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ABSTRACT: Fabrication of S-scheme heterojunctions with
enhanced redox capability offers an effective approach to address
environmental remediation. In this study, high-performance
Bi2Sn2O7/β-Bi2O3 S-scheme heterojunction photocatalysts were
fabricated via the in situ growth of Bi2Sn2O7 on β-Bi2O3
microspheres. The optimized Bi2Sn2O7/β-Bi2O3 (BSO/BO-0.4)
degradation efficiency for tetracycline hydrochloride was 95.5%,
which was 2.68-fold higher than that of β-Bi2O3. This improvement
originated from higher photoelectron−hole pair separation
efficiency, more exposed active sites, excellent redox capacity,
and efficient generation of ·O2

− and ·OH. Additionally, Bi2Sn2O7/
β-Bi2O3 exhibited good stability against photocatalytic degradation,
and the degradation efficiency remained >89.7% after five cycles. The photocatalytic mechanism of Bi2Sn2O7/β-Bi2O3 S-scheme
heterojunctions was elucidated. In this study, we design and fabricate high-performance heterojunction photocatalysts for
environmental remediation using S-scheme photocatalysts.

■ INTRODUCTION
Broad-spectrum antibiotics, such as tetracycline hydrochloride
(TC), have been widely used for treating human diseases.1−3

However, TC is frequently inappropriately disposed in
wastewater after its use in animal feeding, human therapy,
etc., which severely threatens human health4−6 and the
environment. Besides,7,8 degradation of TC is difficult in a
natural environment owing to its high stability and
recalcitrance7,8; therefore, a highly effective and inexpensive
method is needed for eliminating TC. Semiconductor-based
photocatalysis has attracted considerable interest as a water
treatment method owing to its lower cost, economic feasibility,
and environmental friendliness. A major challenge in semi-
conductor-based photocatalysis is to develop a photocatalyst
that absorbs sufficient sunlight9,10 and separates11,12 and
generates photogenerated carriers effectively.13−15

During the past few years, Bi-based photocatalysis has
gained popularity in photocatalysis research because it is
environmentally friendly, economical, and efficient. In the
coordination process, bismuth ligands usually exhibit a +3
valency and bind strongly to the three outermost electrons.
Examples of such catalysts include BiOX (X = Cl, Br, and
I),16−19 Bi2Sn2O7,

20−22 Bi2WO6,
23−26 and Bi2MoO6.

27−30

However, the performance of these catalysts is severely limited
because of poor photocarrier separation efficiency. Until now,
the photocatalytic performance of catalysts has been enhanced

by manipulating their morphology, structure, element dop-
ing,31 and heterojunction construction.32,33

Metal−organic frameworks (MOFs) are coordination
polymers comprising metal ions and organic molecules.34−38

They are mainly used in catalysis, adsorption, sensing, and
other fields because of their high porosity and specific surface
area. Among them, Bi-based MOFs have increasingly attracted
attention in green chemistry and environmental remediation
owing to the large atomic radius of bismuth and the diversity
of its coordination environments, which can enable various
applications. Bi-based MOFs reported so far include CAU-7,39

CAU-17,40 CAU-31,41 and CAU-35.42 Although the prepara-
tion40,43 and structural analysis44−46 of Bi-based MOFs have
been primarily studied, their optical properties, adsorption
capacity, and photocatalytic properties have remained largely
unexplored. Considering the excellent photocatalytic perform-
ance of Bi-based catalysts and the advantages of MOFs, Bi-
based MOFs can offer excellent performance in photocatalysis.
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Bi2O3, a wide-band gap semiconductor (2.0−3.9 eV)
material capable of exhibiting polymorphism, is nontoxic,
harmless, and inexpensive. Meanwhile, Bi2O3 can respond to
ultraviolet light and visible light to produce reactive oxygen
species (ROS), thus decomposing pollutants in water.
Metastable Bi2O3 is extremely easy to transition to a stable
state under the condition of temperature change, so it is
necessary to improve its stability and prevent phase transition.
According to previous reports, the construction of nano-
composites can effectively solve the metastable problem of
Bi2O3, so its application in practice is tested. Pyrochlore
Bi2Sn2O7, which is an ordered fluorite-structure oxide, is a
promising photocatalyst that can be easily modified and has an
adjustable structure, suitable band structure (approximately
2.75 eV), and low cost.47,48 Because of Bi2Sn2O7 disadvantages
such as fast recombination49,50 and low quantum yield,51,52 its
application in environmental remediation is limited. Never-
theless, heterojunctions can overcome the shortcomings of
these catalysts. Optimal heterostructures can prevent recombi-
nation of photogenerated carriers and decouple oxidation and
reduction. However, typical heterojunctions (i.e., type I53,54

and II55,56 heterojunctions) possess charge transfer defects,
limiting their redox ability.57 Z-scheme heterojunctions can
simulate natural photosynthesis; the valence band (VB) of the
reduction photocatalyst (RP) is more likely to transfer
electrons to the conduction band (CB) of the oxidation
photocatalyst (OP) because of the large redox potential
difference. Hence, the redox capacity of the catalyst cannot be
substantially enhanced. Yu and co-workers58 introduced and
discussed a new concept of heterojunctions (i.e., S-scheme
heterojunctions59,60). OPs have a comparatively low VB
position and are mainly used for oxidation reactions.
Moreover, RPs with a high CB have a strong reduction
ability.61 S-scheme heterojunctions comprise an RP and OP
and have a staggered band structure similar to Type II
heterojunctions, but their charge transfer is entirely different
from that of Type II heterojunctions.62 As a result of the
generated internal electric field (IEF), under the influence of
band bending and the Coulomb effect, photogenerated carriers
at the CB of OPs are more likely to recombine with the VB of
RPs to form a charge transfer pathway driving the S-scheme
heterojunctions.63,64 The reduction capacity of RPs and the
oxidation capacity of OPs are retained to the greatest extent,
thereby exhibiting strong reduction and oxidation capaci-
ties.65,66

In this study, a Bi2Sn2O7/β-Bi2O3 S-scheme heterojunction
photocatalyst was prepared by a self-assembly method using
CAU-17 as a template. Because of the suitable energy band of
the catalyst, successful construction of an S-scheme hetero-
junction generates a built-in electric field on the catalyst
surface, considerably improving the separation efficiency of
photoexcited electron−hole pairs. Additionally, Bi2Sn2O7 has a
better photoresponse in both visible and near-infrared regions.
The introduction of Bi2Sn2O7 increased the light response
range of the heterojunction photocatalyst, thereby increasing
the transfer speed of photoexcited charge carriers. The
obtained Bi2Sn2O7/β-Bi2O3 photocatalyst exhibited excellent
photocatalytic degradation performance in the case of
tetracycline. Therefore, ROS required for photodegradation
can be produced more efficiently. This new heterojunction
photocatalyst offers new opportunities for environmental
pollution control.

■ EXPERIMENTAL PROCEDURE
Materials. All chemicals used in this study were analytically

pure and were used as received without purification. Bismuth
nitrate pentahydrate (Bi(NO3)3·5H2O, product number:
B110811), terephthalic acid (99%, product number:
P108506), sodium stannate trihydrate (Na2SnO3·3H2O, 98%,
product number: S122410), N,N-dimethylformamide (product
number: D111999), ethylene glycol (AR, 99.5%, product
number: E103323), sodium sulfate anhydrous (AR, 99%,
product number: S112268), potassium ferricyanide (AR,
99.5%, product number: P111564), potassium ferrocyanide
trihydrate (AR, 99%, product number: P112421), and
potassium chloride (AR, 99.5%, product number: P112134).
All materials were purchased from Aladdin Reagent Co. Ltd.
(China).
Preparation of Photocatalysts. The preparation process

of Bi2Sn2O7/β-Bi2O3 is shown in Figure 1.

CAU-17 was synthesized using a simple solvothermal self-
assembly method. Briefly, 4 mmol of Bi(NO3)3·5H2O was
dissolved in ethylene glycol (40 mL) for 1 h under ultrasonic
conditions to get a solution of A. Meanwhile, 6 mmol of
terephthalic acid was dissolved in DMF (30 mL) under
magnetic stirring to form a solution of B. Subsequently, the
solutions A and B were mixed and stirred continuously for 2 h.
The mixed solution was then transferred to a 100 mL Teflon-
lined stainless-steel autoclave and heated at 150 °C for 16 h.
Upon naturally cooling the autoclave to room temperature, the
precipitate was washed six times with ethanol and deionized
water and then vacuum-dried overnight at 60 °C.
The preparation method of Bi2Sn2O7/β-Bi2O3 was as

follows. First, 0.2 g of CAU-17 was ultrasonically dispersed
in 40 mL of ethanol, and x mmol of Na2SnO3·3H2O was added
to 20 mL of deionized water and stirred magnetically.
Subsequently, the Na2SnO3·3H2O solution was dropped into
the CAU-17 suspension and the pH of the suspension was
adjusted to pH 13 using 1 M NaOH solution. After stirring for
30 min, the solution was transferred to a 100 mL Teflon-lined
stainless-steel autoclave and heated at 200 °C for 24 h; after
that, the precipitate was collected, washed, and dried at 60 °C
overnight. Subsequently, the dried samples were placed in a
Muffle furnace and annealed at 450 °C for 2 h. The samples
were labeled BSO/BO-x, where x represents the molar amount
of Na2SnO3·3H2O (BSO/BO-0.1, BSO/BO-0.2, BSO/BO-0.3,
BSO/BO-0.4, and BSO/BO-0.5).

Figure 1. Schematic illustration of the preparation process of CAU-17
and Bi2Sn2O7/β-Bi2O3.
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For comparison, pure Bi2Sn2O7 was hydrothermally
prepared by substituting Bi(NO3)3·5H2O for CAU-17. More-
over, β-Bi2O3 was prepared by placing 0.2 g of CAU-17 in a
Muffle furnace and annealing it at 450 °C for 2 h.
Characterization. The crystal phase structure of the

catalyst was analyzed via X-ray diffraction (XRD, DX-2700,
Dandong Fangyuan Instrument Co. Ltd., Dandong, China).
The X-ray tube was made of Cu−Pd (λ = 1.5417 Å). The tube
voltage and current were 40 kV and 30 mA, respectively. The
scan step length and scan range were 0.02° and 5−80°,
respectively. The elemental composition and catalyst content
were determined via X-ray photoelectron spectroscopy (XPS,
Thermo Kalpha, Waltham, USA). The analytical chamber was
vacuumed at 8 × 10−10 Pa, the excitation source was Al Ka ray
(hν = 1486.6 eV) and the operating voltage and the filament
current were set at 12.5 kV and 16 mA, respectively. The XPS
full spectrum and precision spectra were calibrated using C 1s
(284.80 eV). The microstructural characteristics of the
catalysts were characterized via scanning electron microscopy
(SEM, Zeiss Sigma 300, Zeiss, Oberkochen, Germany). The
specific surface areas of the powder samples were calculated
from their nitrogen absorption data at 77 K using the
Brunauer−Emmett−Teller technique (BET, APSP 2460,
Micromeritics, USA). The heat treatment temperature was
200 °C, and the pretreatment time was 6 h. Transmission
electron microscopy (TEM, FEI Tecnai F20, FEI, Eindhoven,
Netherlands) was performed to obtain high-resolution images
using an acceleration voltage of 80−300 kV to analyze the
crystal surface of the catalyst. Photoluminescence (PL,
FLS1000, Edinburgh, UK) was analyzed using a fluorescence
spectrometer (excitation wavelength: 530 nm). Transient
photocurrent response (TPR) and electrochemical impedance
spectroscopy (EIS) measurements were conducted using a
three-electrode electrochemical workstation (CHI660, Chen-
ghua, Shanghai, China). A sodium sulfate anhydrous solution
(0.1 M) was used for TPR measurement. A mixed solution of
potassium ferricyanide (2.5 mM), potassium ferrocyanide
trihydrate (2.5 mM), and potassium chloride (0.1 M) was
used as a test solution for EIS measurements.
Photocatalytic Testing. The photocatalytic performance

of catalysts for degrading tetracycline (100 mL, 20 mg/L) was
measured under visible light (λ > 420 nm), and a 300-W Xe
lamp was used as the illumination source (China Education
Au-Light Co. Ltd., Beijing). With the assistance of a water-
circulating device, the temperature of the photocatalytic system
was maintained at 25 °C ± 2 °C. In the experiment, 0.040 g of
catalyst was added to a TC solution (100 mL). Subsequently,
for adsorption equilibrium, the mixture was ultrasonically
treated for 5 min and stirred for 40 min in darkness. The
suspension was then continuously stirred under constant
agitation under the visible light emitted by the Xe lamp.
During this period, 3 mL samples were drawn from the
suspension at intervals. The specimen was immediately filtered
using a 0.22 μm membrane filter and placed in an ultraviolet
(UV) spectrophotometer for determining its absorbance. The
detection wavelength was 357 nm.
The specific degradation efficiency (η%) of the catalyst was

calculated according to eq 1:

C C% (1 / ) 100%0= × (1)

where C0 represents the initial concentration of the TC
solution and C represents the concentration of the TC solution
at degradation time t.

Moreover, the reusability of the catalyst was examined by
performing cyclic photocatalytic degradation experiments. The
photocatalytic process was the same as the aforementioned
steps. At the end of each reaction, the catalyst was centrifuged,
washed, dried, and then degraded again under identical
conditions.
Determination of Reactive Species. In photocatalytic

degradation experiments, different free radicals were destroyed
by adding different scavengers. Hence, the effects of different
free radicals on the TC degradation process were analyzed.
Isopropanol (IPA, 0.2 mM), benzoquinone (BQ, 0.2 mM),
and ammonium oxalate (AO, 0.2 mM) were used as scavengers
to detect ·OH, ·O2

−, and H+. Further, DMPO-·O2
− and

DMPO-·OH were measured using an electron paramagnetic
resonance spectrometer (ESR, BrukerA330, Bruker, Germany).
Detection of Degradation Intermediates. Degradation

intermediates were analyzed using the chromatographic
column Waters BEH C18 (2.1 × 100 mm, 1.7 μm) in
combination with a high-performance liquid chromatography−
mass spectroscopy (HPLC−MS) system (Agilent 1290uplc,
Agilent QTOF650). A formic acid aqueous solution (0.1%)
was used as the mobile phase A, and an acetonitrile solution
was used as the mobile phase B; the flow rate was set at 0.3
mL/min. The injection volume of the liquid was 5 μL, and the
scanning range was controlled from 5 to 1000 m/z. The sheath
gas temperature and flow were set at 350 °C and 12 L/min,
respectively.

■ RESULTS AND DISCUSSION
Compositional, Structural, and Morphological Char-

acterization. Figure 2a shows a strong diffraction peak for

CAU-17 at 7.1°, consistent with the literature.67 Compared
with CAU-17, the peak of Bi2Sn2O7/β-Bi2O3 weakened. The
characteristic peaks of Bi2Sn2O7/β-Bi2O3 at 27.9, 32.7, 46.2,
and 55.5° correspond to the (2 0 1), (2 2 0), (2 2 2), and (4 2
1) crystal planes of β-Bi2O3 (JCPDS NO.27-0050, Figure
S1a).68,69 The possible reason is that in the process of
calcination, the Bi element that did not form Bi2Sn2O7 in
CAU-17 is converted to β-Bi2O3, which makes the diffraction
peak of CAU-17 disappear. Further, Bi2Sn2O7/β-Bi2O3 had a
wide peak corresponding to the Bi2Sn2O7 (4 4 4) plane at
28.9°, and other characteristic peaks of Bi2Sn2O7 appeared at
33.6, 44.1, and 57.2° corresponding to the (8 0 0), (8 8 0), and
(12 4 4) planes, respectively (JCPDS No.56-0652, Figure
S1b).70,71 Additionally, with an increase in Na2SnO3·3H2O
content, the peak intensities of β-Bi2O3 (2 0 1) and (2 2 2)
planes decreased substantially and the peak intensities of the
Bi2Sn2O7 (4 4 4) and (8 0 0) planes gradually increased
(Figure S2), proving the presence of Bi2Sn2O7 and β-Bi2O3.

Figure 2. (a) X-ray diffraction (XRD) patterns and (b) Raman
spectra of CAU-17 and Bi2Sn2O7/β-Bi2O3.
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The results showed that Bi2Sn2O7 and β-Bi2O3 were
successfully prepared on the MOFs. A definite existence of
Bi2Sn2O7 and β-Bi2O3 is analyzed using a Raman spectrometer
with laser excitation of 785 nm as shown in Figure 2b. Two
main peaks at 70 and 96 cm−1 correspond to the Eg and A1g
phonon modes of rhomboid Bi.72 The peak values at 126 cm−1

correspond to F1u of the Bi−O stretching mode in Bi2Sn2O7.
The vibration mode of Bi2Sn2O7 at 315 cm−1 is specified at the
F2g mode of Sn−O stretching.73,74 It can be clearly seen that
the Raman peaks of β-Bi2O3 are, respectively, located at 160
cm−1, which is consistent with previous reports.75,76 The
results show that the peak strength of β-Bi2O3/Bi2Sn2O7
composites decreases with the increase of the dosage of
Na2SnO3·3H2O. The results of ICP-OES (Table S1) show that
CAU-17 should be completely converted to β-Bi2O3. With the
increase of Na2SnO3·3H2O content, the ratio of Bi element in
Bi2Sn2O7/β-Bi2O3 gradually decreases, while the ratio of Sn
element increases. The ratio of β-Bi2O3 and Bi2Sn2O7 shows an
obvious trend, indicating the proportion of catalyst parts.
The morphologies and structures of CAU-17 and BSO/BO-

0.4 were observed via SEM, TEM, and high-resolution TEM
(HRTEM). Figure 3a,b shows the SEM image of CAU-17. As

can be seen from Figure 3a, CAU-17 has a flower-like
microspherical morphology (diameter: ∼1.4−1.6 μm) com-
prising stacked two-dimensional nanorods (Figure 3b).34 The
SEM images of Bi2Sn2O7/β-Bi2O3 are shown in Figure 3c,d.
Bi2Sn2O7 was formed on the outer layer of the catalyst, which
mainly had a rod-like structure. Additionally, during annealing,
Bi without forming Bi2Sn2O7 forms β-Bi2O3 inside the material
and removes impurities, making the rod-like structure on the
surface of the sphere protruded. The overall diameter of the
prepared composite material was approximately 2.6 μm, and
the heterostructure of BSO/BO-0.4 was further confirmed via
TEM. The TEM images of BSO/BM-0.4 are shown in Figure
4a,b. BSO/BO-0.4 had a microspherical morphology (Figure
4a), its exterior surface comprised Bi2Sn2O7 nanorods
extending outward, and the interior of its catalyst comprised
β-Bi2O3 formed by CAU-17 (Figure 4b). HRTEM showed
four distinct interfacial intervals of 0.308, 0.267, 0.188, and
0.161 nm corresponding to (4 4 4), (8 0 0), (8 8 0), and (12 4
4) planes of Bi2Sn2O7, respectively (Figure 4c). As can be seen
from the element mapping spectrum, Bi and O elements are
scattered in the graph. It can be clearly observed through the
Sn element that no Sn element exists in the center of the
sphere, indicating that the internal material is β-Bi2O3. The
SEM, TEM, and HRTEM results proved that Bi2Sn2O7 was
successfully extended on the material’s surface. Figure 4d−g
shows elemental mapping images of BSO/BO-0.4. In these
images, it can be seen from the Bi and Sn elements mapping
spectra that β-Bi2O3 is mainly concentrated in the lower right
part, further indicating the presence of β-Bi2O3 in the material
and the successful formation of the Bi2Sn2O7/β-Bi2O3
heterojunction structure.
To detect the chemical states and electronic interactions for

β-Bi2O3, Bi2Sn2O7, and Bi2Sn2O7/β-Bi2O3, the XPS spectra of
β-Bi2O3, Bi2Sn2O7, and BSO/BO-0.4 were collected; these
spectra are shown in Figure S4. Unlike β-Bi2O3 and Bi2Sn2O7,
BSO/BO-0.4 clearly contains Bi, Sn, C, and O, indicating the
coexistence of β-Bi2O3 and Bi2Sn2O7. In Figure 5a, two
protruding peaks at 164.55 and 159.25 eV correspond to Bi
4f5/2 and Bi 4f7/2, respectively, indicating that Bi exists as Bi3+
in BSO/BO-0.4.77,78 The peaks at 494.50 and 486.05 eV can
be attributed to Sn 3d3/2 and Sn 3d5/2, respectively, reflecting
the presence of Sn4+ in BSO/BO-0.4 (Figure 5b).21,79 In

Figure 3. Scanning electron microscopy (SEM) images of (a, b)
pristine CAU-17 and (c, d) BSO/BO-0.4.

Figure 4. (a, b) Transmission electron microscopy (TEM) images, (c) high-resolution TEM (HRTEM) images and (d−g) elemental mapping of
BSO/BO-0.4.
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Figure 5c, 288.45, 286.30, and 284.80 eV are the three peaks of
C 1s spectral fitting of BSO/BO-0.4 corresponding to C�O,
C−C, and C�C bonds, respectively.80,81 In Figure 5d, 532.89,
531.83, 531.31, and 530.24 eV are the four peaks of the O 1s
spectrum corresponding to O−C�O, Sn−O, O−H, and Bi−
O bonds, respectively.34 Compared with the original β-Bi2O3
and Bi2Sn2O7, the positive and negative shifts of Bi 4f and O 1s
binding energies and the negative shifts of Sn 3d binding
energies of β-Bi2O3 and Bi2Sn2O7 indicate strong electronic
interaction rather than physical interaction in the BSO/BO-0.4
heterojunction. It can be inferred that electron transfer occurs
from β-Bi2O3 to Bi2Sn2O7, generating an interfacial electric
field and enabling the current carriers of Bi2Sn2O7 to migrate
smoothly to the β-Bi2O3 interface.
Motivated by the hierarchical structure of β-Bi2O3, Bi2Sn2O7,

and BSO/BO-0.4, we analyzed the BET-specific surface area
and pore size distribution (Figure 6). Specifically, β-Bi2O3

presents a type III isotherm, and Bi2Sn2O7 and BSO/BO-0.4
heterojunction presents a type IV isotherm, and the pore
distribution curves further confirmed the presence of
mesopores in BSO/BO-0.4. Compared with β-Bi2O3 and
Bi2Sn2O7, BSO/BO-0.4 had a higher BET-specific surface area
(113.65 m2 g−1) compared with original β-Bi2O3 (20.01 m2

g−1) and Bi2Sn2O7 (29.80 m2 g−1) (Table 1). The presence of

many mesoporous structures in BSO/BO-0.4 increases the
number of reaction sites.

Optical and Electronic Properties. UV−visible light
(UV−vis) diffuse reflectance spectroscopy (DRS) was
performed to characterize the optical properties of β-Bi2O3,
Bi2Sn2O7, and BSO/BO-0.4 (Figure 7a). Specifically, β-Bi2O3

and Bi2Sn2O7 both exhibited excellent visible-light absorption
with absorption edges at approximately 615 and 480 nm,
respectively.82,83 BSO/BO-0.4 exhibited enhanced visible-light
absorption compared with original β-Bi2O3 and Bi2Sn2O7, and
the introduction of Bi2Sn2O7 with a narrow bandgap
broadened the absorption range of β-Bi2O3, which is conducive
to enhancing the photocatalytic performance. The bandgap
(Eg) values (Figure 7b) of β-Bi2O3 and Bi2Sn2O7 were
determined using eq 284 and were 2.26 and 2.97 eV,
respectively.85

h A h E( )n
g

/2= (2)

To further reveal the redox capacity, Mott−Schottky tests
were performed. Particularly, β-Bi2O3 and Bi2Sn2O7 clearly
exhibited n-type semiconductor characteristics (Figure 7c).
Additionally, the x-axis intercept was extrapolated to obtain the
flat band potential (Efb), and the Efb values of β-Bi2O3 and
Bi2Sn2O7 were determined to be approximately −0.46 and 0.04
V, respectively (vs Ag/AgCl). Because ECB of the n-type
semiconductor is approximately 0.1 V higher than that of Efb,
the ECB values of β-Bi2O3 and Bi2Sn2O7 were approximately
−0.56 and −0.96 V, respectively (vs Ag/AgCl). According to

Figure 5. X-ray photoelectron spectroscopy (XPS) spectra of pristine
β-Bi2O3, Bi2Sn2O7, and BSO/BO-0.4: Bi 4f (a), Sn 3d (b), C 1s (c),
and O 1s (d).

Figure 6. (a) Nitrogen adsorption−desorption isotherms and (b)
pore size distribution of β-Bi2O3, Bi2Sn2O7, and BSO/BO-0.4
heterojunctions.

Table 1. SBET and Average Pore Size of Bi-MOF-MW and
BSO/BM-0.4 Heterojunctions

sample SBET (m2/g) average pore diameter (nm)

β-Bi2O3 20.01 23.20
Bi2Sn2O7 29.80 12.97
BSO/BM-0.4 113.65 7.97

Figure 7. (a) UV−visible light (UV−vis) diffuse reflectance
spectroscopy (DRS) of β-Bi2O3, Bi2Sn2O7, and BSO/BO-0.4; (b)
Tauc plots of β-Bi2O3 and Bi2Sn2O7; (c) Mott−Schottky curves of β-
Bi2O3 and Bi2Sn2O7; and (d) band structure diagrams of β-Bi2O3 and
Bi2Sn2O7.
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eq 3,86,87 their corresponding ENHE values were determined to
be −0.36 and 0.11 V (vs NHE), respectively.

E E 0.197NHE Ag/AgCl= + (3)

Hence, the EVB values of β-Bi2O3 and Bi2Sn2O7 were calculated
to be 1.90 and 3.08 V, respectively (vs NHE), according to the
Nernst formula (eq 4).

E E ECB VB g= (4)

The band structures of β-Bi2O3 and Bi2Sn2O7 are shown in
Figure 7d.
Photocatalytic Activity. To characterize the photo-

catalytic activity of the Bi2Sn2O7/β-Bi2O3 heterojunction, the
degradation efficiency of degraded pollutants (TC) under
visible light was evaluated. The photocatalytic reaction was
conducted after 40 min in darkness to achieve adsorption
equilibrium. As shown in Figure 8a, the self-degradation effect

of the TC pollutant solution was almost negligible in the
absence of the catalyst. Under visible light, the TC degradation
efficiencies of β-Bi2O3 and Bi2Sn2O7 after 120 min were only
58.6 and 49.9%, respectively, because of severe recombination
of photocarriers. Meanwhile, BSO + BO mixed, which uses the
physical mixing method to simply stir Bi2Sn2O7 and β-Bi2O3
and then dry them, does not show a good removal rate in the
photocatalytic degradation experiment, and its degradation
efficiency is only 53.4%. Interestingly, once Bi2Sn2O7 was
combined with β-Bi2O3, the resulting Bi2Sn2O7/β-Bi2O3
heterojunction exhibited remarkably enhanced photocatalytic
degradation efficiency. Among them, BSO/BO-0.4 exhibited
the best degradation effect, reaching 95.5% after 120 min of
irradiation. However, with increasing Na2SnO3·3H2O content,
the photocatalytic activity decreased, possibly because of the
continuous growth of Bi2Sn2O7 leading to the decrease of β-
Bi2O3 and destruction of charge separation. Therefore, the

addition of an appropriate amount of Na2SnO3·3H2O
facilitates the best synergistic effect between Bi2Sn2O7 and β-
Bi2O3. For comparison, Table 2 lists the TC degradation
efficiencies of Bi2Sn2O7/β-Bi2O3 along with those of other
heterojunction photocatalysts. Note that Bi2Sn2O7/β-Bi2O3
exhibited higher photocatalytic activity than these photo-
catalysts, further demonstrating its high catalytic performance.
Further, β-Bi2O3 exhibited higher adsorption capacity for TC
(17.1%) than Bi2Sn2O7, but its photocatalytic ability was lower
than that of Bi2Sn2O7. After Bi2Sn2O7 and β-Bi2O3 were
combined, BSO/BO-0.1, BSO/BO-0.2, BSO/BO-0.3, BSO/
BO-0.4, and BSO/BO-0.5 adsorbed 14.4, 24.8, 33.7, 49.8, and
22.3% TC, respectively. The results showed that the
adsorption performance of those catalysts improved with an
increase in Bi2Sn2O7 content. When the ratio of Bi2Sn2O7 to β-
Bi2O3 reached the optimal value (BSO/BO-0.4), the
adsorption performance gradually decreased, proving that
BSO/BO-0.4 had the largest specific surface area and the
smallest average pore size. This could improve its adsorption
capacity of the catalyst. Among these heterojunctions, BSO/
BO-0.4 exhibited the best adsorption capacity and the highest
photocatalytic activity. The results showed that BSO/BO-0.4
had a high pore area and effective separation of photocarriers
because of the formation of heterojunctions and proper
Bi2Sn2O7/β-Bi2O3 molar ratio, thus achieving high adsorption
performance and photocatalytic degradation efficiency. Addi-
tionally, the degradation conforms to the pseudo-first-order
kinetics according to eq 5:

C C ktln( / )0 = (5)

The degradation curves are shown in Figure 8b. BSO/BO-
0.4 had the highest degradation k value (0.01547 min−1) for
TC, which is 2.68- and 3.60-fold higher than that of β-Bi2O3
(0.00578 min−1) and Bi2Sn2O7 (0.00430 min−1).
In addition to catalytic activity, another important indicator

for photocatalytic applications is the reusability of the
catalyst.96−98 After five cycles, the photocatalytic performance
of BSO/BO-0.4 decreased slightly. However, its degradation
efficiency still reached 89.7% (Figure 9a). Figure 9b shows the
XRD patterns of fresh and used BSO/BO-0.4. The main peaks
of Bi2Sn2O7 and β-Bi2O3 did not change. Compared with the
XRD pattern of BSO/BO-0.4 in Figure 2a, the peak value of
the used BSO/BO-0.4 at approximately 27.5° changed, which
may be owing to the miscellaneous peaks generated as a result
of the preparation process of the catalyst. XPS spectra showed
that BSO/BO-0.4 did not change after the reaction (Figure
S5). Overall, BSO/BO-0.4 is also suitable for use in visible-
light degradation reactions owing to its good reusability.

Figure 8. (a) Degradation curves and (b) pseudo-first-order kinetics
of β-Bi2O3, Bi2Sn2O7, and Bi2Sn2O7/β-Bi2O3 (40 mg) for tetracycline
(TC) (20 mg/L, 100 mL).

Table 2. Photocatalytic Degradation of Tetracycline (TC) Using Different Photocatalysts

photocatalysts light dosage TC degradation ref

Bi2Sn2O7-C3N4/Y 400 W halogen lamp 20 mg 20 mg/L, 200 mL 80.4% (90 min) 88
SiO2/β-Bi2O3 300 W-Xe lamp, λ > 420 nm 10 mg 20 mg/L, 50 mL 80.8% (180 min) 89
SnO2/Bi2Sn2O7 300 W-Xe lamp, λ > 420 nm 25 mg 20 mg/L, 50 mL 88.4% (180 min) 90
Bi2MoO6/C3N5 300 W-Xe lamp, λ > 400 nm 30 mg 20 mg/L, 100 mL 88.1% (75 min) 20
Bi2MoO6/CeO2 300 W-Xe lamp, λ > 420 nm 20 mg 10 mg/L, 50 mL 94.1% (90 min) 91
Bi2MoO6/CQDs/Bi2S3 300 W-Xe lamp, λ > 420 nm 30 mg 20 mg/L, 100 mL 92.8% (120 min) 92
Ni2P/Bi2MoO6/g-C3N4 500 W-Xe lamp, λ > 420 nm 25 mg 20 mg/L, 100 mL 80.1% (120 min) 93
BiOB r/Bi2WO6 300 W-Xe lamp, λ > 420 nm 80 mg 20 mg/L, 80 mL 88.06% (120 min) 94
Bi2MoO6/BiFeO3 150 W-Xe lamp, λ > 400 nm 50 mg 10 mg/L, 50 mL 93.8% (90 min) 95
Bi2Sn2O7/β-Bi2O3 300 W-Xe lamp, λ > 420 nm 40 mg 20 mg/L, 100 mL 95.5% (60 min) this work
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Degradation Pathways of TC. To better understand the
TC degradation process induced by the BSO/BO-0.4
heterojunction, the HPLC−MS system was used for detecting
the intermediates by degrading TC (Figure S6); the detected
degradation intermediates are listed in Table S2. Previous
studies have shown that electron-donating groups and
ionizable groups are susceptible to radical attack.99 Figure
10a shows the main degradation pathways of TC on BSO/BO-
0.4. In Pathway 1, owing to the unstable C�C double bond,
P1 (m/z = 461) is formed via the hydroxylation reaction100

and P2 (m/z = 433) is further formed. Upon losing its amide
group, P2 further converts to P3 (m/z = 388). Next, P4 (m/z

= 338) is formed because of deamination and a ring-opening
reaction, and the subsequent dehydroxylation reaction
generates P5 (m/z = 307).101 In Pathway 2, P6 (m/z = 427)
results from the absence of OH in the parent molecule.
Meanwhile, P7 (m/z = 431) is produced through methylation.
P8 (m/z = 417) is formed because of the loss of the methyl
group when the·O2

− free radical attacks saturated the N
atom.102 Subsequently, this is followed by the loss of the amide
group to form P9 (m/z = 373) and the detachment of the
hydroxyl and amino groups from P9 to P10 (m/z = 342).
Because of the strong oxidation capacity of ·OH, P10
undergoes a ring-splitting reaction to form P11 (m/z = 318),
which is then converted to P12 (m/z = 274).103,104 P10 can
also form P5 through ring-opening reactions and methylation
processes. Pathway 3 is transformed from P8 to P13 (m/z =
362) via demethylation and deamidation; subsequently, P14
(m/z = 326) is obtained via hydroxyl division. Meanwhile, P13
can also be converted to P4 through a ring-opening reaction.
Upon reactive species attacks, these degradation intermediates
are finally broken down and mineralized into small molecules.
Photocatalytic Degradation Mechanism. To further

demonstrate that the S-scheme heterojunction formed by
Bi2Sn2O7/β-Bi2O3, the separation behavior of carriers in the
Bi2Sn2O7/β-Bi2O3 photocatalyst was investigated via PL, TPR,
and EIS analyses (Figure 11). Figure 11a shows the PL spectra

Figure 9. (a) Recycling performance of BSO/BO-0.4 for tetracycline
(TC) degradation and (b) X-ray diffraction (XRD) patterns of the
fresh and used BSO/BO-0.4.

Figure 10. Possible photodegradation pathways of BSO/BO-0.4 for tetracycline (TC).
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of the Bi2Sn2O7/β-Bi2O3 heterojunction (excitation wave-
length [λex]: 530 nm). Semiconductors with higher PL
emissions can recombine more photocarriers in general.105−107

BSO/BO-0.4 had a lower quenching PL emission intensity
than Bi2Sn2O7 and β-Bi2O3, which indicates that construction
of the Bi2Sn2O7/β-Bi2O3 heterojunction hinders the recombi-
nation of the photogenerated carriers, ensuring that the
photogenerated carriers last longer and that interfacial charge
transfer is more efficient. Thus, the photocatalytic performance
of the Bi2Sn2O7/β-Bi2O3 heterojunction could be improved
(notably, BSO/BO-0.4 had the lowest PL emission intensity).
To gain a better understanding of photoinduced carrier

transfer and separation, the TPR spectra of Bi2Sn2O7, β-Bi2O3,
and Bi2Sn2O7/β-Bi2O3 heterojunctions were recorded (Figure
11b). The Bi2Sn2O7/β-Bi2O3 heterojunction showed good
photocurrent reproducibility, i.e., it was highly stable under
illumination and in darkness. Among all catalysts, the lowest
electron−hole compound efficiency (corresponding to the
highest photocurrent) was found in BSO/BO-0.4.
To learn more about the carrier migration behavior of the

produced samples, EIS spectra were collected (Figure 11c). As
can be observed, the charge transfer resistance generally
decreases as the semicircle gets smaller. The diameter of the
semicircle of BSO/BO-0.4 was the smallest; moreover, the
highest charge separation efficiency was observed in BSO/BO-
0.4 owing to its lowest interfacial charge transfer resistance
(Figure 11c). This result confirmed that the Bi2Sn2O7/β-Bi2O3
heterojunction can promote interfacial charge transfer and
hinder charge recombination, improving photocatalytic per-
formance.
The production of free radicals for TC degradation by

Bi2Sn2O7/β-Bi2O3 was investigated using capture experiments
and ESR analysis. Figure S7 shows the free radical capture
experiment of Bi2Sn2O7/β-Bi2O3, BQ, IPA, and AO used as the
scavengers of free radicals. In the absence of any scavenger, the
degradation efficiency of BSO/BO-0.4 for TC was 95.5%. The
introduction of BQ, IPA, and AO reduced the photo-
degradation efficiency from 95.5% to 56.4, 67.3, and 89.7%,
respectively, indicating that ·O2

−and ·OH were the main active
species for TC degradation by BSO/BO-0.4.
The ESR technique was used to analyze the useful free

radicals (·O2
−and ·OH) generated under visible-light con-

ditions. The intensity of the DMPO-·O2
− signal was detected

at 5 min, indicating that ·O2
− free radical could not be

generated by bare Bi2Sn2O7 (Figure 12a). Interestingly, the
DMPO-·O2

− signal produced on BSO/BO-0.4 was remarkably
stronger than that of original β-Bi2O3, suggesting that more
·O2

− radicals were produced by BSO/BO-0.4. Further, β-Bi2O3

cannot produce ·OH radicals owing to the absence of the
DMPO-·OH peak. The DMPO-·OH signal produced on BSO/
BO-0.4 was also stronger than that of Bi2Sn2O7, reflecting the
formation of more ·OH radicals by BSO/BO-0.4 (Figure 12b).
The results showed that ·O2

− and ·OH were the main active
species of BSO/BO-0.4. The heterostructure formed by BSO/
BO-0.4 had a high CB potential and a deep VB potential,
which are conducive to the formation of ·O2

− and ·OH
radicals, verifying its S-scheme heterojunction characteristics.
The S-scheme carrier transfer mechanism of Bi2Sn2O7/β-

Bi2O3 is illustrated in Figure 13. As previously described, the
generation of IEF of the catalyst leads to transformation from
β-Bi2O3 to Bi2Sn2O7 at the heterojunction interface, making
the energy bands of Bi2Sn2O7 bend downward while those of
β-Bi2O3 bend upward. Therefore, the directional movement of
the built-in electric field can maximize the transfer of electrons
from Bi2Sn2O7 to β-Bi2O3.

108,109 Moreover, the electrons of β-
Bi2O3 (−0.36 V vs NHE) rather than Bi2Sn2O7 (+0.11 V vs
NHE) can reduce O2 to form ·O2

− (−0.33 V vs NHE).110

Nevertheless, because of the higher VB potential of Bi2Sn2O7
(3.08 V vs NHE) compared with that of β-Bi2O3 (1.90 V vs
NHE), the former can oxidize H2O to produce ·OH (2.4 V vs
NHE).111,112 These results are consistent with the results of
capture tests and ESR analysis. Therefore, Bi2Sn2O7/β-Bi2O3
S-scheme heterostructures are activated to produce photo-
generated electron−hole pairs under photoexcitation (eq 6), a
built-in electric field is formed between the interfaces of the
materials and the energy band is bent so that the photoexcited
electrons in the CB of Bi2Sn2O7 can transfer to the VB of β-
Bi2O3 and recombine (eq 7).113 The heterojunction structure
between Bi2Sn2O7 and β-Bi2O3 ensures the occurrence of this
process. Therefore, Bi2Sn2O7 and β-Bi2O3 heterojunction can
greatly enhance the efficiency of carrier separation and its
catalytic activity, as confirmed by the PL, TPR, and EIS results
(Figure 10). More importantly, the CB of β-Bi2O3 and the VB

Figure 11. Photoluminescence (PL) spectra (a), transient photocurrent response (TPR) (b), and electrochemical impedance spectroscopy (EIS)
(c) of β-Bi2O3 and Bi2Sn2O7 and Bi2Sn2O7/β-Bi2O3 heterojunctions.

Figure 12. Electron spin resonance (ESR) spin-trapping spectra of β-
Bi2O3, Bi2Sn2O7, and BSO/BO-0.4 for detecting ·O2

− (a) and ·OH
(b) radicals.
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of Bi2Sn2O7 retain the maximum redox power to generate
·O2−and ·OH radicals owing to the abovementioned recombi-
nation of the CB of Bi2Sn2O7 and the VB of β-Bi2O3,
respectively (eqs 8 and 9). Finally, a large number of free
radicals (such as ·O2

−and ·OH species) can attack antibiotics
adsorbed on the surface of the Bi2Sn2O7/β-Bi2O3 hetero-
junction, achieving efficient degradation (eq 10).114 Overall, S-
scheme heterojunctions play a key role in the enhanced
photocatalytic performance of Bi2Sn2O7/β-Bi2O3. Conse-
quently, it maintains the best possible redox activity so that
it can fully exert its photocatalytic potential.115

hBi Sn O / Bi O

Bi Sn O / Bi O (e , h )
2 2 7 2 3

2 2 7 2 3

+
+

(6)

e (Bi Sn O ) h ( Bi O ) Recombination2 2 7 2 3+ +
(7)

e ( Bi O ) O O2 3 2 2+ · (8)

h (Bi Sn O ) H O OH H2 2 7 2+ · ++ +
(9)

O / OH/h TC CO H O small molecules2 2 2· · + + ++

(10)

■ CONCLUSIONS
Bi2Sn2O7/β-Bi2O3 S-scheme heterojunctions were synthesized
via the in situ growth of Bi2Sn2O7 on β-Bi2O3 microspheres.
The Bi2Sn2O7/β-Bi2O3 heterojunctions showed remarkable
photocatalytic performance in the removal of TC under visible
light. The S-scheme charge transport mechanism of Bi2Sn2O7
and β-Bi2O3 at the close contact interface was mainly selected
to improve the light response range of Bi2Sn2O7 and β-Bi2O3,
which effectively prevented the coincidence of photogenerated
carriers and showed a strong redox ability. Three possible TC
degradation pathways were elucidated via HPLC−MS analysis.
Finally, the photocatalytic mechanism of the Bi2Sn2O7/β-Bi2O3
S-scheme heterojunctions was proposed based on a free radical
capture experiment and ESR analysis. Our study provides a
feasible strategy for constructing S-scheme heterostructures for
pharmaceutical antibiotic repair and addressing environmental
concerns through hierarchical S-scheme heterojunction photo-
catalysts in the future.
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