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Itis of top priority to develop highly efficient visible-light photocatalysts to realize the practical applications
of photocatalysis in industry. Niobium pentoxide (Nb,Os) is considered as a potentially attractive candidate
for the visible-light-driven photodegradation of organic pollutants. In an effort to enhance its photocatalytic
activity, Fe-doped Nb,Os nanofibers with various Fe contents (the molar ratios of Fe to Nb were 0.005/1,
0.01/1, 0.03/1 or 0.05/1) were successfully prepared by an electrospinning method. The structural
features, morphologies, and optical properties of the as-prepared samples were investigated.
Photocatalytic activities of the samples were evaluated through degradation of Rhodamine B (RhB) under
visible light irradiation. All the prepared Fe-doped Nb,Os nanofibers exhibited much higher activities for
degrading RhB solution than the pristine Nb,Os nanofibers, and the maximum degradation yield of
98.4% was achieved with the nanofibers (Fe to Nb: 0.03/1) under visible light irradiation for 150 min. The
photocatalytic degradation rate fitted a pseudo-first-order equation, and the rate constants of reactions
with Fe-doped Nb,Os nanofiber (the molar ratios of Fe to Nb were 0.03/1) or pure Nb,Os nanofiber
were 0.0282 min~! and 0.0019 min~?, respectively. Doping Fe ions into the nanofibers enhanced the
reduced the photo-generated electron—hole pair
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absorption within the visible-light range and
DOI: 10.1039/d0ra10042k recombination, and thus improved the photocatalytic activity. These attractive properties suggest that

rsc.li/rsc-advances the Fe-doped Nb,Os5 nanofibers have great potential for applications in the future to solve pollution issues.

promising methods including metal and nonmetal doping,
noble metal deposition or compositing with other semi-

1. Introduction
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Organic contamination in water is one of the major public
concerns which is detrimental to human health and photo-
catalytic degradation of pollutants and toxins by semiconductor
photocatalysts has attracted much attention due to the advan-
tages of low cost, strong oxidizing activity, and high photosen-
sitivity.”” Among a variety of semiconductor photocatalysts,
niobium pentoxide (Nb,Os) as an n-type photocatalyst displays
a lot of unique physicochemical properties, including excellent
chemical and thermal stability, and relatively high photo-
catalytic activity, making it a suitable photocatalyst for photo-
degradation.>* However, Nb,Os can only be activated under UV-
light irradiation because of its large band gap of ~3.1 eV,
making its use of solar energy less effective.>® Additionally, the
efficiency of a photocatalytic reaction is limited by a high
recombination rate of photo-induced electron-hole pairs
formed in the photocatalytic processes.”® In this regard, many
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conductor have been developed to improve the efficiency of
Nb,Os as a photocatalytic material.>™*

It has been proved that metal element doping was one of the
most effective approaches to extend the spectral response of the
wide-bandgap semiconductor to visible-light region.'*"®
Recently, some metal elements such as W, Mo, Fe, Cu and Mn
have been employed to tune the electronic structure and
enhanced the photocatalytic activity of the semiconductor
photocatalysts.'>?” For example, Esteves et al. found that W*" or
Mo®" doping enhanced the photocatalytic activity of Nb,Oj;
towards methylene blue degradation due to the delay in the
recombination time of excitons.' Ma et al. reported the highest
Rhodamine B degradation efficiency under visible light irradi-
ation for a WO, nanofiber sample containing 2% Cu*"* in their
research results and the substitution of W®* ions in the WO,
lattice by Cu®" ions was favored.?® Baylan et al. used a electro-
spinning process to prepare Mn-doped ZnO nanofibers and
studied the effect of Mn*" and Mn*" doping concentration on
the photoactivity of methylene blue degradation.”* Hu et al.
studied the co-doping effect of N and Fe on nano-scaled TiO,,
which improved the activity under both visible and UV lights
irradiation.?> Among these elements, Fe*" doping has attracted
special attention. It was commonly believed that Fe*" doping

© 2021 The Author(s). Published by the Royal Society of Chemistry
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was responsible for producing materials with intentional
defects and lower band gap, diminishing the energy of the
electron/hole pair formation and consequently increasing
catalytic activity.”®3°

It is well known that the crystal structure and morphology of
semiconductors play significant roles in the photocatalytic
activity because photogenerated charge separation and transfer
are strongly affected by them.** Compared to bulk materials,
nanomaterials exhibit a higher specific surface area, facilitating
the interaction of a higher number of active sites with the
pollutant molecules.?* It has been reported that Nb,Os; with
various morphologies like nanoparticle, nanorod, nanowire,
nanofiber, nanosheet, nanobelt, nanonet and nanoflower
demonstrated enhanced photocatalytic activities.**** More
attractively, Nb,Os nanofibers are desirable material as a pho-
tocatalyst, because of its advantages of one-dimensional nano-
structures, such as high surface-to-volume ratio, mechanical
durability and reusability, and their porous structure providing
the large number of surface active sites required for effective
photocatalysis.** These unique features also provide flexibility
in the surface modification of these materials.”” Up to now,
many researchers have fabricated Nb,Os nanofibers using
chemical deposition, solvothermal method, or electrospinning
based methods.**** Among these, electrospinning is an effec-
tive and versatile method which has been used for preparing
organic and inorganic nanofibers with a variety of compositions
and particle sizes.

A survey of the literature shows that Nb,Os nanofibers are
frequently investigated for their gas sensing or electrochemical
properties, but little attention has been given towards their
photocatalytic properties, particularly, there is no report on the
electrospinning fabrication and photocatalysis performance of
Fe-doped Nb,Os nanofibers. Herein, we reported the preparation
and investigation of a series of Fe-doped Nb,0Os nanofibers with
homogeneous distribution of Fe ions. An electrospinning tech-
nique was utilized to synthesize the nanofibers, and their pho-
tocatalytic activity was then studied. A schematic representation
of synthesis procedure of the Fe-doped Nb,Os nanofibers is
shown in Fig. 1. The obtained materials have been characterized
by X-ray powder diffraction (XRD), Raman spectroscopy, scan-
ning electron microscopy (SEM), transmission electron micro-
scope (TEM), X-ray photoelectron spectroscopy (XPS), nitrogen
adsorption for surface area, ultraviolet-visible diffuse reflectance

Syringe Solution Metal needle
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Fig. 1 Schematic diagram of the electrospinning setup used for the
electrospun device.
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spectra (UV-Vis DRS) and photoluminescence (PL) spectra. The
photocatalytic activity of the obtained samples was investigated
by the photodegradation of Rhodamine B (RhB) in aqueous
solution at room temperature under visible light irradiation.

2. Experimental methods

2.1 Samples preparation

In a typical procedure, 0.25 g of NbCl; and 1.25 mg of FeCl;-
-6H,0 (molar ratio of Fe to Nb was 0.005/1) were dissolved in
2.65 mL of DMF, followed by the addition of 0.35 g of PVP. The
mixture was then magnetically stirred for 6 h at room temper-
ature. Electrospinning was conducted under the following
conditions: flow rate at 5 mL min~*, distance of 15 cm between
the collector and the tip of needle (25 gauge), and an applied
voltage of 18 kV. Subsequently, the Fe-doped Nb,O5 nanofibers
were obtained by annealing the electrospun composite fibers at
600 °C in air for 1 h at a ramping rate of 10 °C min~" and named
as 0.005FeNb NFs. Similarly, the 0.01FeNb NFs, 0.03FeNb NFs
and 0.05FeNb NFs samples (the molar ratios of Fe to Nb were
0.01/1, 0.03/1 and 0.05/1, respectively) were prepared. For
comparison, pure Nb,Os NFs was prepared under the same
condition without adding FeCl;-6H,0.

2.2 Characterization

Powder X-ray diffraction (XRD) data were acquired using
a Rigaku ULTIMA IV diffractometer. Raman spectra of the
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Fig. 2 (a) XRD patterns of pure Nb,Os nanofibers, Fe-doped Nb,Os
nanofibers (0.005FeNb NFs, 0.01FeNb NFs, 0.03FeNb NFs and
0.05FeNb NFs) and standard XRD pattern of Nb,Os5 (JCPDS 30-0873).
(b) Raman spectra of pure Nb,Os nanofibers and Fe-doped Nb,Os
nanofibers (0.005FeNb NFs, 0.01FeNb NFs, 0.03FeNb NFs and
0.05FeNb NFs).
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samples were recorded on a Raman spectrometer of Bruker at
a laser power of 16 mV with 256 scans. All spectra were recorded
with the use of a 514.5 nm argon laser. The morphology and
composition of samples were obtained by scanning electron
microscopy (SEM, Hitachi SU8010) and transmission electron
microscopy (TEM, JEM-2100F JEOL). The elemental composi-
tions and electronic states of elements of the sample were
analyzed by X-ray photoelectron spectroscopy (XPS, K-Alpha,
Thermo Scientific). The textural properties of the materials
were analyzed by a nitrogen adsorption analyzer apparatus
(Micromeritics ASAP 2460). The ultraviolet-visible diffuse
reflectance spectra (UV-Vis DRS) of samples were recorded on
a Shimadzu UV-2600 spectrophotometer. Photoluminescence
(PL) spectra were recorded using a Hitachi F-4600
spectrophotometer.

2.3 Photocatalytic activity experiment

The photocatalytic performances of all catalysts for the degra-
dation of RhB were evaluated under visible light (300 W xenon
lamp, A > 420 nm). The temperature of the reaction system was
kept at 25 + 2 °C by cycling water. Typically, 0.1 g of catalyst was
added into 100 mL of RhB (10 mg L") solution. The suspension
was magnetically stirred for 30 min before the light irradiation.
During the irradiation, approximately 2 mL of solution was
sampled at defined time intervals and centrifuged. The RhB
concentration in the solution was analyzed by the absorption at
554 nm using a UV-1801 spectrophotometer. The degradation
rate of the RhB solution was calculated using the following
equation:

n =[(Co — C)ICo] x 100% 1)

where 7 is the decomposition efficiency, C, is the initial
concentration of the RhB and C; is the concentration of the RhB
at the given reaction time [¢ (min)].

3. Results and discussion
3.1 Structure and morphology

The crystalline structures of pure Nb,Os; NFs and Fe-doped
Nb,Os NFs were characterized by XRD (Fig. 2a). The diffrac-
tion peaks of the prepared samples at 22.6°, 28.4°, 28.9°, 36.6°,
46.1°, 50.0°, 50.9°, 55.4°, 56.4° and 58.8° can be indexed to the
(001), (180), (200), (181), (002), (0160), (380), (202), (381) and
(2160) planes of orthorhombic Nb,Os (JPCDS no. 30-0873),
respectively.* With the increasing Fe contents, no apparent
peaks of iron oxides or other phases could be detected in the
doped products, suggesting that the existence of Fe in the
product hardly affect the crystallization properties of niobium
oxide. This could be attributed to the fact that the Fe concen-
trations were low and the radius of Fe** (0.645 A) and the radius
of Nb°* (0.64 A) are nearly equal. Thus, the Fe®" ions could dope
into the crystal lattice of Nb,Os, forming an iron-niobium finite
solid solution.

To further obtain more structural and bonding environment
information about the Fe-doped Nb,Os nanofibers, the Raman
spectra of all samples were collected. As shown in Fig. 2b, pure
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Nb,Os only contained the characteristic peaks of the ortho-
rhombic phase. A main vibration mode at ~700 cm™" is related
to the vibration of weakly distorted NbOg octahedral. The peaks
in the range of 420-780 cm ™' are assigned to the symmetrical
stretching of the Nb,Os polyhedron, and other peaks between
200 and 360 cm™ " are attributed to the angular deformation
modes of the Nb-O-Nb bonds.** Upon Fe doping, no other
peaks corresponding to the modes of the Fe-O bonds in all
products was observed, consistent with the results of XRD.
Remarkably, the characteristic peaks of the products were
gradually broadened and shifted to lower wavenumbers with
the increase of iron contents, which may be resulted from iron
occupying the substitutional site in Nb,O5.>

The morphology of the Fe-doped Nb,Os nanofibers (taking
the case of 0.03FeNb NFs) was investigated by SEM and TEM.
Fig. Siaf displays the precursor of 0.03FeNb NFs, which has 1D
nanofibers morphology with random orientation and more
than 100 pm in length. Fig. S1b and cf represent the precursor
nanofibers with an average diameter of 200 nm and have
a uniform and smooth surface, because of amorphous poly-
meric nature of PVP-niobium chloride composite fibers. A
corresponding SEM image after the 600 °C heat treatment in air
of the composite sample is shown in Fig. S1d,} clearly indi-
cating the resultant products replicate the initial profile with
the similar nanofiber morphology. However, compared with the
precursor, the images with higher magnification shown in
Fig. 3a and b reveal that the sample 0.03FeNb NFs has an
obviously rougher surface morphology, which consist of nano-
crystals with an average size of 20-50 nm. The formation of this
morphology was due to the shrinkage caused by degradation of
PVP, decomposition of niobium source, and subsequent
locating along the 1D direction during the calcination process.

Fig. 3c presents a typical TEM image of the obtained sample
0.03FeNb NFs, revealing the well-defined 1D nanofiber
morphology. Typical TEM mapping pictures and the corre-
sponding EDX pattern of 0.03FeNb NFs identify the Fe impurity
atoms in Nb,Os nanofibers. As shown in Fig. 3d-f, the elements
Nb, O and Fe are all distributed uniformly in the composite
nanofiber. The corresponding EDX result (Fig. 3g) clearly
showed the peak of Fe in the composite and the content of Fe in
the nanofiber was 1.83 wt%. No impurities were observed in the
samples. Additionally, a HRTEM image of 0.03FeNb NFs
(Fig. 3h) reveals the lattice fringes with d-spacing of 0.242 nm, in
agreement with the (201) interplanar distance of the ortho-
rhombic structure of Nb,Os.**

To quantitatively examine the surface area and porosity of
0.03FeNb NFs, Brunauer-Emmett-Teller (BET) and Barrett-
Joyner-Halenda (BJH) analysis were further conducted
(Fig. S2af). N, adsorption-desorption isotherm graph
demonstrates a high adsorption at a relative pressure (P/P,)
higher than 0.7, which suggests that many mesopores were
extant on 0.03FeNb NFs. The specific surface areas of
0.03FeNb NFs were calculated to be 24.5 m* g . The pore size
distribution of 0.03FeNDb NFs (Fig. S2b¥) indicates that meso-
pores are predominantly present in 0.03FeNb NFs, where the
pore volume is highly concentrated in the pore diameter in the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(@ and b) SEM images of 0.03FeNb NFs. (c) TEM image of 0.03FeNb NFs. (d—f) The corresponding TEM mapping analysis of Nb, O and Fe.

(g) The corresponding EDX analysis of (c). (h) High-magnified TEM image of (c).

range of 5-30 nm. Such mesoporous structure is favorable for
catalysis.>*

Fig. 4a presented the overview of XPS spectrum of 0.03FeNb
NFs. Elements of C, Nb, O and Fe were observed and their
corresponding photoelectron peaks were C 1s, Nb 3d, O 1s and
Fe 2p, respectively. The carbon peak was attributed to adventi-
tious hydrocarbon from XPS instrument itself. The Nb 3d
spectra were shown in Fig. S3a.t Pure Nb,O5 NFs presented two
strong peaks located at 207.4 and 210.1 eV, corresponding to
3ds/, and 3d;/, states of Nb(v), respectively. These data agreed
well with previously reported data.>* Notably, for the 0.01FeNb
NFs and 0.03FeNb NFs sample, the Nb 3ds/,, peak shifted to
207.2 eV and 206.9 eV, respectively. These shifts were ascribed
to the interaction of the Nb species with dopant. The larger the
Fe®* contents, the more the binding energy of Nb decreases.®
The high resolution XPS spectrum of the Fe 2p was shown in
Fig. 4b. The peak of the Fe 2p at 711.2 eV could be attributed to
2ps, of Fe*" ions.® This peak value was distinct from that of

© 2021 The Author(s). Published by the Royal Society of Chemistry

Fe’* in Fe,O; (at 710.7 eV).** The Fe element in the samples
exists mainly in the +3 oxidation state (Fe®"). Since the radiuses
of Fe** and Nb°®" are similar, the Fe** could be incorporated into
the lattice of Nb,O5 to form Nb-O-Fe bonds in the Fe-Nb,O;
microsphere by calcination at 600 °C in air. Fig. S3b{ depicted
the O 1s core level binding of the doped samples. The O 1s XPS
spectrum could be fitted into distinct components, demon-
strating that different kinds of O binding states were existed in
Fe-doped Nb,Os nanofibers. The predominant peak was
assigned to the crystal lattice oxygen (Fe-O and Nb-O).

The UV-Vis diffuse reflectance spectra of the samples were
shown in Fig. 5. These products exhibited absorption in both
UV and visible-light regions. Obviously, the diffuse reflectance
spectra of all Fe-doped Nb,Os NFs displayed a red shift and
increased absorption in the visible-light range. The higher iron
content, the greater degree of red shift. The bandgap of the
samples calculated from the Tauc plots (Fig. S41) using
Kubelka-Munk theory was listed in Table 1. As shown, with the

RSC Adv, 2021, 11, 462-469 | 465
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Fig. 4 (a) Overview XPS spectrum and (b) XPS spectra of the Fe 2p
region of 0.03FeNb NFs.

increasing of Fe contents, the band gap of the samples
decreased gradually. This was due to the fact that the doping Fe
ions could create a donor level above the original valence band
of Nb,Os to narrow the band gap.”® Thus, these results
demonstrated that the Fe ions were indeed incorporated into
the lattice of Nb,Os.

3.2 Photocatalytic performance

The photocatalytic performances of Fe-doped Nb,Os nano-
fibers were assessed by degrading RhB under visible light (A >
420 nm). Fig. 6a presents the RhB degradation results with
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Fig. 5 UV-Vis DRS of pure Nb,Os nanofibers and Fe-doped Nb,Osg
nanofibers (0.005FeNb NFs, 0.01FeNb NFs, 0.02FeNb NFs, 0.03FeNb
NFs and 0.05FeNb NFs).
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Table 1 Bandgap values for pure Nb,Os nanofibers and Fe-doped
Nb,Os nanofibers (0.005FeNb NFs, 0.01FeNb NFs, 0.02FeNb NFs,
0.03FeNb NFs and 0.05FeNb NFs)

Nanofibers Bandgap [eV]
0.05FeNb 2.65
0.03FeNb 2.82
0.01FeNb 2.95
0.005FeNb 3.27
Pure Nb,O5 3.38

different catalyst. All the Fe-doped Nb,Os nanofibers exhibit
higher photocatalytic activity than pure Nb,Os nanofibers,
suggesting that doping Fe** in the Nb,O; nanofibers is an
effective route to enhance the photocatalytic activity of Nb,Os
nanofibers. With the increase of Fe ions contents, the RhB
degradation performance of different Fe-doped Nb,Os nano-
fibers increases first and then decreases with doping concen-
tration. Compared with other samples, 0.03FeNb NFs
presented the maximum degradation percentage 98.4% under
visible-light irradiation for 150 min. Fig. 6b shows the UV-Vis
spectra of the RhB aqueous solution with the reaction time in
the presence of 0.03FeNb NFs. A decrease in intensity of the
absorption peak of RhB (major peak at 552 nm) can be
observed with prolong the reaction time to about 150 min,
which indicates that the RhB molecules are gradually
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Fig. 6 (a) Photocatalytic degradation of RhB with various catalysts
under visible light. (b) Absorption spectra of RhB with irradiation time in
the presence of 0.03FeNb NFs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Reaction rate constant and R? values for the photocatalytic
degradation of RhB in visible light

Nanofibers k/min~* R?

0.05FeNb 0.0132 0.98321
0.03FeNb 0.0282 0.86302
0.01FeNb 0.0091 0.99564
0.005FeNb 0.0059 0.98422
Pure Nb,Os5 0.0019 0.98697

degraded. The reaction kinetics of RhB degradation over
various catalysts was further studied. The experimental data
could be fitted well with the pseudo-first-order model
(Fig. S57). The calculated rate constants were listed in Table 2.
It was found that 0.03FeNb NFs had the highest rate constant
value of 0.0282 min ', which was approximately 14.8 times
higher than pure Nb,Os nanofibers (k = 0.0019 min ™).

3.3 Degradation mechanism

Under visible light irradiation, the pure Nb,O5 nanofibers were
excited and generated electron-hole pairs are recombined
much easier. However, when Fe*' ions were introduced, Nb,Os
nanofibers composites were easily excited by visible light.
Meanwhile, Fe** ions could trap and transfer electrons and
holes to inhibit the recombination of photo-excited holes and
electrons, which trigger the degradation reactions.*® According
to literature, the proposed photocatalytic mechanism for the Fe-
doped Nb,Os nanofibers photocatalyst can be schematically
shown in Fig. 7a.*

To confirm the above effective charge separation mecha-
nism in the Fe-doped Nb,Os nanofibers, quenching experi-
ments were performed using tert-butyl alcohol (BuOH) as -OH
scavenger, and ethylenediaminetetraacetic acid disodium salt
(EDTA) as hole scavenger. Fig. 7b showed the degradation rate
of RhB under different condition using 0.03FeNb NFs as the
photocatalyst. It was found that 98% of RhB was degraded
under visible light irradiation within 150 min. However, in the
presence of BuOH or EDTA, the degradation rate was reduced
to 28% or 41% under otherwise identical condition, respec-
tively. So, the photocatalytic degradation of RhB was mainly
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Fig. 8 The reusability of 0.03FeNb NFs photocatalyst.

caused by -OH radicals, which were mostly produced by Fe**
and hole. Therefore, we can conclude that Fe*" ions were
beneficial to the separation of electron-hole pairs. However,
when the amount of Fe** ions goes higher, more Fe** ions were
accumulated in the interior of the nanofibers. Fe®* ions
usually act as recombination centers for the photo-excited
electrons and holes, resulting in the decreasing of the photo-
catalytic performance.

The PL spectrum was used to investigate the charge
recombination and transfer behavior. The PL spectra of pure
Nb,Os NFs and 0.03FeNb NFs with an excitation wavelength at
325 nm, are given in Fig. 7c. Both of nanofibers show a prom-
inent emission band centered at about 480 nm, which corre-
sponds to the recombination of electron-hole pairs. In
addition, we can clearly see that the pure Nb,Os; NFs show
higher intensity than 0.03FeNb NFs, which suggests that the
pure Nb,Os NFs has higher recombination rate of electron-
hole pair than that of 0.03FeNb NFs. The PL results illustrate
that the doping of Fe ions could suppress the electron-hole
recombination, thereby increasing the visible light photo-
catalytic activity of Nb,Os.

Fig. 8 displays the RhB photodegradation performance in
a cycling sequence of photocatalytic runs. After six cycles, the
degradation rate of RhB over 0.03FeNb NFs remained above
94%, illustrating the excellent stability of 0.03FeNb NFs.
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(a) A schematic diagram of the charge separation and the photocatalytic activity for the Fe-doped Nb,Os nanofibers photocatalyst. (b)

Radical-scavenge tests in the removal of RhB in the presence of 0.03FeNb NFs. (c) PL spectra of pure Nb,Os NFs and 0.03FeNb NFs with an

excitation wavelength of 325 nm.
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4. Conclusions

We reported the fabrication and photocatalytic investigation of
Fe doped Nb,Os nanofibers under visible light irradiation. It
was found that photocatalytic activity of the Nb,Os under visible
light was improved significantly by the doping of Fe. The
absorption edge of the Nb,Os shifted from UV region to the
visible light, with the doping of Fe. In addition, Fe dopant
retarded the electron/hole pairs recombination process. Fe
incorporation in the Nb,Os first increased the photocatalytic
efficiency and then decreased it as the Fe amount was
increased. The best Fe to Nb ratio was determined to be 0.03/1
in a model reaction of photo decomposition of RhB, and
a degradation yield of 98.4% was achieved. This research
provides a general and effective method to synthesize different
photocatalysts with enhanced visible-light-driven photocatalytic
performance, and should be of great interest for a large range of
applications.
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