO2 nanofibers,
which might possess high photocatalytic activity and favorable
recycling characteristics.
On the basis of the above considerations, we attempt to

construct a novel p-MoO3 nanostructures/n-TiO2 nanofiber
heterojunctions (p-MoO3/n-TiO2−NF-HJs) by using electro-
spun TiO2 nanofibers as hard templates. After the hydrothermal
process, MoO2 nanostructures are uniformly grown on TiO2
nanofibers due to their 3D open structure and large surface
areas, which could provide more active sites for the assembly of
secondary nanostructures. The following thermal treatment
results phase transition from MoO2 to MoO3, while the
morphology of the heterostructure nanofibers is kept. The
charge transfer of the p−n junction effect has been investigated
by X-ray photoelectron spectra. The p-MoO3/n-TiO2−NF-HJs
exhibit excellent photocatalytic activity compared with pure
TiO2 nanofiber and MoO3 nanoparticles. Moreover, the
morphology and loading amount of MoO3 nanostructures
also have an obviously effect on the photocatalytic properties of
1D p-MoO3/n-TiO2−NF-HJs.

2. EXPERIMENTAL SECTION
2. 1. Preparation of TiO2 Nanofibers. First, 2 g of poly-

(vinylpyrrolidone) powder (PVP, Mw= 1 300 000) was added to a
mixture of 9 mL of absolute ethanol and 5 mL of acetic acid in a
capped bottle. The obtained solution was stirred for 1 h to generate a
homogeneous solution. Then, 2.0 g of Ti(OC4H9)4 was added to the
above solution, and the mixture was continuously stirred for another 1
h to make the precursor solution. For the electrospinning process, 3
mL of the precursor solution was placed in a 5 mL syringe which was
equipped with a metal needle of 0.8 mm outer diameter and 0.6 mm
inner diameter. A stainless steel plate covered with a sheet of
aluminum foil was employed as the collector. The distance between

the needle tip and collector was about 15 cm, and the applied voltage
was 9 kV. The as-collected nanofibers were calcined at 550 °C for 2 h
to form anatase TiO2 nanofibers (denoted as TM0 in the following
discussion).

2.2. Fabrication of p-MoO3/n-TiO2−NF-HJs. In a typical
experiment, 0.2 mmol of (NH4)6Mo7O24·4H2O and 0.8 mmol of
C4H6O6 were dissolved in 16 mL of H2O under magnetic stirring. The
pH value of the solution was adjusted to 1 by 2 mol·L−1 HNO3

solution. The resulting solution and 20 mg of TiO2 nanofibers were
transferred into a 20 mL Teflon-lined stainless autoclave, sealed and
maintained at 160 °C for 5 h, and then cooled down to room
temperature. The as-fabricated products were collected, washed several
times with ethanol and deionized water, respectively, and then dried at
60 °C for 12 h. Then, MoO2 nanostructures/TiO2 nanofibers
heterojunctions (TiO2−MoO2) were fabricated, which was denoted
as TM1. By this method, TM2 and TM3 were prepared by increasing
the additive amount of (NH4)6Mo7O24·4H2O and C4H6O6. Then,
three samples of p-MoO3/n-TiO2−NF-HJs were fabricated by
annealing TM1, TM2, and TM3 in muffle furnace at 350 °C for 3 h
and denoted as TM1-350, TM2-350, and TM3-350, respectively. For
comparison, pure MoO3 nanoparticles were obtained and denoted as
MoO3 NPs by the same process for preparation of p-MoO3/n-TiO2−
NF-HJs in the absence of TiO2 nanofibers. The detailed experimental
conditions and the characteristics of MoO2 and MoO3 nanostructures
are listed in Table 1.

2.3. Characterization. X-ray diffraction (XRD) measurements
were carried out using a D/max 2500 XRD spectrometer (Rigaku)
with Cu Kα line of 0.1541 nm. Scanning electron microscopy (SEM;
Quanta 250 FEG) and transmission electron microscopy (TEM; JEOL
JEM-2100) were used to characterize the morphologies of the
products. Energy dispersive X-ray (EDX) spectroscopy being attached
to SEM was used to analyze the composition of samples. X-ray
photoelectron spectroscopy (XPS) was performed on a VG-ESCALAB
LKII instrument with Mg Kα ADES (hν = 1253.6 eV) source at a
residual gas pressure of below 1 × 10−8 Pa. UV−vis diffuse reflectance
(DR) spectroscopy of the samples were recorded on a Cary 500 UV−
vis-NIR spectrophotometer with the wavelengths from 200 to 800 nm.
Photoluminescence (PL) spectra of the samples were detected with a
Jobin Yvon HR800 micro-Raman spectrometer using a 325 nm line
from a He−Cd laser.

2.3. Photocatalytic Test. The photoreactor was designed with an
internal light source (50 W high pressure mercury lamp with main
emission wavelength 313 nm and an average light intensity of 2.85
mW·cm−2) surrounded by a water-cooling quartz jacket to cool the
lamp. 100 mL of RB solution (∼10 mg·L−1) with 0.01 g photocatalyst
was stirred in the dark for 30 min to obtain a good dispersion and
reach adsorption−desorption equilibrium between the organic
molecules and the catalyst surface. Decreases in the concentrations
of dyes were analyzed by a Cary 500 UV−vis-NIR spectrophotometer
at λ = 554 nm. At given intervals of illumination, samples of the
reaction solution were taken out and analyzed.

Table 1. Experimental Conditions, Morphology of MoO3 Nanostructures, and the Atom Ratios of Ti, O, and Moa

samples A (mM) B (mM) TG (°C) TC (°C) MP Ti (At %) O (At %) Mo (At %) Mo/Ti (Rc)

TM1 0.2 0.8 160 NPs 29.03 67.74 3.23 1:8.99
TM2 0.4 1.6 160 NSs 27.20 66.70 6.10 2:9.05
TM3 0.8 3.2 160 NPs 23.07 66.63 10.3 4:8.96
TM1-350 0.2 0.8 160 350 NPs 18.36 79.60 2.04 1:9.00
TM2-350 0.4 1.6 160 350 NSs 25.71 68.58 5.71 2:9.01
TM3-350 0.8 3.2 160 350 NPs 20.93 69.76 9.31 4:8.99
MoO3 NPs 0.2 0.8 160 350 NPs

aA is (NH4)6Mo7O24·4H2O; B is C4H6O6; TG is the hydrothermal temperature; TC is the calcined temperature; The morphology of of MoO3 (MP)
is characterized by SEM (NPs and NSs were represented nanoparticles and nanosheets, respectively); Atom ratios of Ti, O, and Mo are determined
by EDX, and the ratios of Mo to Ti atoms are calculated as Rc given in the last column.
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3. RESULTS AND DISCUSSION
3.1. Structure and Morphology. The XRD patterns of

TiO2 nanofibers (TM0), TiO2/MoO2-1 (TM1), and TM1
calcinated at 250 °C (TM1-250) and 350 °C (TM1-350), as
well as MoO3 NPs are shown in Figure 1(a). The diffraction

peaks of TM0 at about 2θ = 25.3°, 37.8°, 48.0°, 54.0°, and
54.9° could be perfectly indexed to the diffractions of (101),
(004), (200), (105), and (211) crystal faces of anatase TiO2
(PDF card: 21-1272, JCPDS), respectively. The XRD pattern
of pure MoO3 NPs, corresponded to the orthorhombic phase
of MoO3 (PDF card: 5-506, JCPDS), is also given for
comparison. For TM1 obtained after hydrothermal reaction,
three additional diffraction peaks with 2θ values of 26.0°, 37.1°,
and 53.5° could be observed. They could be perfectly indexed
to the diffractions of (011), (200), and (022) crystal planes of
the tetragonal MoO2 crystalline phase (PDF card: 2-422,
JCPDS). After calcination at 250 °C, the diffraction peaks of
TM1-250 corresponding to (020), (110), (021), (111), and
(200) crystal planes of orthorhombic phase of MoO3 could be
observed at 2θ values of 12.8°, 23.3°, 27.5°, 33.6°, and 46.1°. It
suggests that there is a phase transformation from a tetragonal
MoO2 to a more stable orthorhombic MoO3 phase after the
calcination process. With increasing the calcination temperature
to 350 °C, the diffraction peaks of tetragonal MoO2 fully
disappeared, indicating a complete phase transformation to
orthorhombic MoO3 for TM1-350. Therefore, only MoO3 and
TiO2 form in TM1-350 and no anatase-to-rutile phase
transition occurs during the synthesis of p-MoO3/n-TiO2−
NF-HJs. Figure 1(b) represents XRD patterns of TiO2/MoO2-

1 (TM1), TiO2/MoO2-2 (TM2), TiO2/MoO2-3 (TM3), as
well as the corresponding XRD patterns for the three samples
after calcination at 350 °C (denoted as TM1-350, TM2-350,
and TM3-350). The ratio of diffraction peaks intensity for
MoO3 to TiO2 is increased with increasing the concentration of
molybdenum precursor in hydrothermal process, suggesting
that p-MoO3/n-TiO2−NF-HJs with different amount of MoO3
loading have been successfully prepared after thermal treatment
at 350 °C.
The morphologies of the samples are investigated by SEM

technology. Before hydrothermal reactions, TiO2 nanofibers
with diameters ranging from 200 to 400 nm exhibit smooth
surfaces and ultralong lengths, which are shown Figure 2(a).

After the hydrothermal process, MoO2 nanoparticles are
uniformly distributed across the surface of each fiber without
aggregation, offering high level exposure of the nanoparticles’
surface, as shown in Figure 2(b). The EDX spectrum of Figure
2(e) also indicates that MoO2 nanoparticles have been grown
on TiO2 nanofibers. After calcination at 350 °C, the
morphology does not change significantly, while the oxygen
content is increased from 67.74 At% for TM1 in Figure 2 (e) to
79.60 At% for TM1-350 in Figure 2(f), which gives another
evidence for the phase transformation from MoO2 to MoO3.
By simply changing the experimental parameters, the

secondary MoO2 nanostructures grown on TiO2 nanofibers
could be further controlled with different morphologies and
loading amounts. When the amount of (NH4)6Mo7O24·4H2O is
increased from 0.2 mmol (for TM1) to 0.4 mmol (for TM2),

Figure 1. (a) XRD patterns of TiO2 nanofibers (TM0), TiO2/MoO2-1
(TM1), TM1 calcined at 250 °C (TM1-250) and 350 °C (TM1-350),
and MoO3 nanoparticles (MoO3 NPs); (b) XRD patterns of TiO2/
MoO2-1 (TM1), TiO2/MoO2-2 (TM2), TiO2/MoO2-3 (TM3), and
the corresponding XRD patterns for the three samples after calcination
at 350 °C (denoted as TM1-350, TM2-350, and TM3-350).

Figure 2. SEM images of (a) TiO2 nanofibers (TM0), (b) TiO2/
MoO2-1 (TM1), (c) TM1 calcined at 350 °C (denoted as TM1-350),
and EDX spectra of (d) TM0, (e) TM1, and (f) TM1-350.
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the morphology of the secondary MoO2 nanostructures
significantly changes from well-dispersed nanoparticles to
uniform nanosheets, as shown in Figure 3(a). However, when

the additive amount of (NH4)6Mo7O24·4H2O is increased to
0.8 mmol, the density of the nanoparticles in Figure 3(c) is
dramatically increased, forming nearly core/shell structures. It

Figure 3. SEM images of (a) TiO2/MoO2-2 (TM2), (c) TiO2/MoO2-3 (TM3), and SEM images of the corresponding samples after calcination at
350 °C, denoted as TM2-350 (b) and TM3-350 (d), respectively.

Figure 4. (a),(b) TEM image of sample TiO2/MoO2-1 after calcination at 350 °C (TM1-350); (c) HRTEM; and (d) SAED of TM1-350.
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is worth pointing out that the high porosity and large surface
area of TiO2 nanofibers are advantageous for uniform growth
and distribution of MoO2 nanostructures on the surface of
TiO2 nanofibers.31 Moreover, after thermal treatment, the
morphologies of the MoO2 nanostructures are well retained,
with fully transformed to MoO3 nanostructures, as shown in
Figure 3(b),(d). The morphologies might also have a strong
effect on the photocatalytic properties, which would be
discussed in the following section. Furthermore, the atom
ratios of Ti, O, and Mo calculated from the EDX spectra (not
shown) are given in Table 1. The ratios of Mo to Ti atoms are
very close to 1:9, 2:9, and 4:9 for TM1, TM2, and TM3,
respectively, indicating that only phase transformation
occurred. Given the XRD results, the morphology and
composition both indicate that p-MoO3/n-TiO2−NF-HJs
with different amount of MoO3 loading have been successfully
prepared after thermal treatment at 350 °C.
Figure 4(a),(b) gives the typical TEM images of TM1-350. It

could be clearly observed that MoO3 nanoparticles are
uniformly grown on the surface of TiO2 nanofibers. The
HRTEM image displays two types of clear lattice fringes as
shown in Figure 4(c). One set of the fringe spacing is ca. 0.35
nm, corresponding to the (101) plane of anatase crystal
structure of TiO2. Another set of the fringe spacing is ca. 0.69
nm, which corresponds to the (020) lattice spacing of
orthorhombic MoO3. Selected-area electron diffraction
(SAED) pattern in Figure 4(d) clearly demonstrates the
polycrystal nature of MoO3 nanoparticles.
3.2. X-ray Photoelectron Spectroscopy (XPS) Spectra.

XPS measurements are also performed to further investigate
the chemical composition and interactions of p-MoO3/n-
TiO2−NF-HJs. Fully scanned XPS spectra of TiO2 nanofibers
(TM0) and the sample of TiO2/MoO2-1 after calcination at
350 °C (TM1-350) in Figure 5(a) demonstrate that Ti, O, and
C elements exist in TiO2 nanofibers, while Ti, Mo, O, and C
exist in TM1-350. The present of C element could be ascribed
to the adventitious carbon-based contaminant, and the binding
energy of C 1s peak at 284.6 eV is used as a reference for
calibration. We clearly observe the peaks related to Mo 3d and
3p in the XPS spectrum of TM1-350 in Figure 5(a). The high
resolution XPS spectrum of Mo 3d region around 234 eV is
also shown in Figure 5(d). The peaks from Mo 3d5/2 and 3d3/2
are located at 232.4 and 235.6 eV, respectively, indicating that
the chemical state of Mo is present as Mo6+ in TM1-350.32,33 It
further confirms that p-MoO3/n-TiO2−NF-HJs have been
successfully prepared.
Moreover, the XPS spectra of Ti 2p and O 1s for TM0 and

TM1-350 are also given in Figure 5(b),(c), respectively. The
splitting between Ti 2p1/2 and Ti 2p3/2 are both 5.7 eV for TM0
and TM1-350, suggesting a normal state of Ti4+ in pure TiO2
nanofibers and p-MoO3/n-TiO2−NF-HJs.

34,35 The binding
energy of Ti 2p3/2 for TM1-350 locates at 458.7 eV, which is
about 0.3 eV higher than that of TM0 (458.4 eV). For the O 1s
spectrum, TM0 shows a wide and asymmetric peak, which
contains more than one chemical states, including crystal lattice
oxygen (OTi−O), surface hydroxyl groups (OOH), and adsorbed
water with increasing binding energy.31 However, the O 1s
peak for TM1-350 shifts to higher binding energy and becomes
much broaden with a suppression of surface hydroxyl groups
(OOH) and adsorbed water. It could be fitted by two peaks
located at 529.9 and 530.7 eV which correspond to OTi−O and
OMo−O, respectively. The binding energy of OTi−O for TM1-350
is also higher than that of TM0, similar to the behavior of Ti 2p.

The increasing binding energies of Ti 2p and OTi−O 1s could
be explained by considering the electrons transfer from TiO2 to
MoO3. As shown in Scheme 1(a), the conduction band of
MoO3 is higher than TiO2, but its Fermi level is much lower
than that of TiO2 due to its high work function. When p-MoO3
and n-TiO2 contact with each other, electrons would transfer
from TiO2 to MoO3, as indicated by the dashed line in Scheme
1(a), forming positively and negatively charged regions in TiO2
and MoO3, respectively, as illustrated in Scheme 1(b),(c). It is
noted that the detected photoelectrons of TiO2 in XPS
measurements would be mainly from the surface layer (<10
nm), which is positively charged for TM1-350 due to the
depletion of electrons. The positive potential would increase
the binding energy of Ti and O simultaneously as represented
in Figure 5(b),(c). In fact, our group had previously found that
the binding energy of Zn 2p shifted toward higher binding
energy when n-type ZnO contacted with p-type NiO forming
p/n heterojunction nanofibers.14 Recently, Chen et al. reported
that the C 1s of epitaxial graphene (EG) also shifted to higher
binding energy after coating with MoO3 thin film, due to the
electrons transfer from EG to MoO3.

33 Hence, the binding
energy shifts of Ti 2p and OTi−O 1s could be attributed to the

Figure 5. XPS fully scanned spectra (a), XPS spectra of Ti 2p (b) and
O 1s (c) for TiO2 nanofibers (TM0) and sample TiO2/MoO2-1 after
calcination at 350 °C (TM1-350); and XPS spectrum of Mo 3d (d) for
TM1-350.
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electron transfer from TiO2 to MoO3, resulting in positively
charged surfaces. These results further confirm the formation of
p−n nanoheterojunctions in p-MoO3/n-TiO2−NF-HJs.
3.3. Optical Properties. To investigate the light absorption

properties of p-MoO3/n-TiO2−NF-HJs, diffuse reflectance
spectra are presented in Figure 6. For comparison, the spectra

of TiO2 nanofibers and MoO3 NPs are also plotted. The TiO2
nanofibers show a clear absorption edge at about 400 nm with
fundamental absorption in the UV region. For the sample
TiO2/MoO2-1 after calcination at 350 °C (TM1-350), the
absorption bands 1 and 2 could be assigned to the absorption
of MoO3 and TiO2, respectively. Obviously, the light
absorption ability of TM1-350 is enhanced compared with
TM0 and MoO3 NPs. Furthermore, the inset of Figure 6 shows
PL spectra of TM0 and TM1-350 excited by 325 nm laser. The
PL intensity is decreased evidently for TM1-350 after the

formation of p-MoO3/n-TiO2−NF-HJs, suggesting that the
recombinations of photogenerated electrons and holes could be
suppressed by forming p−n nanoheterojunctions.14,34

3.4. Photocatalytic Activity. The photocatalytic degrada-
tion of Rhodamine B (RB) is chosen as a model reaction to
evaluate the photocatalytic activities of p-MoO3/n-TiO2−NF-
HJs, with TiO2 nanofibers and MoO3 NPs used as photo-
catalytic references. The degradation efficiency is defined as C/
C0, where C and C0 stand for the remnants and initial
concentration of RB, respectively. Figure 7(a) shows the
adsorption of RB over different catalysts under dark. The
adsorption−desorption equilibrium of RB in the dark is
established within 30 min. The adsorption is increased in the
order of TM0, TM1-350, and TM2-350 with increasing the
loading of MoO3 in p-MoO3/n-TiO2−NF-HJs because the
roughness of their surface is increased gradually. However,
TM3-350 with the highest loading in the present study shows
the lowest adsorption. The SEM results indicate that MoO3
nanoparticles are fully covered on the surface of TiO2
nanofibers forming core/shell structures. Therefore, the surface
area of TM3-350 is obviously decreased. Figure 7(b) represents
the photodegradation of RB over different catalysts against
irradiation time under UV light. After 50 min of reaction, the
photodegradation efficiencies of RB are about 35% and 82% for
TM0 and MoO3 NPs, respectively. For TM1-350, the
photodegradation efficiency is increased to 90% after 50 min
of reaction. For TM2-350, 97% of RB is photocatalytically
degraded within 40 min. However, TM3-350 exhibits the
lowest photocatalytic efficiency in p-MoO3/n-TiO2−NF-HJs,
∼70% after reaction for 50 min.
For a better comparison of the photocatalytic efficiency of p-

MoO3/n-TiO2−NF-HJs, the kinetic analysis of degradation of
RB is conducted as shown in Figure 7(c). The kinetic linear
simulation curves over the above catalysts show that the
degradation reactions followed a Langmuir−Hinshelwood
apparent first-order kinetics model due to the low initial
concentrations of RB. The explanation is described below:36

= =
+

r
C
t

kKC
KC

d
d (1 ) (1)

Scheme 1. Energy Band Alignment of p-MoO3 Nanostructures and n-TiO2 Nanofiber Heterojunctions and the Postulate
Mechanism for Photodegradation of RB under UV Irradiationa

a(a) Before contact, the arrow with dashed line shows the direction of electron transfer if p-MoO3 and n-TiO2 contacts with each other; (b) after
contact, the arrow with solid line gives the internal electric field in the heterojunction due to the electron transfer, the arrows with dashed lines
indicate the electron and hole separation under light irradiation; and (c) the contacts with core/shell structures, the separated photoelectrons are
confined in the inner cores and could not take part in the photocatalysis.

Figure 6. UV−vis diffuse reflectance spectra of TiO2 nanofibers
(TM0), sample TiO2/MoO2-1 after calcination at 350 °C (TM1-350),
and MoO3 NPs; the inset shows photoluminescence spectra of TM0
and TM1-350 excited by 325 nm laser.
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where r is the degradation rate of the reactant (mg/(L·min)), C
is the concentration of the reactant (mg/L), t is the UV light
irradiation time, k is the reaction rate constant (mg/(L·min)),
and K is the adsorption coefficient of the reactant (L/mg).
When the initial concentration (C0) is very low (C0 = 10 mg/L
for RB in the present experiment), eq 1 could be simplified to
an apparent first-order model:37

= =
C
C

kKt k tln 0
app (2)

where kapp is the apparent first-order rate constant (min
−1). The

determined kapp values for degradation of RB with different
catalysts are summarized in Table 2.
Given that the active surface areas (Aa/s) of the different

catalysts would affect their activities, normalized kapp (kapp/Aa/s)
is used to evaluate their photocatalytic activities. We assume the
active surface area is proportion to the adsorption of RB, then,

∝ C CA ( / )a/s 0 ads (3)

∝ ·k k C C/A ( / )app a/s app 0 ads (4)

The last column in Table 2 shows kapp·(C/C0)ads of different
catalysts. It clearly indicates that the normalized kapp of TM1-
350 and TM2-350 are also much larger than that of TM0 and
MoO3 NPs. Notably, the normalized kapp of TM2-350 is about
twice that of TM0. However, TM3-350 exhibits the lowest

normalized kapp in p-MoO3/n-TiO2−NF-HJs which is even
smaller than that of TM0.

3.5. Photocatalytic Mechanism. To understand the
enhancement of the photocatalytic activity of p-MoO3/n-
TiO2−NF-HJs, a postulate mechanism is proposed as follows.
As shown in Scheme 1(a), the conduction and valence bands of
MoO3 are both higher than that of TiO2. When p-type MoO3
and n-type TiO2 contacts forming p−n heterojunctions,
electrons transfer from TiO2 to MoO3 while holes transfer
from MoO3 to TiO2 until the system attains equilibration
between MoO3 and TiO2, as shown in Scheme 1(b).
Meanwhile, an internal electric field from TiO2 to MoO3 is
built in the interface of MoO3 and TiO2, as confirmed by the
XPS results. Under UV light irradiation, both TiO2 and MoO3
could be excited, the generated holes in TiO2 and electrons in
MoO3 would be driven to the valence band (VB) of MoO3 and
conduction band (CB) of TiO2 by internal electric field,
respectively. This transfer process is also thermodynamically
favorable because both the CB and VB of MoO3 lie higher than
that of TiO2. Therefore, the charge separation of p-MoO3/n-
TiO2−NF-HJs would be increased due to the internal electric
field and band gap alignment. With increasing loading content
of MoO3, the amount of nanoheterojunctions is increased,
then, photodegradation efficiencies are improved for TM0,
TM1-350 and TM2-350 in sequence. However, because the
valence band (VB) of MoO3 is much higher than that of the
potential of E(O2/H2O) (1.23 V vs NHE), E(•OH/OH−)
(2.38 V vs NHE) and E(•OH/H2O) (2.27 V vs NHE), the
oxidation ability of photogenerated holes is very weak. When
core/shell structures formed, as illustrated in Scheme 1(c), the
photogenerated holes formed on the surface of TM3-350 could
not efficiently photodegrade RB. However, photogenerated
electrons which play key roles in photocatalytic process for
TM1-350 and TM2-350 are collected in the center of TM3-350
and they could not transfer to the surface of the catalyst for
photocatalytic reactions due to the internal electric field effect.
Therefore, the photocatalytic activity of TM3-350 is decreased.

4. CONCLUSIONS
In summary, novel p-MoO3/n-TiO2−NF-HJs are controllable
fabricated by using n-type TiO2 nanofibers via electrospinning
and p-type MoO3 nanostructures via hydrothermal and
calcinations methods. With increasing the concentration of
molybdenum precursor in hydrothermal process, the morphol-
ogies of MoO3 are tuned from nanoparticles to nanosheets, and
then fully covered shells with increasing their loading on TiO2

Figure 7. (a) Adsorption of RB over TiO2 nanofibers (TM0), TiO2/
MoO2-1, TiO2/MoO2-2, and TiO2/MoO2-3 calcined at 350 °C
(denoted as TM1-350, TM2-350, and TM3-350), and MoO3
nanoparticles (MoO3 NPs) under dark; (b) photodegradation of RB
over different catalysts against irradiation time under UV light; and (c)
kinetic linear fitting curves of RB degradation over different
photocatalysts under UV light.

Table 2. Apparent First-Order Rate Constant (Denoted as
kapp) and Standard Error Obtained by Kinetic Linear Fitting
RB Degradation Curves over TiO2 Nanofibers (TM0),
TiO2/MoO2-1, TiO2/MoO2-2, and TiO2/MoO2-3 Calcined
at 350 °C (Denoted as TM1-350, TM2-350, and TM3-350),
and MoO3 Nanoparticles (MoO3 NPs) under UV Lighta

samples
Kapp

(min−1)
standard
error (C/C0)ads

Kapp·(C/C0)ads
(min−1)

MoO3 NP 0.0096 0.0006 0.95 0.009
TM3-350 0.0242 0.0005 0.93 0.023
TM0 0.034 0.001 0.91 0.031
TM1-350 0.046 0.001 0.88 0.040
TM2-350 0.079 0.006 0.85 0.067
a(C/C0)ads represents the adsorption of RB for photocatalysts after 30
min under dark.
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nanofibers. The charge separation of p-MoO3/n-TiO2−NF-HJs
are enhanced due to the internal electric field of p−n junction
effect and band gap alignment, resulting in much higher
photocatalytic activities for p-MoO3/n-TiO2−NF-HJs than
pure TiO2 nanofibers and MoO3 NPs. Moreover, the core/
shell structures of p-MoO3/n-TiO2−NF-HJs with the highest
loading of MoO3 could prevent photogenerated electrons from
transferring to the surface of the catalysts for photocatalytic
reactions due to the internal electric field effect and result in the
lowest photocatalytic activity in the p-MoO3/n-TiO2−NF-HJs.
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