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a b s t r a c t

Reasonable design of heterojunctions is considered to be an effective way to construct highly efficient
photocatalysts. In this work, Bi2S3/BiFeO3 heterojunction nanofibers with tightly integrated interface
were prepared by electrospinning technique and in-situ anion exchange method. Various characteriza-
tions were conducted to analyze the structure and morphology of Bi2S3/BiFeO3 composites. The pho-
tocatalytic activities of the obtained Bi2S3/BiFeO3 heterojunctions were evaluated by photodegradation of
tetracycline hydrochloride (TC) under visible light irradiation. It can be found that Bi2S3/BiFeO3 heter-
ojunctions showed enhanced photocatalytic degradation performance, and their photocatalytic activities
can be easily optimized by changing the amount of thioacetamide (TAA). When the amount of TAA was
0.1 mmol, the obtained Bi2S3/BiFeO3 (TAA-2) sample exhibited the best photocatalytic performance,
which was 5 and 6 times of pure BiFeO3 and Bi2S3, respectively. Besides, the photocatalytic mechanism
was systematically studied by monitoring the active species and radicals, and by performing the optical
and photoelectrochemical tests. Accordingly, a direct Z-scheme charge migration mechanism for Bi2S3/
BiFeO3 heterojunctions was proposed. The enhanced photocatalytic performance of Bi2S3/BiFeO3 heter-
ojunctions can be attributed to the improved visible light response and efficient charge separation and
transfer.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Environmental pollution is the most pressing problem faced by
the world today. Photocatalytic technology is considered as one of
the most promising ways to overcome the environmental problems
[1]. So far, TiO2 is the most widely studied semiconductor photo-
catalyst in photocatalytic technology due to its excellent physical
and chemical stability, high oxidizability, non-toxicity and low cost
[2,3]. However, the wide band gap (3.2 eV) of TiO2 limits its wide
application because it can only use ultraviolet light [4]. Therefore, it
is more desirable to develop high-efficiency photocatalysts that can
efficiently utilize visible light. Among various new photocatalysts,
bismuth-based photocatalysts have attracted wide attention
because of their narrow band gaps and visible light responses.
Bismuth-based photocatalysts such as BiVO4, BiOX (X¼Cl, Br, I) and
Bi2WO6 have been extensively studied [5e7].
n).
BiFeO3, as one typical bismuth-based material, has attracted
much attention because of its wide applications inmemory devices,
sensors, electromagnets and photocatalysis [8,9]. It has been re-
ported that BiFeO3 can be applied for photocatalytic hydrolysis,
organic degradation and photoelectric devices in photocatalysis
[10e12]. It is well known that the synthesis method and
morphology are very important to the photocatalytic performance
of photocatalysts. So far, many preparation methods of BiFeO3 have
been reported, such as hydrothermal method [13], sol-gel method
[14] and solid state reaction [15]. However, these methods are al-
ways difficult to control the morphology or particle size of BiFeO3.
In comparison, electrospinning technique can easily produce ma-
terials with ultra-long one-dimensional nanostructures and high
specific surface areas [16e18]. Therefore, preparation of BiFeO3
nanofibers by electrospinning technique can provide more active
sites for photocatalytic reaction and promote the separation of
carriers in the radial and axial directions.

Though BiFeO3 shows good visible light response with band gap
of 2.1 eV, its photocatalytic activity is still not very high, mainly
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because of its high recombination rate of photogenerated electrons
and holes [19]. At present, there are many reported methods aim to
enhance the photocatalytic activity of BiFeO3, such as doping [20],
morphology control [21], construction of heterojunctions [22] and
band structure engineering [23]. Among them, construction of
heterojunctions offers a promising avenue for developing highly
efficient photocatalysts through improving the separation and
transfer efficiency of photogenerated charges [24e27]. For
example, some BiFeO3 related heterojunctions have been reported
recently, such as g-C3N4/BiFeO3 [28], CuO/BiFeO3 [29], Bi2MoO6/
BiFeO3 [16] and BiFeO3/rGO [30], indicating that construction of
heterojunctions is an effective way to improve the photocatalytic
activity of BiFeO3.

Bi2S3 is a typical bismuth-based photocatalyst with a narrow
band gap of 1.3e1.7 eV, which shows strong absorption and wide
absorption range for visible light [31]. Therefore, the formation of
heterojunction between bismuth sulfide and bismuth ferrite can
effectively broaden the spectral response range and the absorption
intensity of visible light. Besides, the energy band of bismuth sul-
fide matches well with that of bismuth ferrite, which should
effectively improve the charge separation and transfer. Bhoi et al.
[32] reported that Bi2S3/BiFeO3 heterojunction materials were
constructed by BiFeO3 nanoplates and Bi2S3 nanorods through a
two-step hydrothermal method with improved photocatalytic ac-
tivity, which well proved that Bi2S3 played an important role in this
photocatalysis system. However, the key to the construction of
heterojunctions is how to realize the formation of tightly combined
interfaces between different components. Most of the traditional
methods are through physical mixing or surface growth of other
components. It is often difficult to combine different components to
form effective and stable junctions. Besides, the charge transfer
route between the different components is also very important to
understand the photocatalytic mechanism, which will be instruc-
tive for the design of highly efficient photocatalysts.

Herein, efficient Bi2S3/BiFeO3 heterojunction nanofibers with
tightly integrated interface were successfully prepared by electro-
spinning technique and in-situ anion exchange method. Bismuth
ferrate nanofibers were used as bismuth source to produce bismuth
sulfide by in-situ anion exchange, which formed a high quality
heterojunction facilitating for interfacial charges transfer, thus
efficiently improving the photocatalytic performance of bismuth
ferrate. A typical antibiotic tetracycline hydrochloride (TC) was
used to evaluate the photocatalytic activity of Bi2S3/BiFeO3 heter-
ojunctions under visible light irradiation. The results showed that
Bi2S3/BiFeO3 had better visible light absorption ability and higher
photocatalytic activity than that of pure BiFeO3 and Bi2S3. The
photocatalytic mechanism of Bi2S3/BiFeO3 heterojunctions was
systematically investigated.

2. Experimental

2.1. Materials

Bismuth nitrate pentahydrate (Bi(NO3)3$5H2O), ferric nitrate
pentahydrate (Fe(NO3)3$9H2O) and tetracycline hydrochloride (TC)
were purchased fromChineseMedicine Group Chemical Reagent Co.,
Ltd. (Shanghai, China). Polyvinylpyrrolidone (PVP, Mw ¼ 1300000)
was purchased from Shanghai Macklin Biochemical Co., Ltd. Thio-
acetamide (TAA) was purchased from Saan Chemical Technology
(Shanghai) Co., Ltd. 5,5-dimethyl-pyridine-N-oxide (DMPO) was
purchased fromShanghaiAladdinBiochemical TechnologyCo., Ltd.N,
N-dimethylformamide (DMF), acetic acid, 1,4-benzoquinone (BQ),
isopropanol (IPA) and ethylenediaminetetraacetic acid (EDTA) were
supplied by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
All chemicals were of analytical pure and used without further
purification.

2.2. Materials preparation

2.2.1. Synthesis of BiFeO3 nanofibers
In the synthesis of BiFeO3 nanofibers, 1.94 g of Bi(NO3)3$5H2O

and 1.616 g of Fe(NO3)3$9H2O were dissolved in a mixture of 8 mL
DMF and 2mL acetic acid, and then kept stirring until a transparent
solution was obtained. Then, 1.4 g of PVP (Mw ¼ 1300000) was
added slowly into the above transparent solution and stirred for
overnight to form the precursor sol. The precursor sol was trans-
ferred to a 10 mL syringe with a needle. The voltages applied to the
tip and collector were 15 and -1 kV, respectively. The distance be-
tween the needle tip and the collector was kept at 15 cm. The
feeding rate was set to 0.3 mL h�1 and the humidity level was
controlled about 50% RH. The as-collected precursor nanofibers
were dried in an oven at 60 �C for 12 h. Afterward, with a heating
rate of 5 �C$min�1, the BiFeO3 nanofibers were obtained by calci-
nation at 550 �C for 2 h in air.

2.2.2. Fabrication of Bi2S3/BiFeO3 heterojunction
In a typical experiment, a certain amount of thioacetamide

(TAA) was dissolved in 30 mL deionized water and stirred for
20 min, and then 0.0939 g of BiFeO3 nanofibers were added and
stirred for another 40 min to make sufficient contact with TAA. The
resulting suspension was transferred into a 50 mL Teflon-lined
stainless steel autoclave and heated to 180 �C for 12 h. The auto-
clave was cooled down to room temperature naturally. The ob-
tained composite nanofibers were washed with deionized water
and ethanol, and then dried in an oven at 80 �C for 10 h. The whole
synthesis process of Bi2S3/BiFeO3 heterojunction nanofibers was
schematically showed in Scheme 1. The synthesis of pure Bi2S3 was
the same as the above steps without adding BiFeO3 nanofibers. By
keeping the amount of BiFeO3 unchanged, the amount of TAA
added was adjusted to 0.075 mmol, 0.1 mmol, 0.125 mmol and
0.25 mmol to prepare Bi2S3/BiFeO3 heterojunctions with different
loading amounts of Bi2S3, which were labeled as TAA-1, TAA-2,
TAA-3 and TAA-4, respectively.

2.3. Materials characterization

The phase and crystallinity of the as-prepared materials were
determined by using a Bruker D8 X-ray diffractometer with Cu Ka
radiation (l ¼ 0.15418 nm). The test voltage is 40 kV, the current is
40 mA, and the scanning range is 5e80�. The morphology, size,
crystallinity and element characteristics of the samples were
observed by scanning electron microscopy (S-4800, accelerating
voltage 3 kV) and transmission electron microscopy (JEOL JEM-
2100 plus, accelerating voltage 200 kV). The elemental composi-
tion and chemical state of the photocatalysts were determined by
X-ray photoelectron spectroscopy (XPS) on Thermo Fisher Scientific
ESCALAB-250X. The elemental composition was also determined
by inductively coupled plasma mass spectrometry (ICP-Mass,
ICPMS7700). Nitrogen adsorption-desorption isotherms and the
Brunauer-Emmett-Teller (BET) surface areas were determined at
77 K using Micromeritics ASAP2010 equipment. The UVevis spec-
trophotometer (UV-3600 plus) was used to analyze the absorption
of visible light for the obtained samples with BaSO4 as the refer-
ence. The magnetic properties at ambient temperature (300 K)
were measured by MPMS-XL-7 vibrating sample magnetometer.
Ultravioletevisible spectrophotometer (TU-1950) was used to
investigate the optical properties of materials. Photoluminescence
(PL) spectra were used to evaluate the separation degree of pho-
togenerated electrons and holes for photocatalysts, which were
recorded by fluorescence spectrophotometer (LS-55) under an



Scheme 1. Schematic diagram of synthesis of Bi2S3/BiFeO3 heterojunction nanofibers.
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excitation wavelength of 410 nm. Electron spin resonance (ESR)
signals of radicals trapped by 5,5-dimethyl-pyridine-N-oxide
(DMPO) were recorded at ambient temperature on a Bruker ESR
A300 spectrometer. The photocurrent response spectra and Mott-
Schottky curves were obtained by Chenhua CHI660E electro-
chemical workstation. Total organic carbon (TOC) of TC degradation
was determined by TOC analyzer (Vario TOC).
2.4. Photocatalytic activity experiments

In order to evaluate the photocatalytic activity of Bi2S3/BiFeO3
composite photocatalysts, a 300W Xe lamp source (PLS-SXE300)
with a 420 nm cut-off filter was used to carry out photocatalytic
experiments. The incident light intensity in the experiment for
photocatalytic tests is ca. 500 mW cm�2. A typical antibiotic
tetracycline hydrochloride (TC) with the concentration of 20mg L�1

was selected as the target pollutant, and 20mg photocatalysts were
dispersed into a reactor with 100 mL TC solution. After 30 min of
magnetic stirring in darkness, the reactor was fixed at the same
distance from the light source each time. 4 mL solution was taken
out every 20 min. After centrifugation, the supernatant was taken
out to test the absorbance at the characteristic peak of 358 nm.
2.5. Photoelectrochemical measurements

The photoelectrochemical tests were carried out at Chenhua
CHI660E electrochemical workstation with a 300 W Xe lamp (PLS-
SXE300) by using a 420 nm cut-off filter as the light source. The
incident light intensity in the photoelectrochemical tests is ca.
500 mW cm�220 mg photocatalysts and Nafion solution (15 mL,
5 wt%) were dispersed in a water/isopropanol mixture (1 mL, 1:1
v:v) under ultrasound to form a homogeneous photocatalyst
colloid. For the measurements, 0.02 mL photocatalyst colloid was
deposited on ITO conductive glass with an area of 1 cm2 to form a
thin film. Theworking electrodewas then dried at 60 �C for 2 h. The
photocurrent and Mott-Schottky test were carried out under
standard three-electrode system using Pt as counter electrode, Ag/
AgCl as reference electrode and Na2SO4 (0.5 mol L�1) as electrolyte
solution.
Fig. 1. XRD patterns for the as-synthesized photocatalysts.
2.6. Magnetic separation and photocatalytic stability experiments

The magnetic separation experiment was conducted by placing
an outer magnet with the surface magnetic field 1800 Oe on one
side of the reaction flask which contained photocatalysts. It took
3 min to separate photocatalysts from the reaction solution
completely. The stability of photocatalysts was studied by degra-
dation of TC for five cycles using magnetic separation. The cyclic
experiment condition and process were similar to that in Section
2.4.
2.7. Photodeposition of Ag

The charge transfer route was examined by photodeposition of
Ag in the presence of Bi2S3/BiFeO3 composite photocatalysts under
visible light irradiation [33]. 20 mg photocatalysts were dispersed
in 30 mL 0.05 mol L�1 AgNO3 solution with magnetic stirring. After
irradiation under 300 W Xe lamp (l > 420 nm) for 60 min, the
sample was separated, washed and dried at 60 �C for further
characterization.

3. Results and discussions

3.1. Structure and morphology

The X-ray diffraction patterns of the obtained samples are
shown in Fig. 1. The diffraction peaks of BiFeO3 sample match well
with the standard card of BiFeO3 (JCPDS No. 71e2494). The main
diffraction peaks of BiFeO3 located at 22.38�, 31.72�, 32.00�, 37.58�,
39.41�, 45.68� and 50.27� correspond to (012), (104), (110), (113),
(202), (024) and (211) crystal planes [34]. The diffraction peaks of
Bi2S3 sample match well with the standard card of Bi2S3 (JCPDS
No. 84e0279) [35]. All the diffraction peaks of Bi2S3/BiFeO3 sam-
ples can be indexed to pure BiFeO3 and Bi2S3 phase without any
impurities, and the intensity of Bi2S3 diffraction peaks increases
with the amount of TAA. From the analysis of XRD, it indicates that
Bi2S3/BiFeO3 composite photocatalysts have been successfully
synthesized.

The morphology and microstructure of the obtained samples
were analyzed by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). As shown in Figs. S1a and 1b,
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BiFeO3 nanofibers with average diameters about 200e400 nm can
be found in the SEM images, which are prepared by electro-
spinning. Typical morphologies of Bi2S3/BiFeO3 composite photo-
catalysts with different amount of Bi2S3 are shown in Fig. 2 and
Figs. S1(ceh). BiFeO3 nanofibers with short Bi2S3 nanobelts on
surface can be found in Fig. 2a, b and 2c. The clear lattice fringes
with interplanar lattice spacing of 0.375 nm and 0.396 nm can be
observed in Fig. 2d, which can be attributed to the (110) plane of
Bi2S3 and the (012) plane of BiFeO3, respectively. The clear lattice
fringes also reveal the high crystallinity of the obtained Bi2S3/
BiFeO3 composite samples and the clear boundary indicates the
effective combination of Bi2S3 and BiFeO3 components. The mor-
phologies of other Bi2S3/BiFeO3 composite photocatalysts are
shown in Figs. S1(ceh). By increasing the TAA amount, more Bi2S3
short nanobelts are generated on the surface of BiFeO3 nanofibers
by in-situ transformation. From the results, it can be concluded that
Bi2S3/BiFeO3 heterojunctions with tightly integrated interfaces
have been successfully constructed by in-situ anion exchange
method.
3.2. Element distribution and composition analysis

The elemental compositions of Bi2S3/BiFeO3 heterojunction
were determined by SEM-EDX analysis. Fig. 3 shows the corre-
sponding element mapping and energy dispersive spectroscopy of
TAA-2. It can be clearly seen that Bi, Fe, O and S are evenly
distributed in nanofibers as shown in Fig. 3b-e, and there are no
other elements except carbon caused by conductive substrates. The
result further indicates the successful preparation of Bi2S3/BiFeO3
composite samples. Besides, the contents of bismuth sulfide in
Bi2S3/BiFeO3 composite samples are tested by ICP-Mass. The
measured mass ratios of Bi2S3 to BiFeO3 are 12.20, 17.63, 21.78 and
43.85 wt%, respectively, less than their theoretical values. It may be
due to the insufficient conversion of thioacetamide to bismuth
sulfide. The results are shown in Table S1.
Fig. 2. (a, b) SEM images of TAA-2 at different magnificati
3.3. XPS analysis

The surface chemical compositions and bonding structures of
BiFeO3, Bi2S3 and Bi2S3/BiFeO3 heterojunctions (taking TAA-2 as
an example) were determined by X-ray photoelectron spectros-
copy (XPS). The binding energy of C 1s peak at 284.80 eV can be
used as a reference for calibration. It can be seen from the XPS
survey spectra in Fig. 4a that pure BiFeO3 is mainly consist of Bi, O
and Fe elements, Bi2S3 is mainly composed of Bi and S elements,
and Bi2S3/BiFeO3 heterojunction is mainly consist of Bi, O, Fe and S
elements. As shown in Fig. 4b, for pure BiFeO3, two peaks with
binding energies at 158.6 eV and 164.0 eV are attributed to Bi 4f7/2
and Bi 4f5/2, which indicates the existence of Bi3þ in BiFeO3
nanofibers [36]. For pure Bi2S3, there are two sets of spineorbit
coupling peaks located at 158.5, 159.4, 163.8 and 164.6 eV which
are also attributed to Bi 4f7/2 and Bi 4f5/2 [37]. It indicates the
existence of Bi3þ in Bi2S3. Two peaks at 161.0 and 162.3 eV
correspond to S 2p3/2 and S 2p1/2 due to the spin-orbit separation
of S element, indicating the presence of S2� in Bi2S3 [38]. While for
Bi2S3/BiFeO3 heterojunction, six peaks can be fitted at 158.4, 159.4,
161.0, 162.3, 163.7 and 164.6 eV. All of the peaks can be found in
pure BiFeO3 and Bi2S3, indicating the existence of Bi3þ and S2� in
Bi2S3/BiFeO3 heterojunction. In Fe 2p spectra (Fig. 4c), two peaks
at 710.4 and 724.5 eV for BiFeO3 and two peaks at 711.1 and
725.0 eV for Bi2S3/BiFeO3 heterojunction are attributed to Fe 2p3/2

and Fe 2p1/2, respectively. The satellite peak (8 eV higher than that
of Fe 2p3/2) corresponds to the spin-orbit interaction produced by
Fe 2p1/2 and Fe 2p3/2 and highlights the oxidized state of Fe [39],
which indicates that Fe element in BiFeO3 and Bi2S3/BiFeO3 sam-
ples exists as Fe3þ state. In Fig. 4d, O 1s spectrum for pure BiFeO3
can be fitted into three peaks at 529.8, 531.4 and 533.3 eV, cor-
responding to lattice oxygen, surface oxygen and adsorbed water
on surface, respectively [19]. However, for Bi2S3/BiFeO3 hetero-
junction, only two peaks can be fitted at 530.3 and 531.8 eV,
corresponding to lattice oxygen and surface oxygen, respectively
[40]. The peak for adsorbed water at about 533.3 eV has
ons, (c) TEM and (d) HRTEM images of TAA-2 sample.



Fig. 3. The SEM-EDX images of TAA-2: (a) element overlay and (inset) scanning area, (b) Bi, (c) Fe, (d) S, (e) O and (f) energy dispersive spectroscopy.

Fig. 4. XPS spectra of pure BiFeO3, Bi2S3 and TAA-2: (a) survey, (b) Bi 4f, (c) Fe 2p and (d) O 1s.
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disappeared, indicating the decrease of adsorbed water on the
surface of Bi2S3/BiFeO3 heterojunction nanofibers. This may be
due to the formation of short Bi2S3 nanobelts on the surface of
BiFeO3 nanofibers. Therefore, the decrease of adsorbed water on
surface of Bi2S3/BiFeO3 indicates the formation of junction be-
tween BiFeO3 and Bi2S3. Besides, the binding energies of Bi 4f, O 1s
and Fe 2p for the Bi2S3/BiFeO3 heterojunction have a slight shift in
comparison with that of pure BiFeO3, which indicates the inter-
action between BiFeO3 and Bi2S3 [41]. Therefore, the XPS results
further confirm the successful preparation of Bi2S3/BiFeO3 heter-
ojunction photocatalysts.
3.4. Optical property

The visible light-harvesting abilities of pure BiFeO3, Bi2S3, and
Bi2S3/BiFeO3 composites were investigated by UVevis absorption
spectra (Fig. 5a). The absorption edge of pure BiFeO3 is about
500 nm, indicating the poor absorption of visible light for BiFeO3.



Fig. 5. (a) UVevis absorption spectra, and (b) the tauc-plots of (ahv)2 ~ (hv) curves.
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After modification with Bi2S3, the absorption edges of all Bi2S3/
BiFeO3 samples are extended to about 1000 nm covering all the
visible light range and the absorption intensities of visible light are
also increased obviously. The band gaps (Eg) of the obtained sam-
ples are estimated according to Kubelka-Munk function ahn ¼ A
(hn�Eg)n/2, where a, h, n and A represent the absorption coefficient,
Planck constant, light frequency and proportionality, respectively
[42]. As shown in Fig. 5b, by linearly extrapolating the tauc-plots,
the band gaps of BiFeO3 and Bi2S3 are estimated to be about
2.22 eV and 1.48 eV, respectively.
3.5. Photocatalytic performance

A typical antibiotic tetracycline hydrochloride (TC) was used as
model pollutant to evaluate the photocatalytic activity of the pre-
pared photocatalysts under visible light irradiation (l > 420 nm).
Firstly, the adsorption-desorption equilibrium between photo-
catalysts and TC was achieved by stirring for 30 min under dark
condition. As shown in Fig. 6a, it can be found that the adsorption
capacity of TC by Bi2S3/BiFeO3 composite photocatalysts is higher
than that of pure BiFeO3 and Bi2S3, which may be related to the
increased surface areas of the composite photocatalysts. The N2
adsorption-desorption isotherms of pure Bi2S3, BiFeO3 and Bi2S3/
BiFeO3 (TAA-2) composite samples can be found in Fig. S2, and their
BET specific surface areas are 3.1, 6.9 and 17.2 m2 g�1, respectively.
Therefore, Bi2S3/BiFeO3 heterojunction nanofibers show relatively
larger specific surface areas, which can enable adequate
photocatalyst-pollutants contact and provide more reaction sites.
In addition, the photocatalytic activity of Bi2S3/BiFeO3 hetero-
junction nanofibers for TC degradation is significantly higher than
that of pure BiFeO3 and Bi2S3 under visible light. Besides, the
photocatalytic performance of Bi2S3/BiFeO3 heterojunction nano-
fibers can be optimized by the loading amount of Bi2S3. When
adding 0.1 mmol TAA, the obtained TAA-2 sample shows the
highest photocatalytic activity, which can degrade 74% of TC within
120 min, while pure BiFeO3 and Bi2S3 photocatalysts can only
degrade 31% and 28% of TC in the same condition, respectively.

In order to analyze the reaction kinetics of TC degradation, the
reaction rate constant can be obtained by fitting the degradation
data with the pseudo-first-order kinetic equation -ln (C/C0) ¼ kt,
where k is the pseudo-first-order rate constant [43]. As shown in
Fig. 6b and c, the specific k values for Bi2S3, BiFeO3, TAA-1, TAA-2,
TAA-3 and TAA-4 are 0.00143, 0.00163, 0.00359, 0.00854, 0.00635
and 0.00529 min�1, respectively. Compared with pure BiFeO3 and
Bi2S3, the prepared Bi2S3/BiFeO3 composite photocatalysts have
higher photodegradation rate constant. Among them, the k value of
TAA-2 is the highest, which is about 5 times and 6 times of pure
BiFeO3 and Bi2S3, respectively. It can be seen that the modification
of Bi2S3 on BiFeO3 surface by in-situ anion exchange can form
effective heterojunction, and thus can significantly improve the
photocatalytic activity of BiFeO3. Besides, the photocatalytic per-
formance of Bi2S3/BiFeO3 heterojunctions can be easily optimized
by the amount of Bi2S3, and the enhancement of photocatalytic
activity can be attributed to the improved charge separation and
transfer at the interface of BiFeO3 and Bi2S3.

The mineralization rate of organic pollutant TC in the presence
of TAA-2 under visible light irradiationwas studied by total organic
carbon (TOC) analysis. It can be observed that the TOC removal of
TC reaches 67.2% within 120 min (Fig. 6d). The result shows that TC
is photodegraded into CO2 and H2O instead of other organic
intermediates.

3.6. Magnetic separation and cyclic stability

Easy separation and stability are also important factors for
evaluating photocatalysts for practical application. As reported,
BiFeO3 is well known to have ferromagnetic property at room
temperature [44], and thus the Bi2S3/BiFeO3 heterojunctions may
also exhibit ferromagnetic behavior, which can be easily recycled
bymagnetic separation. Fig. 7a shows themagnetic hysteresis loops
of pure BiFeO3 nanofibers and Bi2S3/BiFeO3 heterojunction (TAA-2)
at room temperature. The obvious magnetic hysteresis loops of
pure BiFeO3 and TAA-2 indicate that both of the two samples have
ferromagnetic behavior. The magnetic separation property is tested
by placing a magnet on one side of the reaction flask which con-
tains TAA-2 sample (Fig. 7b). It takes about 3 min to completely
separate the TAA-2 sample from the reaction solution, indicating
the good recyclability of Bi2S3/BiFeO3 heterojunctions by magnetic
separation.

The stability of TAA-2 was studied by degradation of TC for five
cycles by using magnetic separation. The results are shown in
Fig. 7c, after five cyclic degradation experiments, the degradation
efficiency of TC decreases only 2.22%. At the same time, the XRD
patterns of TAA-2 before and after photocatalytic degradation were
analyzed. As shown in Fig. 7d, the crystal structure of TAA-2 before
and after photocatalytic degradation has no significant change,
which indicates the good stability of Bi2S3/BiFeO3 heterojunctions.

3.7. PL analysis

The electronic structure of the photocatalyst and the separation
efficiency of photogenerated electrons and holes were studied by
photoluminescence (PL) spectra. As known, the low emission peak
intensity of the sample indicates that the photogenerated electron-
hole pairs have good separation and low recombination rate [45].
The PL spectra of the obtained photocatalysts under the excitation



Fig. 6. (a) Time profiles of photocatalytic degradation of TC, (b) pseudo-first-order kinetic fitting for TC degradation, (c) reaction rate constants k for photocatalytic degradation of
TC, and (d) TOC removal of TC over TAA-2 under visible-light irradiation.
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wavelength of 410 nm were studied at room temperature. As
shown in Fig. 8, it can be observed that the emission peak in-
tensities of PL decrease in turns of Bi2S3, BiFeO3, TAA-1, TAA-4, TAA-
3 and TAA-2. The lowest PL intensity of TAA-2 sample indicates the
lowest recombination of photogenerated charges, and thus TAA-2
sample shows the highest photocatalytic activity.
3.8. Photoelectrochemical analysis

To better understand the improved photocatalytic activity of
Bi2S3/BiFeO3 heterojunctions, the separation and transfer of photo-
generated carriers were explored by the photocurrent measure-
ments and electrochemical impedance spectroscopy (EIS). Fig. 9a
shows the photocurrent measurements of Bi2S3/BiFeO3 hetero-
junctions, pure Bi2S3 and BiFeO3 nanofibers. The results show that
the photocurrent density of Bi2S3/BiFeO3 is significantly higher than
that of pure Bi2S3 and BiFeO3, which means that Bi2S3/BiFeO3 het-
erojunction leads to more efficient charge separation and migration.
This result confirms the effective interaction formed between Bi2S3
and BiFeO3. The interfacial charge transfer characteristic of the ob-
tained samples is also revealed by the electrochemical impedance
spectroscopy (Fig. 9b). The semicircular radii of the EIS Nyquist plots
can reflect the charge transfer resistance of the electrode materials.
As shown in Fig. 9b, the arc radii of Bi2S3/BiFeO3 heterojunctions are
smaller than that of pure Bi2S3 and BiFeO3, indicating that formation
of heterojunction is good for interfacial charge transfer. The EIS
spectra are also fitted by the circuit diagram model as shown in the
inset of Fig. 9b. Therefore, both of photocurrent measurements and
EIS spectra reveal the superior ability of charge separation and
transfer for Bi2S3/BiFeO3 heterojunctions, leading to the enhanced
photocatalytic performance.
3.9. Photocatalytic mechanism

Mott-Schottky plots were measured to determine the semi-
conductor types and band structures of BiFeO3 and Bi2S3. As shown
in Fig. 10a and b, the positive slopes of BiFeO3 and Bi2S3 analyzed by
Mott-Schottky indicate that they are all n-type semiconductors
[46]. In addition, the flat band potential (Vfb) can be determined by
extrapolating the line to 1/C2 ¼ 0. The Vfb of BiFeO3 and Bi2S3
are �0.13 V and �0.55 V (vs Ag/AgCl at pH ¼ 7), respectively. The
potentials are recalculated to be 0.08 V and �0.34 V vs NHE at
pH ¼ 0 according to the equation in Supplementary Material [27].
In a specific electrolyte, the flat band position reflects the position
of Fermi energy level, and for n-type semiconductor, the flat band is
very close to the position of conduction band (CB) [47]. Thus, the CB
potentials of BiFeO3 and Bi2S3 are estimated to be 0.08 V
and�0.34 V (vs NHE pH ¼ 0), respectively. Moreover, the VB values
of Bi2S3 and BiFeO3 can be calculated according to the formula of
ECB ¼ EVB - Eg. Based on their band gaps of 2.22 eV and 1.48 eV, the
valence band (VB) potentials of BiFeO3 and Bi2S3 are 2.3 V and
1.14 V, respectively. The band structures of BiFeO3 and Bi2S3 are
shown in Fig. 10c.

The trapping experiments and ESR spin trapping were con-
ducted to monitor the active species and free radicals produced by
Bi2S3/BiFeO3 heterojunctions in the photoreaction process. In the
trapping experiments, 1,4-benzoquinone (BQ), isopropanol (IPA)
and ethylenediaminetetraacetic acid (EDTA) were introduced as
scavengers to trap ∙O2

�, ∙OH and hþ under visible light irradiation,
respectively [48]. As shown in Fig. 11a, by adding IPA or EDTA, the
degradation of TC is significantly inhibited. When BQ is added, the
degradation of TC is slightly influenced. Therefore, ∙OH and hþ are
the main active species, and ∙O2

� plays a smaller role in the



Fig. 7. (a) Magnetization curves of pure BiFeO3 nanofibers and Bi2S3/BiFeO3 heterojunction (TAA-2), (b) photographs of TC solution for magnetic separation, (c) degradation curves
of TC over TAA-2 for five cycles, and (d) XRD patterns of TAA-2 after five cycles.

Fig. 8. PL spectra of the obtained samples.
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photodegradation process of TC by Bi2S3/BiFeO3 heterojunctions.
To further verify the active species, ESR spin trapping was used

to capture the free radicals produced by different photocatalysts
under visible light irradiation. As shown in Fig. 11b, the obvious ESR
signals of DMPO-∙∙OH were observed for Bi2S3/BiFeO3 (TAA-2)
photocatalyst, indicating that ∙∙OH was formed during the photo-
reaction. It is consistent with the result of trapping experiment. The
VB potential of pure BiFeO3 is more positive than that of E (∙OH/
OH�) (1.99 V vs NHE) [49], thus it has the ability to produce ∙∙OH
radical, which is consistent with the result of Fig. 11c. However, it is
impossible for pure Bi2S3 to produce ∙∙OH radical in the same way,
because the position of its VB is more negative than that of E (∙OH/
OH¡), but the signal of DMPO-∙∙OH can be found in Fig. 10d. The
possible way for the formation of ∙∙OH by pure Bi2S3 may be pro-
duced by H2O2, which is generated from the reaction of ∙O2

� with
H2O [50]. This corresponds to the higher CB position of Bi2S3.
Combining the shape and intensity of DMPO-∙OH signal for TAA-2
sample, the ∙∙OH radical should be produced by BiFeO3 component,
which suggests that the photogenerated holes still stay in the VB of
BiFeO3 and do not transfer to the VB of Bi2S3. In Fig. 11b-d, DMPO-
∙O2

� signals can be observed for TAA-2 and Bi2S3, while no obvious
DMPO-∙O2

� signal can be found for BiFeO3. The photogenerated
electrons from Bi2S3 have enough reduction ability to reduce O2 to
form ∙O2

�, but BiFeO3 cannot, because its CB position is much lower
than that of E (O2/∙∙O2

�) (�0.33 V vs NHE) [51]. The results indicate
the photogenerated electrons still stay in the CB of Bi2S3 and do not
transfer to the CB of BiFeO3. Therefore, the signals of ∙O2

� and ∙∙OH
for Bi2S3/BiFeO3 heterojunctions are produced by the photo-
generated electrons from Bi2S3 and photogenerated holes from
BiFeO3. The charge separation and transfer follow the direct Z-
scheme mechanism [52,53], rather than the conventional type II
mechanism.

Moreover, the photogenerated electron transfer route for Bi2S3/
BiFeO3 heterojunctions was tracked by photodeposition of Ag.
Fig. 12 shows that Ag nanoparticles are mainly deposited on Bi2S3
short nanobelts, which indicates that photogenerated electrons
come from the CB of Bi2S3 with strong reduction ability and the
electrons cannot transfer to the CB of BiFeO3. It is consistent with
their band structures and ESR result. Therefore, combining the



Fig. 9. (a) Photocurrent response spectra and (b) electrochemical impedance spectra of the obtained samples (inset: circuit diagram model).

Fig. 10. (a, b) Mott-Schottky plots for BiFeO3 and Bi2S3 samples, and (c) band structures of BiFeO3 and Bi2S3.

Y. Ma et al. / Journal of Alloys and Compounds 834 (2020) 155158 9
analysis of energy band positions and active species, the charge
separation and transfer mechanism of Bi2S3/BiFeO3 heterojunction
can be illuminated by direct Z-scheme (Scheme 2). Bi2S3 is a narrow
band gap semiconductor with higher Fermi level, while BiFeO3 is a
relative wide band gap semiconductor with lower Fermi level
(Scheme 2a). When they get a close contact, electrons from Bi2S3
quickly transfer to BiFeO3 through their interface until they reach
the same Fermi level (Scheme 2b). In this process, the Fermi level
shifts can lead to positive and negative energy band bending for
Bi2S3 and BiFeO3, respectively. Bi2S3 loses electrons with positively
charged, and BiFeO3 gets electrons with negatively charged at the
interface. Therefore, an internal electric field is formed at their
interface. Due to the effect of internal electric field, the electrons
from the CB of BiFeO3 and the holes from the VB of Bi2S3 would
easily transfer to the interface of heterojunction, which makes
them quickly recombine together. Moreover, the photogenerated
electrons in the CB of Bi2S3 and holes in the VB of BiFeO3 would
easily migrate to their surface. The photogenerated electrons from
Bi2S3 would react with the surface adsorbed O2 molecules to form
∙O2

� species, and the holes from BiFeO3 can react with H2O or OH�

to form ∙OH species. All of hþ, ∙OH and ∙O2
� active species canwork

together to degrade TC into H2O and CO2 (Scheme 2c). Therefore,
the improved photocatalytic activity of Bi2S3/BiFeO3 composite
photocatalysts can be attributed to the formation of direct Z-
scheme heterojunction, which is good for charge separation and
transfer. Besides, the in-situ formation of Bi2S3 on surface of BiFeO3
nanofibers increases the visible light response, which is also very
important to the enhancement of photocatalytic activity.

4. Conclusions

In summary, Bi2S3/BiFeO3 heterojunction nanofibers with tightly



Fig. 11. (a) Scavenging studies for TC degradation under visible light, (bed) ESR signals of DMPO-∙O2
� and DMPO- ∙OH under visible light in the presence of TAA-2, BiFeO3 and Bi2S3.

Fig. 12. TEM and HRTEM images of Ag nanoparticles photodeposited in the presence of TAA-2 sample under visible light irradiation.

Scheme 2. (a) The band structures of BiFeO3 and Bi2S3 before contact, (b) the internal electric field and band edge bending at the interface of Bi2S3/BiFeO3 after contact, and (c) the
Z-scheme charge transfer mechanism between BiFeO3 and Bi2S3 under visible light irradiation.
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integrated interface were prepared by electrospinning and in-situ
anion exchange method. The results showed that a direct Z-
scheme heterojunction was formed between BiFeO3 nanofibers and
Bi2S3 short nanobelts. When adding 0.1 mmol TAA, the obtained
TAA-2 photocatalyst exhibited the best photocatalytic performance,
which was 5 and 6 times of pure BiFeO3 and Bi2S3, respectively. The
reason for the enhanced photocatalytic performance of Bi2S3/BiFeO3
heterojunctions was investigated, which was mainly attributed to
the improved absorption of visible light and the efficient charge
separation and transfer of direct Z-scheme mechanism. This work
not only provides a highly efficient visible light-driven photo-
catalyst for environmental remediation, but also helps to promote
the existing photocatalyst and form an efficient photocatalytic
system.
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