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a b s t r a c t

Metal ion doping has been regarded as an effective strategy to improve photocatalytic activity of pristine
photocatalysts for rapid charge transfer and separation effects achieved by doping induced defect states.
We herein report the fabrication of uniform one-dimensional (1D) Sn4þ-doped BiFeO3 (Sn-BFO) nano-
fibers (NFs) by a facile electrospinning technique with subsequent annealing treatment. Benefiting from
metal ion doping and the unique 1D structure, the as-prepared Sn-BFO NF catalyst exhibits significantly
enhanced photocatalytic performance on O2 evolution as well as improved photostability under visible-
light illumination. Revealed by experimental investigation as well as density functional theory (DFT)
calculation, the doped Sn atoms were incorporated into the BFO lattice and the band structure of BFO
was effectively modified and the defect-related energy levels were produced, which leads to the boosted
light absorption and improved charge transfer and separation efficiency. Additionally, an optimal Sn4þ

doping percentage of 1.0% was discovered to achieve an average O2 evolution rate of 516.4 mmol h�1 g�1,
nearly two times as much as the non-doped BFO samples.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Solar energy, as one of the most important renewable sources of
clean energy, could satisfy future human energy demands due to its
free, abundant and endless nature. Numerous efforts have been
focused on the harvest and conversion of solar energy into a sus-
tainable energy form [1,2], among which semiconductor photo-
catalysts for photocatalytic water splitting have become a
promising candidate to convert solar energy into carbon-neutral
hydrogen fuel through low-cost and environmentally benign
routes [3e6]. However, in comparison with photocatalytic
hydrogen production, photocatalytic water oxidation encounters
the fundamental scientific challenge of slow kinetics, owing to the
more complicated four-electron oxidation process and huge acti-
vation energy barrier for O-O bond formation [7e9]. Till now,
various semiconductor photocatalysts containing earth-abundant
elements such as iron oxide, Ag3PO4, BiVO4, WO3 etc. [10e13], as
well as various methods such as fabricating hetero-junction
nanostructures [14,15], loading co-catalysts [16e18], and doping
metal ion [19e21], have been developed for visible-light-driven
water oxidation. To achieve high photocatalytic activity and sta-
bility, it is particularly desirable to explore more techniques to
improve the performance of those pristine water oxidation pho-
tocatalysts [22,23].

As a simple perovskite-type oxide, bismuth ferrite (BiFeO3, BFO)
has beenwidely studied because of its remarkable ferroelectric and
antiferromagnetic applications in light-emitting diodes, ferroelec-
tric solar cells and spintronic devices [24e26]. Recently, it has been
found that BFO can be used as a promising photocatalyst for both
degradation of organic pollutants and water splitting [27,28]. With
a band gap of about 2.2 eV, BFO-based photocatalysts exhibit
enhanced photocatalytic efficiency in the spectral range of visible
light [29]. Additionally, BFO possesses not only outstanding
chemical stability but also an intrinsic electric polarization field
which leads to efficient separation of photoinduced electrons and
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holes [30]. However, two major drawbacks confine its photo-
chemical applications, namely the poor electron-hole pair separa-
tion yield and the small surface area [14]. To overcome these
obstacles, many efforts have been made to engineer the band
structure of BFO-based photocatalysts at the nanoscale. For
example, Pei et al. have found that Ca orMn doping at different sites
intensely influences the crystalline structure, morphology, size and
electronic band configuration of BFO microcrystals and results in
enhanced photocatalytic activity [31]. Ba-doped BFO nanoparticles
have demonstrated enhanced photoactivity for complete degra-
dation of benzene [20], and BFO films have displayed the improved
photocatalytic water photo-oxidation activity [32]. Recently, Meng
et al. have reported a La doping method to enhance the photo-
catalytic activity of BFO-based photocatalysts for the removal of
phenol under simulated sunlight illumination [33], and La dopant
has been found to play a key role in obtaining an optimum pho-
tocatalytic performance.

Very recently, our group have developed a series of porous Bi-
based photocatalysts with obviously improved photoactivity
compared with their pristine counterparts [34e37]. In this study,
we report the successful preparation of one-dimensional (1D)
Sn4þ-doped BiFeO3 (Sn-BFO) nanofibers (NFs), with tunable Sn
doping levels and uniform size distribution, through a facile elec-
trospinning technique with subsequent annealing treatment
[38e41]. The band gap engineering of the Sn-doped BFO catalysts is
systematically investigated by utilizing the techniques of
UVevisible diffuse reflectance spectroscopy (UV-DRS), Mott-
Schottky plots and density functional theory (DFT) calculation. As
expected, the as-prepared 1D Sn-BFO NF catalyst exhibits obviously
enhanced photocatalytic water oxidation efficiency and photo-
stability under visible-light illumination, and an optimal Sn4þ

doping percentage of 1.0% is obtained.
2. Experimental

All reagents were of analytical grade, purchased from the
Shanghai Chemical Reagent Factory, and used as received without
further purification.
2.1. Electrospinning synthesis of BFO and Sn-BFO NFs

In the synthesis of BFO NFs, a mixture of 0.35mmol of
Bi(NO3)3$5H2O and 0.35mmol of Fe(NO3)3$9H2O was first dis-
solved in N, N-Dimethylformamide (DMF, 6mL) at room tempera-
ture, kept stirring until a transparent solutionwas obtained. 0.3 g of
polyacrylonitrile (PAN, Mwz 150000) was added slowly into the
transparent solution and stirred for overnight to form the precursor
sol. The precursor sol was placed into a 5mL syringe attached to a
needle. The voltages applied to the tip and collector were 15 and
-2 kV, respectively. The distance between the needle tip and the
collector was controlled to be 14 cm. The feeding rate was set to
0.3mL h�1, and the humidity level is controlled below 40% RH.
Afterward, with a heating rate of 5 �C$min�1, the precursor NFs
were first calcinated at 120 �C in air for 120min, and then at 600 �C
in air for 120min. Sn-BFO NFs were prepared via a similar pro-
cedure to the preparation of BFO NFs except the use of the mixtures
of Bi(NO3)3$5H2O, Fe(NO3)3$9H2O and SnCl4$5H2O. Various
amounts of 0.1M SnCl4 DMF solutions (17.5, 35, 105, 175 mL) were
added slowly into the pristine mixture, respectively. The molar
ratio of SnCl4$5H2O to Bi(NO3)3$5H2O in the resulting mixtures
were determined to be 0.5%, 1.0%, 3.0%, 5.0%, respectively. In this
work, the molar ratio of Bi/(Fe þ Sn) is 1:1 in the reactive system.
The final 1D NF products were denoted as BFO and Sn-BFO-x
(x ¼ 0.5%, 1.0%, 3.0%, 5.0%).
2.2. Characterization

The structure of the obtained samples was characterized by
powder X-ray diffraction (XRD) with a Philips PW 3040/60 X-ray
diffractometer using Cu Ka radiation. The morphologies and mi-
crostructures of the samples were examined by field-emission
scanning electron microscopy (SEM, Hitachi, S-4800) and trans-
mission electron microscopy (TEM, Hitachi, JEM-2100F). The ni-
trogen adsorption-desorption isotherms were determined by the
measurements at 77 K on a Micromeritics ASAP 2020 surface area
first and porosity analyzer. Before the N2 adsorption measure-
ments, the sample was degassed at 150 �C. X-ray photoelectron
spectroscopy (XPS) measurements were performed on an ESCA-
Lab MKII X-ray photoelectron spectrometer. UVevis absorption
spectra were acquired on a Thermo Nicolet Evolution 500 UVevis
spectrophotometer over the spectral range of 200e800 nm.
Raman spectra were recorded on a micro-Raman spectrometer
(Renishaw RM1000) employing using a 514 nm laser line. The
photoluminescence (PL) spectra were measured by using an
excitation wavelength of 325 nm on an FLS 920 fluorescence
spectrophotometer.

2.3. Photoelectrochemical and electrochemical measurements

Photocurrent measurements were performed on a CHI840C
electrochemical workstation (Chenhua Instrument, China) with a
standard three-electrode configuration using ITO precoated pho-
tocatalyst (coated area: 1 cm2) as the working electrode, Pt wire as
the counter electrode, Hg/Hg2þ (saturated KCl) as the reference
electrode, and 0.1M Na2SO4 aqueous solution as the electrolyte
[42]. A Xe lamp with a cut-on filter (l> 420 nm) was employed as
the visible light source. 5mg of certain test sample was add to 50 mL
of ethanol and 10 mL of Nafion solution (5wt%) under sonication,
then 15 mL of mixture inkwas pipetted on the surface of an ITO glass
to obtain 1� 1 cm2 coating films.

Mott-Schottky plots were carried out on a Zennium E station
(ZAHNER, Germany) with a three-electrode cell using 0.5M Na2SO4
aqueous solution as the electrolyte, the photocatalyst coated glassy
carbon as the working electrode, Pt wire as the counter electrode,
and Hg/Hg2þ in saturated KCl as the reference electrode. Electro-
chemical impedance spectra (EIS) were recorded by employing an
AC voltage of 10mV at the frequency range from 0.1 Hz to 100 kHz,
in a three-electrodes system similarly to the Mott-Schottky mea-
surements except the use of KCl (1M) and K3[Fe(CN)6] (5mM)
aqueous solution as the electrolyte.

2.4. Photocatalytic O2 evolution experiments

Photocatalytic O2 evolution experiments were conducted on a
Labsolar-III AG system under visible light irradiation from a 300W
xenon lamp solar simulator (MicroSolar300, PerfectLight) with a
cut-on filter (l> 420 nm) as the light source. The distance between
the Xe lamp and the reactor solution was about 8 cm. Typically,
20mg of the catalyst sample was dispersed in an aqueous solution
(50mL) containing 200mg of NaOH and 238.1mg of Na2S2O8. The
obtained suspension in the cell was bubbled with argon for 30min
to remove air, and then cooled to 25 �C by a continuous flow of
water. 1.5% CoOx (as the co-catalyst) was loaded on the surface of
the as-prepared photocatalyst by heating at 300 �C in the air, and
the amount of generated O2 was measured on an online gas chro-
matography (Agilent Technologies GC-7890B, TCD, Ar carrier).

The apparent quantum efficiency (QE) was measured under
similar conditions to photocatalytic reaction measurements by
measurements by using a photoradiometer (PL-MW2000, Perfect-
Light) with 450 nm, 500 nm, 550 nm band pass filters. 20mg of Sn-
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BFO-1.0% sample was dispersed in 50mL of aqueous solution con-
taining sacrificial reagent under constant stirring. The QE under
light illumination was finally calculated according to the following
equation [1,35]:

QE½%� ¼ number of reacted electrons
number of incident photons

� 100%

¼ number of evolved O2 molecules� 4
number of incident photons

� 100%

¼ 4nO2NAhc
Ptl

� 100%

In which nO2 is the mole of evolved O2, NA is the Avogadro
constant (6.022� 1023mol�1), h is the Planck constant
(6.63� 10�34 J s), c is the speed of the light (3� 108m s�1), P(W) is
the absorbed power of the light, t is the irradiation time (18000 s)
and l is the irradiation wavelength number (450, 500 and 550 nm).

2.5. Computational method

Density functional theory (DFT) calculations were performed by
using the plane-wave pseudopotential techniques with generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)
[43] as implemented in the Vienna ab initio Simulation Package
(VASP) calculation [44]. We used PBE potentials of 15 valence
electrons for Bi (5d106s26p3), 14 valence electrons for Fe
(3p63d64s2), 6 valence electrons for O (2s22p4) and 14 valence
electrons for Sn (4d105s25p2), respectively. The GGA þ U method
was adopted with Ueff (Ueff ¼ U - J) of 4 eV on the Fe atom for
better representation of the localized transition metal d electrons.
In all calculations, the plane-wave energy cutoff is set to 500 eV,
and all calculated structures are allowed to relax until the force on
atoms is smaller than 0.02 eV/Å and the convergence criterion for
the energy is 10�4 eV/atom. As shown in Fig. S1a (see Supple-
mentary Material), a 30-atom conventional cell was adopted for
calculations of the pure rhombohedral R3c BFO. The k-point mesh
of 7� 7� 5 and 11� 11� 9 were used for geometry optimization
and electronic structure calculation, respectively. For the Sn-BFO
calculation, one Fe atom is replaced with Sn in the 80-atom
supercell (Fig. S1b, see Supplementary Material) and a k-point
mesh of 3� 3� 3 was used for the relaxation calculation of such
doped system, while a k-point mesh of 6� 6� 6 was employed for
the electronic structure calculation.

3. Results and discussion

The synthetic strategy for Sn-BFO NFs is graphically illustrated
in Fig. 1. Typically, a mixture of Fe(NO3)3$9H2O, Bi(NO3)3$5H2O and
Fig. 1. Schematic illumination of the preparation of Sn-BFO NFs via the electrospinning
technique followed by consequent thermal treatment.
SnCl4$5H2O was first embedded into 1D PAN NFs through an
electrospinning process to harvest the precursor composite fibers.
After the two-step heat treatment in air, the metal species in pre-
cursor NFs were oxidized to produce the compound of Sn-BFO,
while the PAN molecules were decomposed.

The morphologies and microstructures of the products were
examined by SEM and TEM. Fig. 2a exhibits a typical SEM image of
the uniform 1D precursor NFs with a very smooth surface and a
mean diameter of about 300 nm. After the calcination treatment,
the resultant Sn-BFO-1.0% NFs (Fig. 2b) retain the fiber-like shape
but exhibit a rough surface and a reduced diameter (~100 nm),
which can be attributed to a synergy result of the formation of Sn-
doped BFO compound and the decomposition of PAN in the pre-
cursor. Briefly, during the lower temperature thermal treatment in
air, the well dispersed metal ions in the precursor reacted first, and
then started to crystallize and grow during the continual calcina-
tion. Meanwhile, the PAN in the precursor NFs would be decom-
posed and release CO2, N2, and H2O, leading to the diameter
reduction and rough surface of the resultant NFs. Such growth
process can be further confirmed by the TEM observation. Fig. 2c
depicts a typical TEM image of the Sn-BFO-1.0% NFs, demonstrating
the uniform size of the Sn-BFO nanofibers. A typical HRTEM image
(Fig. 2d) of the Sn-BFO-1.0% NF shows porous structure marked
with red rings and reveals an interplanar spacing of about 0.40 nm
of the highly crystalline Sn-BFO, corresponding to the (012) lattice
plane of the rhombohedral BiFeO3. The elemental mappings
(Fig. 2eei) imply that Bi, Fe, O, and Sn elements are uniformly
distributed in the as-calcinated nanofibers. As shown in Fig. S2 (see
Supplementary Material), both the precursor and the as-calcinated
fibers of the Sn-BFO with the different amount of Sn are of uniform
1D nanostructure. It is necessary to note that, despite different
levels of Sn doping, the Sn-BFO NF samples show similar
morphology to pure BFO. In addition, the N2 adsorption-desorption
isotherms of the samples (Fig. S3, see Supplementary Material)
reveal that the BFO and Sn-BFO-1.0% samples have BET surface
areas of 13.82 and 15.32m2 g�1, respectively. The surface areas of
the two kinds of samples are similar, which are mainly contribu-
tions from the accumulated particles on the exterior of the fibers.

In order to gain deeper insight into the crystalline structure of
the 1D Sn-BFONFs, XRD results were investigated. Fig. 3a shows the
XRD patterns of the Sn-doped BFO NF samples. Obviously, most of
the diffraction peaks can be indexed to the rhombohedral phase of
BiFeO3 (JCPDS: 71-2494), which agrees well with the TEM results.
Also, due to the non-uniform ionic migration in calcination process,
there exists a very small amount of impurity phase of Bi25FeO40
(JCPDS: 46-0416, # in Fig. 3a), which may be the metastable phase
produced in the growth of BFO. The enlarged XRD patterns of the
adjacent peaks (104) and (110) of Sn-BFO (Fig. 3b) depict a shift of
the peak position toward lower 2q value with the increasing Sn
content, which can be attributed to the lattice distortion effect
induced by the substitution of Fe3þ by Sn4þ [45].

Raman spectroscopy analyses were performed to further
examine the structural change of the Sn-BFO 1D NFs. As seen in
Fig. 4a, several typical Raman peaks at 135, 168, 277, and 550 cm�1

are labeled, which can be assigned to A1-1 and A1-2, E�2, and E�5
active modes of the R3c BFO structure, respectively [46]. According
to the existing reports, A1-1, A1-2, and E�2 modes originate from
Bi-O covalent bonds, while the E�5mode is assigned to Fe-O bonds.
As shown in Fig. 4b, the E�5 active mode shifts gradually to the low
wavenumber with the increasing Sn concentration, suggesting the
lattice distortion due to the higher atomic weight of Sn (118.71 g/
mol) than that of Fe (55.84 g/mol) [47], which is in consistent with
the XRD results.

The surface compositions and chemical states of the Sn-BFO NF
samples were investigated by X-ray photoelectron spectroscopy



Fig. 2. SEM images of (a) the precursor and (b) the as-prepared Sn-BFO-1.0% NFs. (c) TEM, (d) HRTEM and (e) STEM image of the as-prepared Sn-BFO-1.0% NFs, as well as the
elemental mapping of (f) Bi, (g) Fe, (h) O, (i) Sn.
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(XPS). As shown in Fig. 5a, the Bi 4f XPS spectrum of Sn-BFO-1.0% NF
is consistent with that of BFO NF. The two strongest peaks at 158.2
and 163.5 eV are ascribed to Bi 4f7/2 and Bi 4f5/2, respectively, which
is in accord with the reported BFO [48]. Such result indicates that
the valence state of bismuth in Sn-BFO-1.0% NF is not affected by
the doping of Sn atoms. In the Fe 2p XPS spectrum of BFO (Fig. 5b),
the binding energies of 710.5 eV for Fe 2p3/2 and 724.0 eV for Fe 2p1/
2 with a satellite signal at 718.4 eV are the characteristic of Fe3þ,
Fig. 3. (a) XRD patterns of the as-prepared Sn-BFO samples, and (b
while the peaks of 709.4 eV for Fe 2p3/2 and 723.5 eV for Fe 2p1/2
correspond to the characteristic of Fe2þ [49]. Besides, a binding
energy shoulder is also fitted at 712.8 eV, which can be attributed to
the interaction result between Fe2þ and Fe3þ in the crystal [50].
However, with Sn doping, all fitted peaks of Sn-BFO-1.0% sample
exhibit a shift in the peak position toward the lower binding en-
ergy. Furthermore, the composition of Fe2þ for Sn-BFO-1.0% sample
is distinctly higher than that of un-doped BFO sample (27.6% vs.
) the corresponding XRD patterns in the range from 31 to 33� .



Fig. 4. (a) Raman spectra of the as-prepared different Sn-BFO samples, and (b) the corresponding Raman spectra in the range from 500 to 700 cm�1.
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17.3%). These results indicate that Sn4þ serves as an electron donor
which could reduce Fe3þ into Fe2þ [51]. Fig. 5c shows the O 1s XPS
spectrum of Sn-BFO-1.0% NFs along with that of un-doped BFO NFs
for comparison. Clearly, Sn-BFO-1.0% NFs exhibit a lower binding
energy at 529.0 eV related to oxygen-metal bond [52], which can be
attributed to the enhanced electron density of oxygen induced by
the doping of Sn atoms.We further investigated the valence state of
Sn in the Sn-BFO-1.0% NF. As shown in Fig. 5d, the peaks centered at
485.6 eV for Sn 3d5/2 and 494 eV for Sn 3d3/2 are well indexed to the
characteristic of the Sn4þ [53]. This result suggests that the valency
of Sn element in the Sn-BFO-1.0% is þ4, which affords the further
evidence that Sn atoms are effectively doped into BFO crystal. To
determine the Sn doping level in Sn-BFO, EDS patterns and
Fig. 5. XPS survey spectra of the as-prepared pure BFO and Sn
corresponding element contents of the as-prepared different
samples are further provided in Fig. S4 (see Supplementary Mate-
rial). It can be seen that Bi and Fe elements are almost the same and
the atomic percentage of O/Fe is about 3, indicating BFO is the
major component in all the Sn-BFO samples. The Sn doping levels
for different samples calculated from the EDS results are listed in
Table S1. The Sn doping in Sn-BFO-0.5% can not be detected by the
EDS measurement due to the low Sn content in the sample.

UVevis DRS spectras were conducted to investigate the elec-
tronic band structure of the BFO and Sn-BFO NF samples. As shown
in Fig. 6a, BFO NFs respond to visible light illumination and show an
absorption edge at about 581 nm, while the Sn doped BFO NFs
exhibit an obvious red-shift of the absorption edge [54].
-BFO-1.0% NFs: (a) Bi 4f, (b) Fe 2p, (c) O 1s and (d) Sn 3d.



Fig. 6. UVevis DRS spectra (a) and Tauc plots (b) of the as-prepared Sn-BFO NFs.
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Furthermore, compared with the un-doped BFO NFs, all Sn-BFO NF
samples display a higher level of light absorption in the full
measured spectrum, which reveals the effectively improved ab-
sorption capacity of BFO NFs in the visible light region by Sn doping.
Fig. 6b shows the band gap energies of all the samples calculated
from the diffuse reflectance spectra with the Kubelka-Munk func-
tion ((ahn)2 vs photon energy (hn)) [55]. The band gap energies of
the Sn-BFO-x samples for x¼ 0%, 0.5%, 1.0%, 3.0% and 5.0% are
determined to be 2.07, 2.01, 1.98, 2.00 and 1.95 eV, respectively,
indicating a strong influence of Sn doping on the band structure of
the as-obtained Sn-BFO NFs. The band structures of BFO and Sn-
BFO-x NFs were further investigated by Mott-schottky measure-
ments. The flat-band potentials obtained from the extrapolation of
the Mott-Schottky plots for pure BFO, Sn-BFO-0.5%, Sn-BFO-1.0%,
Sn-BFO-3.0% and Sn-BFO-5.0% NFs are �0.056, �0.038, �0.044,
�0.097, and �0.127 V versus a saturated calomel electrode (SCE),
respectively (Fig. 7). Obviously, these band positions of the BFO NFs
are remarkably modulated by the doping of Sn atoms, which is
therefore expected to have important impact on photocatalytic
performance of these photocatalysts.

To investigate role of the substitutional Sn atoms on the elec-
tronic structure of Sn-BFO NFs, density functional theory (DFT)
calculations were also performed. As shown in Fig. S5a (see Sup-
plementary Material), the calculated band gap of pure BFO is
2.20 eV, which is consistent with the reported value [56]. The total
density of states (TDOS) and atomic partial density of states (PDOS)
of the pure BFO are shown in Fig. S5b (see SupplementaryMaterial).
The top of the valence band (TVB) is dominated by O 2p states,
Fig. 7. Mott-Schottky plots of the as-prepared Sn-BFO samples.
while the bottom of the conduction band (BCB) is mainly deter-
mined by Fe 3d and Bi 6p states. Apparently, the total density of
states of BFO is symmetric in the spin-up and spin-down bands.
With Sn substituting the Fe atoms (Fig. 8a), the CB and VB of the Sn-
doped BFOmove to low energy levels compared with the pure BFO,
and the band gap of the Sn-doped BFO is determined to be 1.96 eV
irrespective of the impure states. As shown in Fig. 8b, the energy
levels of the impure states are formed above the TVB because of the
hybridization of Fe 3d and Sn 4d states with minor contribution of
O 2p state, whereas the TVB is primarily composed of Fe 3d and O
2p orbits. In addition, compared with the pure BFO, Sn-doped BFO
exhibits a significantly asymmetric configuration in the spin-up
and spin-down states, suggesting that the introduction of Sn with
excess electrons induces impurity states and leads to a spin polar-
ization in the sample [57]. By comparing the TDOS of Sn-BFO and
BFO, we can see that the obvious increase of the charge carrier
density of BFO induced by Sn doping. The impurity energy levels
located above the TVB can reduce the carrier transition energy, and
make it possible for electrons in the VB to be excited stepwise to the
CB, beneficial to the migration of photo-excited carriers [58]. As a
consequence, the UVevis DRS spectra of the Sn-doped BFO NFs
exhibit a red-shift of the absorption edge and an enhanced light
absorption comparedwith the un-doped BFONFs. Suchmodulation
of the electronic properties of BFO are expected to improve its
photocatalytic activity under visible-light irradiation.

The charge separation efficiencies of BFO and Sn-BFO NFs were
investigated by photocurrent measurements and EIS. The photo-
current response for BFO and Sn-BFO NFs weremeasured with light
on and off cycles. Fig. S6 (see Supplementary Material) reveals the
SEM images of the photo-electrodefilm section of different samples,
showing the film thickness ranging from 2.8 to 4.0 mm. As shown in
Fig. 9a, compared with pure BFO, all Sn-BFO NFs show remarkably
enhanced photocurrent densities, among which Sn-BFO-1.0% reach
the photocurrent density of 1.6 mA cm�2, about 6.8 times higher that
of pure BFO, suggesting the excellent charge separation efficiency.
This result also indicates that the photocurrent density is mainly
affected by Sn doping, which can be further confirmed by Nyquist
plots (Fig. 9b). The equivalent electronic circuit was fitted to analyze
the impedance plots (inset in Fig. 9b), which includes the solution
and external contact resistance (RS), the semiconductor/electrolyte
charge transfer resistance (RCT) in parallel with a constant phase-
element (CPE1), the space charge resistance (RSC) and constant
phase-element (CPE2) [59], and the corresponding EIS data are
shown in Fig. 9c. Apparently, the Sn-BFO-1.0% NFs have the lowest
charge-transfer resistance among all samples. The photocatalytic
performance was examined by photocatalytic O2 evolution re-
actions in an aqueous solution containing Na2S2O8 and NaOH and
illuminated with simulated solar-light [60,61]. Fig. 10a depicts the



Fig. 8. (a) Calculated band structure of Sn-BFO, where the blue and red lines refer to the up-spin states and the down-spin states, respectively. (b) Calculated DOS and PDOS of Sn-
BFO, where the curves above (below) the horizontal axis refer to the up-spin (down-spin) DOS and the Fermi level is set to be 0 eV in all figures. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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photocatalytic water oxidation and standard deviations of different
samples, and the corresponding evolution rates of O2 are displayed
in Fig.10b.With 1.5% CoOx nanoparticles as the co-catalyst, pure BFO
NFs produce O2 at a rate of 272.6 mmol h�1 g�1, while no O2 could be
detected if the reaction is performed in thedarkorwithout using the
catalyst or Na2S2O8. Comparedwith pure BFONFs, Sn-doped BFONF
samples exhibit increased photoactivity for O2 evolution, among
which the Sn-BFO-1.0% NFs achieve the highest O2 production rate
of 516.4 mmol h�1 g�1, about 1.9 times higher than that of pure BFO
NFs. In addition, after 5 h of continuous reaction, the Sn-BFO-1.0%
NFs shows excellent repeatability with no obvious deactivation in
the photocatalytic performance. The observed superior photo-
catalytic activity of Sn-BFO-1.0% NFs can be attributed to the
Fig. 9. (a) Photocurrent responses of the as-prepared Sn-BFO samples under visible-lig
optimized amount of Sn doping, which results in the appropriate
modulation of the band gap and electronic structure and thus en-
hances the light absorption and improves charge separation and
transfer. The apparent quantum efficiency (QE) and the UVevis DRS
spectra Tauc plots of Sn-BFO-1.0% are shown in Fig. S7 (see Sup-
plementaryMaterial). Themeasured QEs are 2.63%,1.81% and 0.73%
at 450 nm, 500 nm and 550 nm, respectively, indicating a gradual
decrease of the efficiency with the increased light wavelength. The
QE of Sn-BFO-1.0% NFs is roughly consistent with the Tauc plots,
revealing that the photocatalytic activity are closely related to op-
tical absorption. Table S2 (see Supplementary Material) compares
the photocatalytic O2 evolution activity of this work with that of
those reported Bi-based photocatalysts. The overall photocatalytic
ht illumination, (b) Nyquist plots, and (c) EIS data of the corresponding samples.



Fig. 10. (a) Photocatalytic O2 evolution and standard deviations, and (b) O2 evolution rates of the as-prepared Sn-BFO samples.
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activity of Sn-BFO NFs is apparently higher than the Bi-based pho-
tocatalysts. To evaluate the recyclability and chemical stability of the
photocatalysts, the photocatalytic O2 evolution cycling results, as
well as the XRD patterns and SEM images of the as-prepared Sn-
BFO-1.0% NFs before and after cycling test, are provided in Fig. S8
(see Supplementary Material). In the three cycling tests, only
insignificant loss in photocatalytic performance is observed, which
might be partly caused by incomplete collection of the sample in
each step (Fig. S8a, see Supplementary Material), revealing the
outstanding photostability of the as-prepared photocatalyst. The
XRD pattern (Fig. S8b, see Supplementary Material) of sample Sn-
BFO-1.0% indicates almost no deterioration in the crystal structure
after the photocatalytic test. Furthermore, the SEM images before
and after cycling test also show the same fiber-like morphology
(Figs. S8c and d, see Supplementary Material) as the initial sample.
Thus, we can conclude that the as-prepared Sn-BFO-1.0% catalyst is
very stable in the photocatalytic cycling test.

To examine the effect of impurity Bi25FeO40 in the photo-
catalysts, bare Bi25FeO40 (denoted as B25FO) was synthesized with
the same strategy as synthesizing BFO NFs, except the usage of Bi/Fe
molar ratio of 25:1. Fig. S9a (see Supplementary Material) shows
the XRD pattern of the as-prepared bare B25FO, and all the
diffraction peaks can be assigned to the cubic phase of Bi25FeO40
(JCPDS: 46-0416), indicating the successful synthesis of bare
Bi25FeO40. The UV-DRS spectra of the bare B25FO and BFO NFs are
shown in Fig. S9b (see Supplementary Material). Clearly, the
Fig. 11. Schematic illustration of the photocatalytic mechanism of the Sn-BFO-1.0%/
CoOx for water oxidation under visible-light irradiation.
visible-light absorption of the bare B25FO is lower than that of BFO,
indicating its poor visible-light photocatalytic performance
(l> 420 nm). From Fig. S9c (see Supplementary Material), the
photocurrent response of the bare B25FO is also much lower than
that of BFO NFs. Fig. S9d (see Supplementary Material) depicts the
photocatalytic O2 evolution rates of the as-prepared samples under
visible light irradiation, indicting the much lower activity of the
bare B25FO compared with BFO photocatalyst. These results
demonstrate that the Bi25FeO impurity has no contribute to the
catalytic activity of the as-prepared Sn-BFO samples.

According the calculated band gap energies and the results of
Mott-Schottky plots of the Sn-BFO NFs, the band structure align-
ment of the Sn-BFO-1.0% and CoOx co-catalyst and the photo-
catalytic mechanism for visible-light-driven O2 evolution reaction
are illustrated in Fig. 11 [32,62]. Under continuous light irradiation,
photoinduced electrons and holes are first generated. Because CoOx
possesses a strong ability for grasping holes [63], upon the contact
of CoOx with Sn-BFO, the holes generated in Sn-BFO can be easily
captured and then transport the surface of CoOx, which acts as the
active center for oxygen evolution. The electrons created in the CB
of Sn-BFO can be scavenged by S2O8

2�, and the photo-generated
holes in the CoOx take part in the O2 evolution reaction occurring
at the surface of this hybrid system. Based on the DFT calculations,
the schematic band structure of the BFO and Sn-BFO NFs are shown
in Fig. S10 (see Supplementary Material), which reveals important
role of Sn doping in increasing the charge carrier density and
inducing impurity energy levels. The Sn4þ ions can also act as an
intermediary in photo-excited charge transfer process and improve
the separation efficiency of photoinduced electrons and holes.
However, excessive amount of doped Sn atoms can also form
recombination centers for charge carriers, which deteriorate the
separation efficiency [64,65]. Therefore, suitable amounts of doped
Sn is crucial for balancing charge separation and transport to obtain
the best photocatalytic performance. To further explore the charge
separation efficiency of all the samples, the PL spectra of different
samples were also measured, as shown in Fig. S11 (see Supple-
mentary Material). Apparently, the weakest PL intensity of the Sn-
BFO-1.0% sample represents the best charge separation efficiency.
4. Conclusions

In summary, a facile electrospinning technique method, with
subsequent two-step heat treatment, has been developed to syn-
thesize uniform 1D Sn-BFO NFs. XRD and XPS characterizations as
well as Bi, Fe, O and Sn element analysis reveal the successful
incorporation of Sn atoms into the BFO lattice, and UVevis DRS
demonstrates the visible light absorption characteristics of the NF



J. Ren et al. / Journal of Alloys and Compounds 766 (2018) 274e283282
products and the band structure modulation due to Sn doping. The
boosted light absorption and modulated electronic structures upon
Sn doping were further confirmed by DFT calculations. The incor-
poration of Sn into BFO introduces impurity states located above
the VB top, which results in efficient charge separation and transfer
as well as enhanced photocatalytic activity. A Sn content of 1.0%was
found to be optimal for the best photocatalytic performance,
resulting in an O2 evolution rate of 516.4 mmol h�1 g�1 which is
nearly two times that of the un-doped BFO. Our present study has
demonstrated a simple synthetic strategy for developing metal-
doped semiconductors with uniform 1D nanofiber structures and
improved photocatalytic performances.
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