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Hierarchical heterostructures have emerged as promising candidates for the efficient photocatalytic degradation
of antibiotics owing to their matched energy levels and tunable absorption bands. Herein, we report the facile
synthesis of a heterojunction photocatalyst composed of basic bismuth nitrate (BiON) and BiOCl ¢1,, ; using a sim-
ple room-temperature hydrolysis method. Our results demonstrate that the BiON/BiOCl, oI, ; composite exhibits
superior photodegradation performance compared to pure-phase materials owing to the catalytic enhancement

at the heterointerface and the effective separation of the photogenerated carriers. Moreover, the unique three-
dimensional microsphere morphology of the synthesized composite enhances its specific surface area and light
absorption, further enhancing its photocatalytic activity. In the tetracycline (TC) photodegradation reaction as
a model reaction, the catalyst could degrade 88% of TC in just 25 min. Overall, this work provides a promising
strategy for the facile and low-cost synthesis of heterogeneous photocatalytic degradation materials.

1. Introduction

Antibiotics are widely used as antibacterial agents and animal
growth promoters in the fields of medicine and aquaculture [1-3]. How-
ever, the misuse of antibiotics leads to water pollution, which is detri-
mental to the environment and human health. Moreover, antibiotics are
resistant to degradation in traditional sewage treatment methods [4].
Hence, there is a pressing need to develop efficient and environmen-
tally friendly techniques to mitigate the pollution caused by antibiotics
[5-71. Photocatalytic technology, which utilizes sunlight, is considered
a promising method for effluent treatment because it is environmen-
tally friendly, requires mild reaction conditions, and involves low en-
ergy consumption [8-16]. Photocatalysts can generate potent oxidiz-
ing active radicals that break down organic pollutants via transitions
between the energy levels of the photogenerated electrons, which are
produced upon the irradiating of semiconductors by light [17-20]. The
existing photocatalytic oxidation technologies for antibiotic pollutants
in water primarily focus on photocatalysts excited by ultraviolet (UV)
light [21-23]. However, UV light constitutes only ~5% of the natural
light, because of which such catalysts cannot harness the full potential
of solar energy. Thus, the development of photocatalysts that can effi-
ciently utilize visible light or the complete solar spectrum is critical for
the advancement of photocatalytic oxidation degradation technologies
[24-27]. Recently, the research on semiconductor heterojunction pho-
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tocatalysts has become increasingly prominent. The construction of het-
erojunction materials can effectively enhance the light response, expand
the absorption range to visible light, and prevent the recombination of
photogenerated charge carriers [28-34]. Therefore, the construction of
heterojunction materials is a promising approach for addressing the nar-
rowband absorption of certain photocatalysts and improving their pho-
tocatalytic performance.

Basic bismuth nitrate (BiON), a bismuth-based photocatalyst mate-
rial, has attracted considerable research attention because of its non-
toxicity, low cost, and abundance [35,36]. However, owing to its rela-
tively wide bandgap (3.4-3.6 e€V), BiON can only generate carriers under
UV irradiation, thereby limiting its photocatalytic activity and practical
applications [37,38]. The BiOX structure consists of a periodic arrange-
ment of positively charged [Bi,0,]%* and negatively charged halogen
layers. The built-in field between the layers can accelerate the separa-
tion of photogenerated charge carriers and facilitate the photocatalytic
reaction [39-42]. Furthermore, the open interlayer structure of BiOX
enables mutual substitution between halogen atoms, leading to the for-
mation of BiOX,Y;_, solid solutions at various halogen concentrations
[43-48]. This property allows for the continuous adjustment of the light
response over the UV to visible region. Thus, it is essential to develop
a new and straightforward method to construct BiON/BiOX,Y;_, com-
posites for photocatalytic reactions by exploiting the advantages of both
the materials.
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Here, we report a simple room-temperature hydrolysis method that
uses BiON nanoplates synthesized by a polyvinyl pyrrolidone (PVP)-
assisted method as the substrate and different proportions of halogen
salts for in situ etching to synthesize three-dimensional (3D) superstruc-
tural microspheres assembled from heterogeneous nanosheets. The re-
sultant flower-like structures induced multiple light scattering and re-
flection effects from the surface, increasing the effective optical path
length of the light absorption probability and generating more electron-
hole pairs to enhance the photocatalytic activity. The proposed strategy
may provide a new approach for synthesizing BiON heterojunctions for
the photocatalytic degradation of organic pollutants.

2. Experimental
2.1. Materials

Bismuth nitrate pentahydrate (Bi(NO3)3-5H,0, 99%), sodium chlo-
ride (NaCl, 99%), sodium iodide (NaCl, 99%), ciprofloxacin (CIP,
98%), benzoquinone (BQ 97%), isopropyl alcohol (IPA, 98%), and tri-
ethanolamine (TEOA, 99%) were purchased from Sinopharm Chemi-
cal Reagent Co., Ltd. PVP (Mw ~ 360000) was purchased from Sigma-
Aldrich. Ethanol (99.9%) was purchased from Xilong Chemical Industry
Incorporated Co. Ltd. Ultrapure water (18.2 MQ cm~!) was used for all
the experiments.

2.2. Synthesis of BION

For the typical synthesis of BiON (i.e., BigO5(OH)3(NO3)5-3H,0), 89
mg of PVP and 194 mg of Bi(NO3)3-5H, O were completely dissolved in 8
mL of deionized water by ultrasonication. The solution was then stirred
for 12 h to obtain a milky white BiON suspension.

2.3. Synthesis of BION/BiOCL ol ;

For the typical synthesis of BiON/BiOCl; g1y 1, a solution mixture
containing 180 uL of 0.1 M NaCl and 20 pL of 0.1 M Nal was added to the
prepared BiON suspension under vigorous stirring. After allowing the re-
action to proceed for 1 h, the obtained light-yellow BiON/BiOCl, oIy
dispersion was centrifuged, washed with ethanol, and dried in a vacuum
oven to obtain a light-yellow BiON/BiOCl;gl,; powder. BiOClg oIy 1
could also be obtained by extending the reaction time to 12 h after
adding the halogen source.

2.4. Characterization

The samples in the form of crystals were collected and characterized
by powder X-ray diffraction (XRD) on a Bruker D8 Advance Automatic
Diffractometer using monochromated Cu Ka radiation (1 = 1.5418 A) at
40 kV and 80 mA. The 26 scan rate was 5 °/min, and the scan range was
5°-80° The morphology of the samples was characterized by scanning
electron microscopy (SEM; FEI QUANTA FEG250) at an accelerating
voltage of 20 kV. The lattice structures of the samples were charac-
terized by high-resolution transmission electron microscopy (HRTEM;
JEM-2100F) at an accelerating voltage of 200 kV. X-ray photoelectron
spectroscopy (XPS; Shimadzu Axis Ultra DLD) was performed to deter-
mine the surface electronic states using Al Ka X-ray, with C 1s (284.8
eV) as the reference. N, adsorption—-desorption isotherms were acquired
on a Micromeritics Tristar II 3020 instrument at 77 K. The Brunauer—
Emmett-Teller (BET) method was used to calculate the specific surface
area based on the adsorption branches. Steady-state photoluminescence
(PL) spectra were recorded on a Hitachi F-7000 fluorescence spectropho-
tometer. The absorption spectra of the solid samples were obtained on
a UV-vis diffuse reflectance spectrometer (Perkin Elmer Lambda 950)
using BaSO, as the reflectance sample.
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2.5. Photocatalytic testing

In a typical photodegradation experiment, the first step involved stir-
ring 10mg of the catalyst in 99 mL of deionized water to prepare a ho-
mogeneous dispersion. Next, a tetracycline (TC) solution was added to
achieve a final concentration of 50 mg L~!. The resulting mixture was
then stirred in the dark for 20 min to establish an adsorption-desorption
equilibrium between the pollutants and catalyst before exposure to vis-
ible light. The catalytic performance of the system for degrading TC
under visible light irradiation was examined using a 300 W xenon lamp
(Perfect Light PLSSXE-300C) as a simulated solar light source. The dis-
tance between the lamp and the suspension containing the catalyst and
TC was ~25 cm. A circulating water system was employed to maintain
a constant reaction temperature of 25 °C and to prevent thermal catal-
ysis. During irradiation, the suspension was sampled every 5 min and
the catalyst was separated from the harvested suspension by centrifuga-
tion. The residual TC was quantified by recording its UV-vis absorption
spectrum after three-fold dilution with deionized water.

2.6. Photoelectrochemical measurements

Photo-electrochemical measurements were performed using a stan-
dard three-electrode system. A Pt foil was used as the counter electrode
and Ag/AgCl (KCl, 3 M) was used as the reference electrode. The mea-
surements were performed using a Solartron analytical electrochemical
analyzer (ModuLab XM). The ITO substrates, which are doped with in-
dium tin oxide, were cleaned in three stages by ultrasonication in dis-
tilled water, absolute ethanol, and isopropanol, each for 15 min. Work-
ing electrodes were prepared by applying an ethanol-based slurry of
the samples (10 mg in 1 mL of ethanol) to clean ITO glass substrates
to perform electrochemical impedance spectroscopy (EIS), measure the
photocurrent response, and prepare the Mott-Schottky (MS) plots. For
the photo-electrochemical measurements, an aqueous 0.5 M Na,SO, so-
lution contained in a quartz cell was used as the electrolyte. The solution
was bubbled with N, to remove oxygen before performing the measure-
ments.

3. Results and discussion

The morphology of the BiOClj¢I,1/BiON composite photocata-
lyst was determined from the transmission electron microscopy (TEM)
and SEM images, which revealed a well-dispersed 3D superstructured
microsphere composed of nanosheets with a particle size of ~1 um
(Figs. 1(a)(b) and S1). The crystal phase of the composite material was
determined by XRD. The composite photocatalyst exhibited characteris-
tic peaks of both BiOCl and BiON (Fig. 1(d)), confirming the co-existence
of BiOCl 9]y ; and BiON in the composite material. The BiON precursor
without a halogen source and the BiOCl, ¢I, ; sample were reacted for
12 h after halogen addition, and the XRD pattern of the product was an-
alyzed. The XRD pattern did not show any characteristic peak of BiION
after the 12 h reaction, indicating the complete conversion of BiON to
BiOX. The HRTEM image (Fig. 1(c)) revealed a heterogeneous interface
between BiOCl ¢l ; and BiON in the nanosheets composed of the mi-
crospheres. The lattice spacing of BiOCl (0.257 nm) was consistent with
its (110) crystal plane, while the lattice spacing of BiON (0.451 nm) was
consistent with its (300) crystal face, indicating the successful prepara-
tion of the heterojunction catalyst. Furthermore, the mapping images
demonstrated that Bi, O, Cl, and I were uniformly distributed in the
composite photocatalyst (Figs. 1(e)(f), S2 and S3).

To investigate the mechanism underlying the formation of the 3D
microspheres, we conducted time-dependent structural evolution exper-
iments. The TEM images acquired after 0, 20, 40, and 60 min of reaction
are shown in Figs. 2(a)—(d). A schematic diagram of the reaction path-
way is shown in Fig. 2(e). When bismuth nitrate was introduced into an
aqueous solution of PVP, hydrolysis occurred immediately to produce
white precipitates with a plate-like morphology (Fig. S4). The resulting
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Fig. 1. Morphology and structural characterization of BiOCl, ¢, ; /BiON. (a) Low-magnification TEM images, (b) SEM images, (c) HRTEM images, (d) XRD patterns
of BiOCl, ¢, ;/BiON with different degrees of etching, (e) STEM images, and (f) EDX mapping image of Bi, Cl, I and O.

BiON phase was BigO5(OH)3(NO3)5-3H,0 (JCPDS card No. 70-1226).
After the addition of the halogen source, the BiO~ ions on the surface
of BiON reacted with Cl~ and I~, leading to gradual in situ etching of
the nanoplates. After 20 min of reaction, the layers of the nanoplates
etched by halogen ions began to assemble into 3D microspheres with a
hierarchical structure under thermodynamic influence (Fig. S5). As the
reaction time increased to 40 min and the stirring became more vigor-
ous, the 3D microspheres began to separate (Fig. S6), eventually leading
to the synthesis of the BiOCl, 4], ; /BiON composite comprising flower-
like microspheres with uniform size and excellent dispersion (Fig. S7).
Prolonging the reaction time to 12 h resulted in the complete etching
of BiON by the halogen ions, leading to the formation of a pure-phase
BiOCly ¢l ; solid solution comprising flower-shaped microspheres (Fig.
S8).

XPS was employed to investigate the surface chemical compositions
and oxidation states of the BiOCl, 9] ; /BiON composite and pure BiON.
The obtained binding energy data were corrected using the C 1s spec-
trum as the reference. The XPS survey spectra of BiOCl I, ;/BiON and
BiON (Fig. 3(a)) confirm the presence of Bi, O, and N in pure BiON,
and Bi, O, N, Cl, and I in BiOCl¢I, ;/BiON. The high-resolution XPS
profiles of BiOClj ¢l ;/BiON and BiON in the Bi 4f region (Fig. 3(b))
show that the binding energy shifts to lower values after the BiON
nanoplate is etched into the BiOCl, g1y ;/BiON microspheres, indicat-
ing strong electronic interactions between the two phases of the com-
posite. Moreover, electrons were transferred from the Cl/I-O-Bi group
to the NO—O—Bi group, thereby validating the successful formation of
the BiOCly gIj;/BiON heterojunction catalyst. As shown in Fig. 3(c),
pure-phase BiON exhibited two distinct peaks at 530.9 and 528.7 eV
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corresponding to the Bi—O bond and O—H bond, respectively, indicat-
ing the existing form of oxygen in the basic salt. Following the in situ
etching by halogen and the partial transformation into the BiOCl, Iy ;
solid solution, the peak at 528.7 eV was marginally shifted, which could
be attributed to the formation of a heterojunction. Meanwhile, the pro-
portion of Bi—O bonds in the O 1s region increased, while that of the
hydroxyl oxygen in BiON reduced significantly. Fig. 3(d) presents a com-
parison of the high-resolution XPS spectra of the N 1s regions of the two
phases. For both the samples, two distinct peaks at 406.5 and 399.2 eV
were identified, corresponding to the N—O bond in the nitro group and
pyridine N on the five-membered ring in PVP, respectively. After the
partial in situ etching, the BiON structure was disrupted, and the pro-
portion of the N—O bonds on the surface was substantially lowered, thus
confirming the successful synthesis of the composite heterostructure.
The photocatalytic activity of BiOCl, g, ;/BiON was evaluated us-
ing the TC degradation reaction. Comparative analyses were conducted
with respect to pure BiOCl, I, 1, BiON, and BiOCl,I,_,/BiON with vary-
ing ratios of chlorine and iodine. Prior to irradiation, the samples were
evaluated for pollutant adsorption in the dark. Adsorption—-desorption
equilibrium was achieved within ~30 min (Fig. S9). Except for the pure
BiON phase, all samples exhibited a discernible degree of adsorption for
TC. Figs. 4(a) and S10 illustrate that the BiOCl, I, 1/BiON composite
catalyst exhibits the best catalytic ability for the photodegradation of
TC under visible light irradiation. The enhanced photocatalytic activ-
ity was probably due to the high specific surface area (Fig. S11) and
high light absorption ability of the etched 3D microspheres. Notably,
BiOCly g1y 1 /BiON exhibited a highly efficient photocatalytic degrada-
tion performance for TC compared to previously reported photocatalysts
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[BigO5(OH);1(NO;)s -3H,0

Bi(NOj);5H,0
+
PVP

NaCl+Nal

Stiring for 20 min

Stiring for 1h

BiOCly olo 4/BiON

Fig. 2. Reaction pathway and formation mechanism of the BiOCl, 4l ;/BiON composite TEM images of the samples synthesized at different reaction times: (a) 0

min, (b) 20 min, (c) 40 min, and (d) 60 min. (e) Schematic of the synthesis route.

(Table S1). The wide bandgap of the pure-phase BiON renders it chal-
lenging to excite the valence band electrons using visible light, thus re-
sulting in negligible catalytic performance. The BiOCl, ¢l ; sample was
obtained by the complete etching of BION with a halogen. However, the
BiON phase disappeared during this process, leading to the formation of
a BiOCly 9l ; solid solution. This transformation, in turn, resulted in the
recombination of the photogenerated charge carriers and consequently,
poor photocatalytic performance for TC degradation. Under the same
test conditions, the BiOCLI,_,/BiON composition was optimized using
different ratios of chlorine and iodine, and BiOCl,, I ; /BiON was found
to exhibit the best catalytic performance (Figs. 4(b) and S12). In addi-
tion, to explore the free radical species generated by the samples during
the photocatalytic process, the h*, 0>~ and —OH active radicals were
trapped by TEOA, BQ, and IPA radical scavengers, respectively. Notably,
when BQ and TEOA were added to the catalytic system, the catalytic ac-
tivity of the sample decreased significantly, whereas that of the control
group supplemented with IPA showed no significant change (Figs. 4(c)
and S13). Thus, h* and 02~ played a key role in the catalytic process
to promote the degradation of TC. We further investigated the visible
light-photocatalytic performance under different conditions like vary-
ing pH, catalyst dosages, and initial TC concentrations (Figs. S14-S16).
TC exists in different forms at various pH values: TC™ at pH > 10, TC?
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at pH = 7.5-10, and TC* at pH = 4-7.5. Thus, at pH = 9, the positively
charged photogenerated h* on the catalyst surface effectively captured
and degraded TC, which was present as TC~. When the pH increased
from 3 to 9, the rate of TC degradation increased. However, when the
pH increased to 11, the degradation rate started to decrease. During the
photocatalytic process, upon the excitation of BiOCl ¢l ;, the h* gen-
erated in the conduction band acted as an active species to facilitate the
oxidation of TC. Hence, an appropriate pH is essential for enhancing the
photocatalytic degradation of TC. The influence of catalyst dosage was
investigated next. As the catalyst dosage increased, the photocatalytic
degradation efficiency of TC improved slightly. However, considering
the principles of green chemistry and to ensure its widespread applica-
bility, it is desirable to achieve better degradation with a smaller amount
of catalyst. Next, the effect of initial TC concentration was studied. As
the concentration of TC increased, the adsorption sites on the catalyst
surface were gradually saturated, resulting in decreased binding of TC to
the holes and free radicals and consequently leading to a decrease in the
degradation rate. Stability is crucial for the application prospects of cat-
alysts and is an important evaluation index. As shown in Fig. 4(d), after
three cycles of repeated testing, the performance of the sample did not
change significantly, indicating good stability. Furthermore, the phase,
BET specific surface area, surface chemical state, and morphology of
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Fig. 3. XPS patterns of BiOCl, I, ; /BiON and BiON: (a) Full scan spectra, (b) Bi 4f spectra, (c) O 1s spectra, and (d) N 1s spectra.

the catalyst after the stability test (Figs. S17—S21) were examined. The
sample retained its original phase, indicating its stability throughout
the testing process. Additionally, no significant changes were observed
in the specific surface area and morphology of the catalyst after the test.

To further explore the enhanced photocatalytic activity of the
BiOClj 9lj ;/BiON heterostructure, its charge separation and transfer
were characterized by transient photocurrent spectroscopy and EIS. As
shown in Figs. 5(a)(b), the composite material exhibited a higher pho-
tocurrent intensity than the pure phase components. Owing to the large
bandgap (3.66 eV) of BiON, charge separation under visible irradia-
tion is difficult, which is consistent with its catalytic results. In addi-
tion, for solid-solution heterojunction samples with different chlorine—
iodine ratios, the photocurrent intensity differed only negligibly. A sig-
nificant downward trend was observed only at chlorine-iodine ratios
less than 8:2. When the chlorine-iodine ratio was greater than 9:1, the
photocurrent intensity decreased because of the low BiOI content. The
good consistency between the transient photocurrent analysis and cat-
alytic performance confirms that the enhanced photocatalytic activity
of the BiOCl gI; ;/BiON heterostructure toward TC degradation is at-
tributable to its efficient carrier separation. In contrast to that of the pure
phases of BiON and BiOCl, 9] ;, the PL of the BiOCl 41 ; /BiON micro-
spheres was quenched (Fig. 5(c)). This phenomenon indicates that the
prepared composite significantly suppressed the photoinduced charge
recombination. Time-resolved PL spectroscopy was employed to gain a
deeper understanding of the carrier lifetime (Fig. 5(d)). The calculated
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average lifetime of BiOCl, 9, ;/BiON was found to be 44.9 ns, which
is shorter than those of BiOClj gl ; (77.0 ns) and BiON (86.8 ns). The
shorter lifetime of BiOClj g, ; /BiON can be attributed to the fact that
the electrons of BiOCl, 4] ; initially jumped to the conduction band af-
ter being excited and subsequently flowed to the conduction band of
BiON. This effective process inhibited the recombination of the pho-
togenerated carriers, thereby decreasing the carrier lifetime. The col-
lective evidence from photocurrent density measurements, transient PL
spectra, and time-resolved PL spectra supports the conclusion that the
composite BiOCl, I 1 /BiON catalyst enhances the electron-hole separa-
tion efficiency and effectively suppresses their recombination. The elec-
trochemical impedance spectra (Figs. 5(e)(f)) show that the composite
material has the minimum internal resistance in the case of visible light
irradiation (the visible light intensity is consistent with the photocat-
alytic activity test), and that the internal resistance of BiOCl, g1, ; /BiON
significantly increased in the dark.

Figs. 6(a)(b) show the UV-vis diffuse reflectance spectra (DRS) of
pure BiOClj oIy ; and BiON, respectively. The absorption onset wave-
length of BiOClj ¢l ; was 467 nm, which was significantly red-shifted
compared to that of the BiON precursor (352 nm). This red shift cor-
responds to narrowing of the bandgap and enhancement of its optical
absorption capacity. The optical bandgap of the pure-phase BiOCl I ;
and BiON can be calculated using the following formula:

n/2

ahv = A(hv - Eg)
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Fig. 6. Derivation of bandgap value of (a) BiOCl,¢I,; and (b) BiON. (a)(b) represent the respective UV diffuse reflectance spectra. Mott—Schottky plot for (c)
BiOCl, 41, and (d) BiON. (e) Schematic diagram of the bandgap structure of BiOCl, 4], ; /BiON.

where «a, h, v, and A represent the absorption coefficient, Planck con-
stant, optical frequency, and proportionality constant, respectively. The
optical bandgaps of BiOCl, 9Iy; and BiON were calculated to be 2.69
and 3.66 eV, respectively. The addition of iodide ions to the BiOCl, g1y ;
solid solution endowed it visible light absorption capacity. In addition,
the vacuum energy level alignment of the two phases of the hetero-
geneous samples and the flow direction of electrons and holes upon
visible light excitation were investigated. The flat band potentials of
BiOCly gl ; and BiON were determined by extrapolating to the infinite
capacity C through the Mott-Schottky curve, that is, the linear fitting
of 1/C? to 0. As shown in Figs. 6(c)(d), the potentials of BiOCly oIy 4
and BiON were —1.308 and —1.156 eV. Typically, the position of the
conduction band in n-type semiconductors is approximately 0.1 V be-
low the flat band potential. Thus, the conduction band positions were
determined to be as follows: Ecp ngg(BiOClyglp1) = —1.208eV and
Ecp, nup(BiON) = —1.056 eV. To further validate the accuracy of the
band structure, we used the valence band-XPS method to measure the
valence band potential (Eyp xps)- As depicted in Fig. S22, the Eyp xpg
values for BiOCl, ¢l ; and BiON were 1.39 and 2.49 eV, respectively.
Eyp of the corresponding standard hydrogen electrode (Eyp ypg) can
be calculated using the formula Eyp nyg =@ + Eyp, xps —4.44, where
¢ is the work function of the instrument (4.56 eV). Accordingly, the
Eyp, nug values of BiOClj gI; ; and BiON were 1.51 and 2.61 eV, respec-
tively. Assuming that the vacuum is horizontally aligned, the energy
band alignment between the two phases, BiOClj 9], ; and BiON, of the
heterostructure is shown in Fig. 6(e). Under visible light irradiation,
BiOCl ¢, ; undergoes excitation as its bandgap allows the absorption
of visible light, leading to the separation of electrons and holes. The
excited electrons in the conduction band of BiOCl,¢l,; then flow to
BiON through a self-driven electron-hole flow at the heterojunctions. In
the prepared catalytic system, the wide bandgap of BiON prevents its
electron-hole separation upon visible light excitation. However, BiON
still contributes by providing electrons to the step in the heterojunction,
thereby enhancing the electron-hole separation of BiOCl, gl ;.

4. Conclusion
In summary, BiOCl, 91, ; /BiON microspheres were successfully syn-

thesized by the in situ etching of BiON using a simple room-temperature
hydrolysis method, and the mechanism of in situ etching was elucidated
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through a time-resolved structural evolution experiment. Owing to the
heterostructure of the BiON and BiOCl ¢l ; solid solution, the resul-
tant flower-like composite had a much superior photodegradation per-
formance than the pure-phase materials. The enhanced photocatalytic
activity was attributed to the effective separation of the photogenerated
carriers by the heterostructures. In addition, the flower-like structures
enhanced the light absorption and specific surface area. This study pro-
poses a simple method for constructing bismuth-based heterojunction
materials, which may open new avenues for the synthesis of photocat-
alytic degradation materials.
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