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Abstract: The visible-light-driven photocatalytic degradation of pharmaceutical pollutants in aquatic
environments is a promising strategy for addressing water pollution problems. This work highlights
the use of bromine-ion-doped layered Aurivillius oxide, Bi2WO6, to synergistically optimize the
morphology and increase the formation of active sites on the photocatalyst’s surface. The layered
Bi2WO6 nanoplates were synthesized by a facile hydrothermal reaction in which bromine (Br−)
ions were introduced by adding cetyltrimethylammonium bromide (CTAB)/tetrabutylammonium
bromide (TBAB)/potassium bromide (KBr). The as-synthesized Bi2WO6 nanoplates displayed higher
photocatalytic tetracycline degradation activity (~83.5%) than the Bi2WO6 microspheres (~48.2%),
which were obtained without the addition of Br precursors in the reaction medium. The presence
of Br− was verified experimentally, and the newly formed Bi2WO6 developed as nanoplates where
the adsorbed Br− ions restricted the multilayer stacking. Considering the significant morphology
change, increased specific surface area, and enhanced photocatalytic performance, using a synthesis
approach mediated by Br− ions to design layered photocatalysts is expected to be a promising system
for advancing water remediation.

Keywords: bottom-up synthesis route; Bi2WO6; morphology tuning; layered structure; advanced
oxidation process

1. Introduction

Over the years, pollutants in the environment, such as organic dyes, phenols, and phar-
maceutical waste products, have posed severe threats to human health and ecosystems [1,2].
Various treatment processes, such as membrane filtration [3,4], biological degradation [5,6],
and adsorption methods [7,8], have been used to remove pollutants from aquatic envi-
ronments. Advanced oxidation processes (AOPs) have been proposed as a promising
method that generates active radicals (•OH, •O2−) that can effectively degrade organic
pollutants through redox reactions [9,10]. However, these AOPs usually require electrical
energy and external oxidants, which worsen the energy crisis to a certain extent [11,12].
Recently, the semiconductor-based photocatalytic degradation of organic/pharmaceutical
pollutants using natural sunlight has attracted significant attention, owing to the formation
of abundant reactive radicals during the degradation process [13,14]. Therefore, researchers
have made several efforts to synthesize visible-light-active stable photocatalysts, such as
CdS [15], g-C3N4 [16], Bi2MoO6 [17], and Bi2WO6 [18].

Among the various photocatalysts, Bi2WO6 is generally considered a promising and
stable material owing to its excellent physicochemical properties, narrow bandgap (~2.8 eV),
and band transition from the hybrid orbitals of Bi-6s and O-2p to the W-5d orbitals [19].
Moreover, as a typical Aurivillius oxide, Bi2WO6 is composed of alternating layers of
[Bi2O2]2+ and [WO4]2− with the O-atoms sharing, resulting in a perovskite-type oxide [20].
This type of layered structure can expedite the development of an internal electric field and
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accelerate charge carrier transfer [21]. Notably, it has stimulated photocatalytic applications
because of its nontoxicity, low cost, and excellent thermal and chemical stabilities. For
example, a simple and reproducible approach to fabricating porous Bi2WO6 films was
designed for the decomposition of methylene blue (MB) under visible light (λ > 420 nm)
irradiation, and the resulting porous films showed higher photocatalytic activity than
non-porous films [22]. A recent report suggested that doping and heterojunctions in
Bi2WO6 effectively improve the degradation of organic pollutants. The authors compared
the photocatalytic activities of Mo-doped Bi2WO6 and Bi2WO6/g-C3N4 composites and
confirmed the superiority of the doping strategy [23]. However, the photocatalytic activity
of bulk Bi2WO6 is poor, owing to the rapid electron-hole recombination rate and low
number of reactive sites, which results from its low specific surface area. Moreover, the
photocatalytic activity of Bi2WO6 can be enhanced by obtaining different morphologies
from various synthesis routes or by imparting a structural hierarchy and porosity [24].

Novel three-dimensionally ordered macroporous (3DOM) Bi2WO6 was successfully
prepared by the silica colloidal template method, using Bi(NO3)3 and phosphotungstic acid
as precursors. The derived 3DOM Bi2WO6 exhibits excellent photocatalytic degradation of
phenol and ammonia under solar irradiation [25]. Subsequently, a 3D hierarchical Bi2WO6
nanostructured photocatalyst was developed using a hydrothermal method, in which the
pH significantly affected the morphology of Bi2WO6. In this work, the authors prepared
Bi2WO6 at pH values ranging from 6 to 12 and achieved morphological changes from
nanosheets to hierarchical spheres, which showed high activity for the photocatalytic degra-
dation of MB [26]. A facile microwave hydrothermal route was also utilized to synthesize
monodisperse 3D hierarchical Bi2WO6 microspheres, which were used as catalysts for the
photooxidation of NO gas in air under visible-light irradiation [27]. These Bi2WO6 micro-
spheres show excellent photocatalytic activity and stability. The size and morphology of the
prepared Bi2WO6 nanostructures play a major role in enriching their photocatalytic activity.
Changes in the morphology of Bi2WO6 can increase the exposure of reactive sites, thus
increasing pollutant degradation activity [28,29]. Bi2WO6 nanocrystals with rich oxygen
vacancies have been used to build photoelectrochemical sensors for the efficient, fast, and
wide-ranging detection of H2O2. The H2O2 detection limit reaches 0.5 µM, based on the
oxygen vacancy in the Bi2WO6-nanocrystal, which is ten times higher than that achieved
without light irradiation. In this study, the authors confirmed that a narrower band gap
of 1.71 eV contributes to better visible light harvesting behavior and increased oxygen
vacancies, and can stimulate the exposure of active sites, leading to a high current response
and low reduction peak potential for the catalytic reduction of H2O2 [30]. Bi2WO6 nanos-
tructures obtained by different synthesis methods have different morphologies, structural
properties, and specific advantages and disadvantages. Hence, to overcome the draw-
backs associated with Bi2WO6 nanostructures, it is essential to understand the eVolution of
various morphologies [31].

Ultrathin nanosheets with a thickness of a few nanometers have been identified as
excellent photocatalytic materials because of their rapid mass transport, high charge transfer
rate, and an abundance of active sites for catalytic reactions [32]. Unfortunately, converting
the morphology of the bulk structure into ultrathin nanosheets is challenging because the
intralayer coordination bonds are easily broken during synthesis. Wet bottom-up chemical
synthesis has been demonstrated to be the most favorable approach for preparing ultrathin
nanosheets with high yields [33,34]. It should also be noted that this synthesis protocol
prevents the grown ultrathin nanosheets from stacking together. Therefore, in this study, we
propose a single-step hydrothermal method for the preparation of Bi2WO6 nanostructures
and detail the importance of surfactants that alter the morphology from bulk hierarchical
microspheres to ultrathin nanosheets and initiate further photophysical changes. These
morphological changes, introduced via the organic surfactant-mediated synthesis route,
were found to significantly improve the photocatalytic activity by lowering the bandgap,
increasing the specific surface area, and improving the charge separation properties.
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In this study, we used a bromine-containing precursor (cetyltrimethylammonium
bromide (CTAB)/tetrabutylammonium bromide (TBAB)/potassium bromide (KBr)) as-
sisted bottom-up synthesis to obtain ultrathin nanosheets. The successfully synthesized
ultrathin Aurivillius oxide, Bi2WO6, has a layered structure. Moreover, the Br− ions
from CTAB/TBAB/KBr strongly adsorb on the layered surface and block the stacking
of layers, as a result, ultrathin Bi2WO6 nanosheets were obtained, whereas the Bi2WO6
microspheres were observed without the addition of Br-containing precursors. Conse-
quently, the Br− ions on the surface reduced the bandgap in ultrathin nanosheets. These
Bi2WO6 nanosheets possess a lower bandgap and larger specific surface area than the
Bi2WO6 microspheres. Furthermore, we speculated that the introduced Br− ions might
reduce the energy barrier in oxygen vacancy (OV) generation, thus resulting in the gradient
concentration of OVs on different exposed facets of materials [30,35]. The photocatalytic
activity of the obtained Bi2WO6 nanostructures was determined by the photocatalytic
degradation of the pharmaceutical pollutant tetracycline hydrochloride under visible-light
irradiation.

2. Materials and Methods
2.1. Chemicals and Reagents

Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O; Junsei Chemicals, Tokyo, Japan,
98% purity), sodium tungstate dihydrate (Na2WO4·2H2O; Junsei chemicals, Tokyo, Japan,
99% purity), cetyltrimethylammonium bromide (CTAB, C19H42BrN, Daejung chemicals,
Siheung-si, South Korea, 99% purity), tetrabutylammonium bromide (TBAB,
[CH3(CH2)3)]4BrN; Daejung chemicals, Siheung-si, South Korea, 98% purity), and potas-
sium bromide (KBr; Junsei Chemicals, Tokyo, Japan, 99% purity) were used without further
purification. Distilled water (DI H2O) was used for all solutions.

2.2. Synthesis of Various Bi2WO6 Nanostructures (BW NSs)

For the synthesis of bismuth tungstate nanostructures, sodium tungstate and bismuth
nitrate were used as the W and Bi precursors, respectively. The detailed procedure for
the synthesis of the BW NSs is as follows. First, 0.16 g of sodium tungstate was dissolved
in distilled water (40 mL). After stirring for ten minutes, 0.48 g of bismuth nitrate was
added, and the mixture was stirred for 30 min. The resultant white precipitated solution
was transferred to a 50 mL Teflon-lined stainless steel autoclave and treated at 120 ◦C for
24 h. Then, the autoclave was cooled, and the obtained product was collected by washing it
with DI water three times and drying it in an electric oven at 70 ◦C overnight. The resultant
powder was ground in a mortar for a few minutes, stored in a glass vial, and labeled as
BW. Next, the bromine-ion-based surfactant-assisted synthesis procedure for BW NSs was
conducted in the same way as the above protocol, the only difference being the addition
of 0.025 g of either CTAB or TBAB. The products obtained using CTAB and TBAB were
named BW-C and BW-T, respectively. Furthermore, BW-K was prepared separately by
adding 9 mg of KBr to the reaction process.

2.3. Physical Characterization Techniques

The morphologies of the samples were analyzed by transmission electron microscopy
(TEM; H-7600, Hitachi, Tokyo, Japan) at different magnifications. Field emission-scanning
electron microscope (FE-SEM) images were recorded on a Hitachi S-4800 (Hitachi, Tokyo,
Japan), The crystal phase and structural information of the prepared BW NSs were analyzed
by recording the powder X-ray diffraction patterns (Panalytical XPert Pro diffractometer,
10–80◦ at Cu-Kα radiation of 1.54060 Ǻ, Malvern Panalytical B.V., Almelo, The Nether-
lands). Raman spectra were recorded using the Horiba XPlora Plus spectrophotometer
(HORIBA Ltd., Kyoto, Japan) in the wavenumber range of 50–1500 cm−1 . The elemental
oxidation states and atomic percentages of the constituent elements in the BW NSs were
studied using X-ray photoelectron microscopy (XPS; Thermo-Scientific K-alpha instrument,
Thermo Fisher Scientific Inc., Waltham, MA, USA). The valence band edge positions of the
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resultant samples were also obtained using the same instrument by recording the valence
band XPS spectra. Nitrogen adsorption and desorption isotherms of all samples were
measured on a BELSorp-II Mini instrument (Microtrac MRB, Haan, Germany. The optical
absorption and charge recombination properties of the Bi2WO6 NSs were studied using a
spectrophotometer (Scinco Co. Ltd., Seoul, South Korea) and spectrofluorometer (Scinco
Co. Ltd., Seoul, South Korea), respectively.

2.4. Photocatalytic Activity Experiments

The photocatalytic activities of all the BW NSs were determined from the degradation
of the pharmaceutical pollutant, tetracycline hydrochloride (TC), in aqueous solutions
using a 150 W Xenon lamp with a cut-off filter of 420 nm. Afterward, 15 mg of the prepared
BW-K photocatalyst was suspended in TC (100 mL, 20 mg/L) via sonication and stirring for
a few minutes. Before light irradiation, the mixed catalyst solution was vigorously stirred
in the dark for 30 min to reach adsorption-desorption equilibrium. Next, under visible light
irradiation, 5 mL of the solution was removed, filtered, and analyzed at regular intervals.
The degradation activity of the photocatalysts was studied by monitoring the absorbance
peak of TC at 358 nm, using a Scinco spectrophotometer. The durability of the optimized
sample was tested in repeated experiments under the above reaction conditions. In this
cycling experiment, the BW-K sample was collected via washing and centrifugation with
water several times and dried at 60 ◦C overnight to obtain the refreshed sample for use in
the next cycle.

3. Results and Discussion
3.1. Synthesis and Morphological Studies

Scheme 1 shows the synthesis method of BW NSs, which includes the control of mor-
phology from microspheres to nanosheets via Br− ion insertion into the layered structure.
Without the participation of Br− ions, Bi and W ions will spontaneously self-assemble
into a regular hierarchical microsphere-shaped Bi2WO6 (BW). With the participation of
Br−- ions from the precursors of CTAB/TBAB/KBr strongly adsorb on the monolayered
surface and consequently become negatively charged. During the self-assembly process,
monolayer stacking is obstructed by Coulomb repulsion forces and the hydrophobic chains
of the CTA+ or TBA+ ions. The Br− ions on the surface induce a reduction in the bandgap
energy of the monolayers [36]. When Br− ions were used in the bottom-up preparation
protocol for Bi2WO6, they would bond to the surface of monolayers to partially dismiss the
dangling bonds and create a negatively charged surface, which would reduce the stacking
of the layers [36].
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The morphological features of the obtained BW NSs were examined using FE-SEM and
TEM. As shown in Figure 1a,b, the morphology of Bi2WO6 obtained without any Br precur-
sor was observed to be in the form of hierarchical microspheres of ~2 µM diameter. The
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remaining samples that were grown with the use of Br− ions were found to be nanoplatelets.
The FE-SEM images of BW-C, BW-T, and BW-K are shown in Figure 1d,e,g,h, and Figure 1j,k,
respectively. Furthermore, chemical element scanning analysis (Figure 1c,f,i,l) revealed
the presence of bismuth, tungsten, and oxygen in the BW samples, whereas Br was ob-
served in the BW-C, BW-T, and BW-K samples (Table 1). The TEM images were recorded
to understand the detailed morphology of the prepared Bi2WO6 samples, as shown in
Figure 2. Figure 2a,b shows that the BW sample formed regular microspheres during
the hydrothermal reaction, whereas the Bi2WO6 samples that were synthesized with the
assistance of Br− ion precursors formed nanoplatelets (Figure 2c,d for BW-C, Figure 2e,f for
BW-T, and Figure 2g,h for BW-K). According to a recent report [37], the initial presence of
Bi2O2

2+ layers is responsible for the growth of Bi2WO6 nanoplatelets during hydrothermal
reactions. Here, the crystallization exhibits the following two stages. In the first stage,
complexes of the Bi2O2

2+ layer interact with WO4
2− tetrahedral units, leading to the stack-

ing of WO4
2− in between the Bi2O2

2+ layers. This interaction initiates the growth of the
disordered Bi2WO6 crystalline phase. As the reaction advances, the disordered Bi2O2

2+

stacks more WO4
2− tetrahedral units between the layers of Bi2O2

2+ [38]. In the second step,
this disordered phase eVolves into Bi2WO6 nanoplatelets by “sideways” attachment along
the ac plane.
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Table 1. Elemental composition details of the Bo, W, O, and Br elements obtained from FE-SEM
EDAX analysis.

Sample Bi (wt %) W (wt %) O (wt %) Br (wt %)

BW 59.18 28.84 11.98 -
BW-C 60.94 26.98 10.94 1.14
BW-T 59.58 26.16 12.97 1.30
BW-K 59.70 26.80 12.30 1.20

3.2. Structural Characterization

To determine the crystalline phase and purity of the prepared Bi2WO6 nanostructures,
powder X-ray diffraction patterns were recorded (Figure 3). As shown in Figure 3, the
BW sample exhibited peaks at diffraction angles of 28.2◦, 32.8◦, 47.0◦, 55.8◦, 58.4◦, 68.8◦,
75.8◦, and 78.3◦, corresponding to the (131), (200), (202), (133), (262), (400), (391), and (402)
planes, respectively, of the orthorhombic Bi2WO6 crystalline phase with a space group of
Pbca (JCPDS No: 00-039-0256); no other crystalline phases were observed. The diffraction
patterns of the remaining samples that were prepared by adding CTAB, TBAB, and KBr
(BW-C, BW-T, and BW-K) during the synthesis also showed similar diffraction peaks,
confirming Bi2WO6 formation [39]. The intensity of the diffraction planes was significantly
altered due to the adsorption of Br− ions during the crystal growth, which would control
the stacking of layers in Bi2WO6 [36]. Among the samples, Bi2WO6 obtained using TBAB
exhibited the highest crystallinity.
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Figure 3. Powder X-ray diffraction patterns of the as-synthesized Bi2WO6 samples. Figure 3. Powder X-ray diffraction patterns of the as-synthesized Bi2WO6 samples.

Figure 4 illustrates the micro-Raman spectra of BW NSs that were prepared via a
one-step hydrothermal process in the presence of various Br− ion precursors. According
to Figure 4, all the Raman bands of the BW sample can be assigned to the orthorhombic
Bi2WO6 crystal phase. The prepared BW samples exhibited Raman vibrational bands at 122,
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165, 267, 288, 312, 424, 720, 800, and 831 cm−1 . The peaks positioned at 288 and 312 cm−1

in Figure 4 are characteristic of the Bi2WO6 orthorhombic phase and originate from the Eg
bonding modes [40].
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The 312 cm−1 peak is assigned to the translation modes involving the simultaneous
motions of Bi3+ and WO6

6− ions. The peaks observed at 720, 800, and 831 cm−1 correspond
to the symmetric and asymmetric stretching of WO6 [41,42]. Another peak at 424 cm−1 is
associated with the bending mode of WO6. In comparison to the BW sample, an extra peak
around 122 cm−1 was observed in the BW-C, BW-T, and BW-K samples, representing the for-
mation of Bi-Br bond vibrations, which are a consequence of Br-containing BW NSs [43,44].
Thus, it was concluded that extra Bi-Br bonds were formed.

The chemical compositions and oxidation states of the constituent elements in the
prepared Bi2WO6 nanostructures were studied via X-ray photoelectron spectroscopy (XPS).
As shown in Figure 5, the XPS survey scan spectra of the BW sample displayed peaks
related to Bi, W, and O. Furthermore, due to the presence of Br ions in the BW-C, BW-T,
and BW-K samples, their survey scan spectra displayed Br-3d peaks, in addition to Bi, W,
and O elements. As shown in Figure 6a, the binding energy values in the BW samples at
159.10 and 164.42 eV were attributed to the Bi-4f7/2 and Bi-4f5/2, respectively, of Bi3+, with
a well-separated spin-orbit component of ∆ = 5.3 eV [45]. Moreover, the high-resolution
spectrum of W-4f shown in Figure 6b exhibited peaks at 35.30 and 37.47 eV (with ∆ = 5.3 eV)
corresponds to the W-4f7/2 and W-4f5/2 energy levels, respectively, with an oxidation state
of +6 [20]. Figure 6c presents the O-1s spectrum of the BW sample. As shown, the deconvo-
lution spectrum shows two peaks around 530.0 and 531.0 eV, which are characteristic of
lattice oxygen and surface-adsorbed oxygen from the atmosphere, respectively [46,47]. The
high-resolution spectra of other BW samples are also included for comparison and clearly
show a shift in the binding energy values. Figure 6d provides the high-resolution Br-3d
spectra originating from the Br− ion-based precursors used to prepare Bi2WO6 ultrathin
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nanosheets. As shown, the BW sample did not exhibit any Br-3d spectrum, whereas the
remaining samples showed well-resolved peaks around 67.40 and 68.44 eV for BW-C, 67.90
and 68.94 eV for BW-T, and 68.05 and 69.10 eV for BW-K [35]. These peaks indicate that
the Br− ions from CTAB, TBAB, and KBr were bonded to the surface Bi atoms in the
layered structure. Consequently, the morphology was converted to that of typical ultrathin
nanosheets. Notably, the XPS signals of Bi, W, and O in Figure 6 shifted toward lower bind-
ing energies after adding Br-based precursors to the reaction medium. This phenomenon
was due to the formation of chemical bonds between Br and Bi2WO6 (Bi-O-Br), resulting
in a change in the charge distribution in the host component, Bi2WO6. Because Bi2WO6
has a layered perovskite structure consisting of alternating [Bi2O2]2+ and [WO4]2− layers,
bromine is conducive to being inserted into the interlayer [38,48]. The interaction between
the Br− ions and Bi2WO6 caused the XPS peaks to shift toward a lower binding energy.
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To understand the textural and porous structure of the prepared BW NSs, the N2
adsorption-desorption isotherms and their corresponding pore size distribution plots were
measured (Figure 7). All curves shown in Figure 7 exhibit a type-IV isotherm with a
narrow hysteresis loop, representing mesoporous structures. From the BET calculations,
the specific surface area values of the obtained samples were determined as 18.8, 23.0, 32.4,
and 35.4 m2/g for BW, BW-C, BW-T, and BW-K, respectively. From these measurements,
it was confirmed that the morphological changes from microspheres (BW) to nanosheets
(BW-C, BW-T, and BW-K) facilitated a higher surface area, which is highly beneficial for
improving photocatalytic activity [49].
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3.3. Optical Properties and Band Structure Studies

To determine the light-harvesting nature of the synthesized Bi2WO6 samples, UV-vis
absorption spectra were recorded, as presented in Figure 8a. The plots in Figure 8a show
that all the BW samples exhibited weak visible-light absorption, with an absorption band
edge of approximately 450 nm and slight changes. These slight changes in the absorption
edges of the Bi2WO6 samples are due to the change in morphology from microspheres to
nanoplatelets. The bandgap energies of the prepared Bi2WO6 samples were determined
using the absorbance data shown in Figure 8a, and their corresponding Tauc plots [50]
are shown in Figure 8b. As shown, the bandgap energies of the BW, BW-C, BW-T, and
BW-K samples are 2.80, 2.70, 2.79, and 2.66 eV, respectively. As discussed in Section 3.1,
the adsorbed Br− ions on the surface reduce the bandgap energy of the nanoplatelets.
The Bi atoms were coordinately unsaturated on the surface, resulting in layered surfaces
that exposed a large number of reactive sites (i.e., an increased specific surface area, as
shown in Figure 7). Under visible-light irradiation, holes are directly produced on the
surfaces and electrons in the middle layer, leading to efficient charge separation. Both the
improved specific surface area and efficient charge separation result in higher photocatalytic
activity [36]. To calculate the valence band positions (EVB) of the prepared Bi2WO6 samples,
valence band XPS (VB-XPS) spectra were recorded (Figure 8c). The EVB values of BW, BW-C,
BW-T, and BW-K were determined to be 2.10, 1.55, 1.95, and 1.90, respectively. Measurement
errors were removed using the following equation: EVB = ϕ + VBxps − 4.44 eV, where ϕ
with 4.2 eV and 4.44 eV corresponds to the work-function of the XPS analyzer and the
vacuum level, respectively [1]. Then, the final VB positions in the band structure of the
Bi2WO6 system were calculated as 1.86, 1.31, 1.71, and 1.66 eV for BW, BW-C, BW-T, and
BW-K respectively. Furthermore, by using Equation (1) [51],

ECB = EVB − Eg (1)

the corresponding conduction band positions (ECB) were calculated as −0.94, −1.39, −1.08,
and −1.0 eV, respectively, versus NHE. The relative arrangements of EVB and ECB are
shown in Figure 8d. As shown, the calculated VB positions of the prepared Bi2WO6
samples are above (less positive) the OH−/•OH potential (1.99 eV vs. NHE) and, hence,
may not produce the •OH radicals; conversely, the CB values are more negative than
O2/•O2

− potential (−0.33 eV vs. NHE), demonstrating that the electrons in CB of Bi2WO6
have the ability to form •O2

− radicals, which participate in the photocatalytic reactions to
degrade environmental pollutants [52].

To determine the electron-hole recombination rate of the prepared photocatalytic
systems, room-temperature steady-state photoluminescence (PL) spectra were obtained.
Generally, a photocatalytic system that exhibits a lower PL intensity has a low electron-
hole recombination rate; therefore, higher photocatalytic activity is observed [53]. The PL
spectra were recorded at an excitation wavelength of 300 nm, as shown in Figure 9. All the
PL spectra of the BW samples show similar features, and the emission band centered at
approximately 465 nm is characteristic of the band-to-band transition seen in Bi2WO6. As
shown in Figure 9, the PL intensity quenching in the BW-K sample indicates a decreased
charge recombination rate, which improves the photocatalytic activity.
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3.4. Photocatalytic Degradation of Tetracycline Pollutant Using BW NSs

The photocatalytic activities of the BW NS photocatalysts, derived from a hydrother-
mal reaction with and without the use of Br− ion precursors in the reaction medium
were tested toward the tetracycline (TC) degradation reaction using a 150 W Xe lamp
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(λ = 420–800 nm). Primary experiments revealed that the adsorption equilibrium of the
samples was reached in ~30 min during the dark-adsorption stage. Moreover, both the
light source and photocatalyst samples are essential for tetracycline degradation. In all
the degradation experiments, a 20 ppm TC aqueous solution was used and irradiated for
100 min.

According to Figure 10a, under visible-light irradiation, the BW sample exhibited mod-
erate photocatalytic activity with a TC removal rate of only 71.0%, whereas the BW samples
synthesized using Br− ion precursors, i.e., BW-C, BW-T, and BW-K, showed increased
photocatalytic TC degradation activities of 75.0, 78, and 84%, respectively, within 100 min,
indicating that the morphology changes from microspheres to nanoplatelets improved the
photocatalytic TC degradation activity. The improvement in the photocatalytic TC degrada-
tion activity of BW nanoplatelets compared to that of BW microspheres is attributed to the
increased specific surface area and efficient charge separation properties. As discussed in
Section 3.2, during the photocatalytic reactions, holes are produced on the surface, whereas
electrons are produced in the middle layers of the BW nanoplatelets. As a result, improved
charge separation and, consequently, higher photocatalytic activity were observed. The
photocatalytic degradation kinetics of TC was studied using a pseudo-first-order model
with the following formula [54]:

ln(Co/C) = kt (2)
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The estimated rate constants for BW, BW-C, BW-T, and BW-K are 0.0117, 0.0129, 0.0149,
and 0.0178 min−1, respectively (Figure 10b). Among the samples, BW-K showed the highest
photocatalytic TC degradation rate constant, which was 1.52-, 1.38, and 1.19 times higher
than those of the BW, BW-C, and BW-T samples, respectively, indicating the superiority
of these samples [55]. From Figure S1 in the Supplementary Materials and Figure 10a,b,
it can be seen that the photocatalytic activity of the BW-K photocatalyst derived using
KBr in the reaction medium is beneficial, compared to that of the reported photocatalysts,
signifying its prospective application in degrading pharmaceutical antibiotic pollutants
in wastewater. The durability of the BW-K sample was eValuated by conducting cycling
tests. Moreover, the TC degradation activity of the BW-K sample increased with increasing
catalyst loading (5, 10, 15, and 20 mg) (Figure 10c). After 100 min of visible-light irradiation,
the degradation efficiencies were approximately 35.2, 58.6, 84.0, and 62.5%. This result
can be explained as an increase in catalyst loading, which offers a large number of active
sites for the TC degradation reaction. However, beyond a certain limit, an excessive
amount of photocatalyst in the photochemical reaction can cause a shielding effect and
may scatter light, resulting in lower photocatalytic efficiency. As shown in Figure 10d,
the degradation rate remained at 83% eVen after five cycles, demonstrating that there
was no apparent decrease in photocatalytic TC degradation and confirming the excellent
durability of the photocatalyst sample. In order to elucidate this, FE-SEM and TEM
images of the used photocatalyst sample were recorded and are given in Figure S2 in the
Supplementary Materials. As seen in Figure S2, there are no significant morphological
changes observed, suggesting the stability of the BW-K sample. Based on these results,
we provide a comparison table (Table S1 in the Supplementary Materials) to highlight the
significance of our Bi2WO6-based nanostructures with the reported works.

3.5. Photocatalytic Tetracycline Degradation Mechanism

To explore the photocatalytic TC degradation mechanism of the BW-K photocatalyst, it
is essential to determine the role of photoinduced electrons and holes during photocatalytic
reactions [56]. Several chemical quenching experiments were conducted to identify the
main reactive species involved in the photodegradation of TC. During the photocatalytic
degradation of TC, benzoquinone (BQ), isopropanol (IPA), and ethylenediamine tetraacetic
acid disodium salt (EDTA-2Na) were added separately in each experiment as trapping
agents for superoxide radicals (•O2

−), hydroxyl radicals (•OH), and holes (h+), respec-
tively [57]. The corresponding results are provided in Figure 11. The TC degradation
efficiency of the BW-K sample remained at 83.5% after the addition of IPA to the reaction
medium. The experimental observations revealed that •OH radicals were not the main
active species in the reaction. Compared to the BW-K sample without trapping/quenching
agents, the photocatalytic TC degradation efficiency of the BW-K sample with added BQ
was significantly quenched, indicating that •O2

− was the main reactive species in the
photocatalytic degradation reaction. Furthermore, as shown in Figure 11, the degradation
efficiency of the BW-K sample with the scavenger EDTA-2Na decreased slightly, implying
that h+ played a minor role in the TC degradation reaction.

Based on the above results and band structure studies, a possible reaction pathway
for TC degradation over Bi2WO6 (BW-K) is proposed in Scheme 2. Under visible-light
irradiation, the electrons in the VB are excited to the CB of Bi2WO6, while the holes
remain in the VB. The CB position of Bi2WO6 is more negative than the O2/•O2

− potential
(−0.33 eV vs. NHE); hence, the electrons have high power to convert the adsorbed O2 to
•O2

− radicals, and subsequently, degrade the TC molecules [58]. Meanwhile, the holes
present in the VB (+1.66 eV) of Bi2WO6 are not positive enough to oxidize OH− into •OH
radicals. Therefore, the remaining holes in the VB of Bi2WO6 react with the adsorbed TC
molecules and form byproducts. Finally, in the Bi2WO6 photocatalytic system, the active
species of •O2

− radicals (major active species) and h+ (minor active species) could oxidize
the adsorbed tetracycline molecules into CO2 and H2O.
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After bonding the Br− in the layered structure of Bi2WO6, the morphology was
clearly changed from bulk microspheres to nanoplates, the surface area was improved to
present more surface reactive sites, and the band gap was decreased for greater visible
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light absorption performance. The excellent photocatalytic TC degradation activity of the
BW-K sample is probably related to the increased surface-based active sites and visible-
light absorption by the insertion of Br− into the interlayer of orthorhombic Bi2WO6. The
unique structure of BW-K could facilitate the interfacial charge separation and transfer
it to the catalyst surface for degradation reactions more proficiently, as confirmed by PL
measurements. Furthermore, the insertion of bromine into the layer structure of Bi2WO6
shifted the VB and CB potentials to increase the reduction power of the photogenerated
electrons, which, together with a favorable structure for separation and the transfer of
carriers, contributed to the boosted degradation of tetracycline in water.

4. Conclusions

Orthorhombic Bi2WO6 nanostructures with different morphologies were effectively
prepared using a facile, single-step hydrothermal process. The present bottom-up bromine
ion-assisted hydrothermal synthesis demonstrates that the presence of a few Br− ions in
Bi2WO6 is responsible not only for the growth of nanoplates but also for its morphology
tuning from bulk microspheres to nanoplates. During the growth of Bi2WO6, the adsorption
of Br− ions into the network prevents the assembly of several layers, resulting in a nanoplate
morphology and a narrower bandgap compared to bulk Bi2WO6. The obtained Bi2WO6
nanoplates exhibited a sandwich structure of [BiO]+–[WO4]2−–[BiO]+ with Br-Bi-Bi-Br
stacking. The resulting nanoplate structure effectively suppressed the charge recombination
during the photocatalytic reactions, resulting in enhanced photocatalytic TC degradation.
Moreover, the nanoplate structure of Bi2WO6 offers improved light absorption and a higher
number of reactive sites for oxidation. The unique growth of Bi2WO6 nanoplates via a route
mediated by the Br-ions provides an effective strategy for realizing efficient photocatalysts
for advanced oxidation processes, and the same rational design approach can be extended
to other layered photocatalytic systems.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/nano13182614/s1, Figure S1: Visible light-driven tetracycline degradation
curves over BW, BW-C, BW-T, and BW-K photocatalysts; Figure S2. FE-SEM and TEM images of BW-K
photocatalyst sample after cycling reactions, Table S1: Bi2WO6-based photocatalysts for pollutant
degradation reactions [59].

Author Contributions: Conceptualization, methodology, formal analysis, investigation,
writing—original draft preparation: R.K.C.; resources, writing—review and editing, supervision,
project administration, funding acquisition: M.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by a National Research Foundation of Korea (NRF) grant funded
by the Korean government (MSIT) (No. 2019R1A5A8080290), for which the authors are very grateful.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ren, H.T.; Qi, F.; Labidi, A.K.; Zhao, J.J.; Wang, H.; Xin, Y.; Luo, J.M.; Wang, C.Y. Chemically bonded carbon quantum dots/Bi2WO6

S-scheme heterojunction for boosted photocatalytic antibiotic degradation: Interfacial engineering and mechanism insight. App.
Catal. B 2023, 330, 122587. [CrossRef]

2. Hu, J.D.; Chen, D.Y.; Mo, Z.; Li, N.J.; Xu, Q.F.; Li, H.; He, J.H.; Xu, H.; Lu, J.M. Z-Scheme 2D/2D Heterojunction of Black
Phosphorus/Monolayer Bi2WO6 Nanosheets with Enhanced Photocatalytic Activities. Angew. Chem. Int. Ed. 2019, 58, 2073–2077.
[CrossRef]

3. Yin, H.; Zhao, J.; Li, Y.; Huang, L.; Zhang, H.; Chen, L. A novel Pd decorated polydopamine-SiO2/PVA electrospun nanofiber
membrane for highly efficient degradation of organic dyes and removal of organic chemicals and oils. J. Cleaner Prod. 2020,
275, 122937. [CrossRef]

https://www.mdpi.com/article/10.3390/nano13182614/s1
https://www.mdpi.com/article/10.3390/nano13182614/s1
https://doi.org/10.1016/j.apcatb.2023.122587
https://doi.org/10.1002/anie.201813417
https://doi.org/10.1016/j.jclepro.2020.122937


Nanomaterials 2023, 13, 2614 17 of 19

4. Bian, L.; Shen, C.; Song, C.; Zhang, S.; Cui, Z.; Yan, F.; He, B.; Li, J. Compactness tailored hollow fiber loose nanofiltration
separation layers based on “chemical crosslinking and metal ion coordination” for selective dye separation. J. Membr. Sci. 2021,
620, 118948. [CrossRef]

5. Hashem, A.H.; Saied, E.; Hasanin, M.S. Green and ecofriendly bio-removal of methylene blue dye from aqueous solution using
biologically activated banana peel waste. Sustain. Chem. Pharm. 2020, 18, 100333. [CrossRef]

6. Mojtabavi, S.; Khoshayand, M.R.; Fazeli, M.R.; Samadi, N.; Faramarzi, M.A. Combination of thermal and biological treatments for
bio-removal and detoxification of some recalcitrant synthetic dyes by betaine-induced thermostabilized laccase. Environ. Technol.
Innov. 2020, 20, 101046. [CrossRef]

7. Zhang, J.; Lei, C.; Chen, W.; Xie, Q.; Guo, Q.; Huang, B. Electrochemical-driven nanoparticulate catalysis for highly efficient
dechlorination of chlorinated environmental pollutant. J. Catal. 2021, 395, 362–374. [CrossRef]

8. Ahmadijokani, F.; Mohammadkhani, R.; Ahmadipouya, S.; Shokrgozar, A.; Rezakazemi, M.; Molavi, H.; Aminabhavi, T.M.;
Arjmand, M. Superior chemical stability of UiO-66 metal-organic frameworks (MOFs) for selective dye adsorption. Chem. Eng. J.
2020, 399, 125346. [CrossRef]

9. Siakavelas, G.I.; Charisiou, N.D.; Alkhoori, A.; Sebastian, V.; Hinder, S.J.; Baker, M.A.; Yentekakis, I.V.; Polychronopoulou, K.;
Goula, M.A. Cerium oxide catalysts for oxidative coupling of methane reaction: Effect of lithium, samarium and lanthanum
dopants. J. Env. Chem. Eng. 2022, 10, 107259. [CrossRef]

10. Siakavelas, G.I.; Charisiou, N.D.; Alkhoori, A.; Gaber, S.; Sebastian, V.; Hinder, S.J.; Baker, M.A.; Yentekakis, I.V.; Poly-
chronopoulou, K.; Goula, M.A. Oxidative coupling of methane on Li/CeO2 based catalysts: Investigation of the effect of
Mg- and La-doping of the CeO2 support. Mol. Catal. 2022, 520, 112157. [CrossRef]

11. Sgroi, M.; Snyder, S.A.; Roccaro, P. Comparison of AOPs at pilot scale: Energy costs for micro-pollutants oxidation, disinfection
by-products formation and pathogens inactivation. Chemosphere 2021, 273, 128527. [CrossRef] [PubMed]

12. Xia, M.; Long, M.; Yang, Y.; Chen, C.; Cai, W.; Zhou, B. A highly active bimetallic oxides catalyst supported on Al-containing
MCM-41 for Fenton oxidation of phenol solution. Appl. Catal. B 2011, 110, 118–125. [CrossRef]

13. Sinha, R.; Ghosal, P.S. A comprehensive appraisal on status and management of remediation of DBPs by TiO2 based-photocatalysts:
Insights of technology, performance and energy efficiency. J. Environ. Manag. 2023, 328, 17011. [CrossRef]

14. Hunag, T.T.; Li, Y.H.; Wu, X.F.; Lv, K.L.; Li, Q.; Li, M.; Du, D.Y.; Ye, H.P. In-situ transformation of Bi2WO6 to highly photoreactive
Bi2WO6@Bi2S3 nanoplate via ion exchange. Chin. J. Catal. 2018, 39, 718–727. [CrossRef]

15. Chava, R.K.; Son, N.G.; Kim, Y.S.; Kang, M.S. Controlled Growth and Bandstructure Properties of One Dimensional Cadmium
Sulfide Nanorods for Visible Photocatalytic Hydrogen eVolution Reaction. Nanomaterials 2020, 10, 619. [CrossRef]

16. Zhao, W.; Yang, X.R.; Liu, C.X.; Qian, X.X.; Wen, Y.R.; Yang, Q.A.; Sun, T.; Chang, W.Y.; Liu, X.; Chen, Z. Facile Construction of
All-Solid-State Z-Scheme g-C3N4/TiO2 Thin Film for the Efficient Visible-Light Degradation of Organic Pollutant. Nanomaterials
2020, 10, 600. [CrossRef]

17. Zhang, G.P.; Chen, D.Y.; Li, N.J.; Xu, Q.F.; Li, H.; He, J.H.; Lu, J.M. Fabrication of Bi2MoO6/ZnO hierarchical heterostructures
with enhanced visible-light photocatalytic activity. App. Catal. B 2019, 250, 313–324. [CrossRef]

18. Wang, S.Y.; Yang, H.; Yi, Z.; Wang, X.X. Enhanced photocatalytic performance by hybridization of Bi2WO6 nanoparticles with
honeycomb-like porous carbon skeleton. J. Environ. Manag. 2019, 248, 109341. [CrossRef]

19. Zhu, D.D.; Zhou, Q.X. Novel Bi2WO6 modified by N-doped graphitic carbon nitride photocatalyst for efficient photocatalytic
degradation of phenol under visible light. Appl. Catal. B 2020, 268, 118426. [CrossRef]

20. Xie, Z.K.; Xu, Y.Y.; Li, D.; Meng, S.C.; Chen, M.; Jiang, D.L. Covalently Bonded Bi2O3 Nanosheet/Bi2WO6 Network Heterostruc-
tures for Efficient Photocatalytic CO2 Reduction. ACS Appl. Energy Mater. 2020, 3, 12194–12203. [CrossRef]

21. Ni, Z.W.; Shen, Y.; Xu, L.H.; Xiang, G.H.; Chen, M.Y.; Shen, N.; Li, K.; Ni, K. Facile construction of 3D hierarchical flower-like
Ag2WO4/Bi2WO6 Z-scheme heterojunction photocatalyst with enhanced visible light photocatalytic activity. Appl. Surf. Sci.
2022, 576, 151868. [CrossRef]

22. Zhang, L.-W.; Wang, Y.-J.; Cheng, H.-Y.; Yao, W.-Q.; Zhu, Y.-F. Synthesis of Porous Bi2WO6 Thin Films as Efficient Visible-Light-
Active Photocatalysts. Adv. Mater. 2009, 21, 1286–1290. [CrossRef]

23. Belousov, A.S.; Parkhacheva, A.A.; Suleimanov, E.V.; Fukina, D.G.; Koryagin, A.V.; Shafiq, I.; Krasheninnikova, O.V.; Kuzmichev,
V.V. Doping vs. heterojunction: A comparative study of the approaches for improving the photocatalytic activity of flower-like
Bi2WO6 for water treatment with domestic LED light. Catal. Commun. 2023, 180, 106705. [CrossRef]

24. Jia, X.; Zhang, Y.L.; Xu, G.Z.; Wang, X.Y.; Liang, Y.; Li, A.M.; Xie, X.C.; Wu, D.S. A novel Bi2WO6/DMPBP[5] composite for cyclic
adsorption and photocatalytic degradation of organic pollutant in water. Proc. Saf. Environ. Prot. 2023, 171, 763–772. [CrossRef]

25. Sun, S.M.; Wang, W.Z.; Zhang, L. Facile preparation of three-dimensionally ordered macroporous Bi2WO6 with high photocatalytic
activity. J. Mater. Chem. 2012, 22, 19244–19249. [CrossRef]

26. Shivani, V.; Harish, S.; Archana, J.; Navaneethan, M.; Ponnusamy, S.; Hayakawa, Y. Highly efficient 3-D hierarchical Bi2WO6
catalyst for environmental remediation. Appl. Surf. Sci. 2019, 488, 696–706. [CrossRef]

27. Li, G.S.; Zhang, D.Q.; Yu, J.C.; Leung, M.K.H. An Efficient Bismuth Tungstate Visible-Light-Driven Photocatalyst for Breaking
Down Nitric Oxide. Environ. Sci. Technol. 2010, 44, 4276–4281. [CrossRef] [PubMed]

28. Chen, T.; Liu, L.Z.; Hu, C.; Huang, H.W. Recent advances on Bi2WO6-based photocatalysts for environmental and energy
applications. Chin. J. Catal. 2021, 42, 1413–1438. [CrossRef]

https://doi.org/10.1016/j.memsci.2020.118948
https://doi.org/10.1016/j.scp.2020.100333
https://doi.org/10.1016/j.eti.2020.101046
https://doi.org/10.1016/j.jcat.2021.01.032
https://doi.org/10.1016/j.cej.2020.125346
https://doi.org/10.1016/j.jece.2022.107259
https://doi.org/10.1016/j.mcat.2022.112157
https://doi.org/10.1016/j.chemosphere.2020.128527
https://www.ncbi.nlm.nih.gov/pubmed/33268086
https://doi.org/10.1016/j.apcatb.2011.08.033
https://doi.org/10.1016/j.jenvman.2022.117011
https://doi.org/10.1016/S1872-2067(17)62913-9
https://doi.org/10.3390/nano10040619
https://doi.org/10.3390/nano10040600
https://doi.org/10.1016/j.apcatb.2019.03.055
https://doi.org/10.1016/j.jenvman.2019.109341
https://doi.org/10.1016/j.apcatb.2019.118426
https://doi.org/10.1021/acsaem.0c02252
https://doi.org/10.1016/j.apsusc.2021.151868
https://doi.org/10.1002/adma.200801354
https://doi.org/10.1016/j.catcom.2023.106705
https://doi.org/10.1016/j.psep.2023.01.033
https://doi.org/10.1039/c2jm34211a
https://doi.org/10.1016/j.apsusc.2019.05.072
https://doi.org/10.1021/es100084a
https://www.ncbi.nlm.nih.gov/pubmed/20459055
https://doi.org/10.1016/S1872-2067(20)63769-X


Nanomaterials 2023, 13, 2614 18 of 19

29. Li, C.M.; Chen, G.; Sun, J.X.; Rao, J.C.; Han, Z.H.; Hu, Y.D.; Xing, W.N.; Zhang, C.M. Doping effect of phosphate in Bi2WO6 and
universal improved photocatalytic activity for removing various pollutants in water. Appl. Catal. B. 2016, 188, 39–47. [CrossRef]

30. Tong, M.Q.; Zhang, N.; Tan, Z.X.; Chi, L.L.; Zhang, K.W.; Chen, B.; Hu, F.X.; Guo, C.X. Oxygen vacancy-rich Bi2WO6 nanocrystals
for fast and wide-range photoelectrochemical sensing of hydrogen peroxide. Microchem. J. 2023, 190, 108618. [CrossRef]

31. Yang, C.Y.; Zhang, Z.H.; Wang, P.; Xu, P.; Shen, T.Y.; Xing, Y.J.; Zhang, G.S. A novel vertical immobilized photocatalytic membrane
reactor based on Bi2WO6-g-C3N4/PVDF for enhanced removal of atrazine, anti-fouling performance and long-term stability.
Chem. Eng. J. 2023, 471, 144672. [CrossRef]

32. Ma, H.Q.; Yang, W.Y.; Gao, S.A.; Geng, W.R.; Lu, Y.L.; Zhou, C.L.; Shang, J.K.; Shi, T.; Li, Q. Superior photopiezocatalytic
performance by enhancing spontaneous polarization through post-synthesis structure distortion in ultrathin Bi2WO6 nanosheet
polar photocatalyst. Chem. Eng. J. 2023, 455, 140471. [CrossRef]

33. Ban, T.; Asano, K.; Takai-Yamashita, C.; Ohya, Y. Bottom-up synthesis of titanophosphate nanosheets by the aqueous solution
process. Nanoscale Adv. 2020, 2, 3542–3549. [CrossRef] [PubMed]

34. Takezawa, Y.; Imai, H. Bottom-Up Synthesis of Titanate Nanosheets with Hierarchical Structures and a High Specific Surface
Area. Small 2006, 2, 390–393. [CrossRef] [PubMed]

35. Wang, S.G.; Ding, X.; Yang, N.; Zhan, G.M.; Zhang, X.H.; Dong, G.H.; Zhang, L.Z.; Chen, H. Insight into the effect of bromine on
facet-dependent surface oxygen vacancies construction and stabilization of Bi2MoO6 for efficient photocatalytic NO removal.
Appl. Catal. B. 2020, 265, 118585. [CrossRef]

36. Zhou, Y.G.; Zhang, Y.F.; Lin, M.S.; Long, J.L.; Zhang, Z.Z.; Lin, H.X.; Wu, J.C.S.; Wang, X.X. Monolayered Bi2WO6 nanosheets
mimicking heterojunction interface with open surfaces for photocatalysis. Nat. Commun. 2015, 6, 8340. [CrossRef] [PubMed]

37. Saha, D.; Bøjesen, E.D.; Mamakhel, A.H.; Iversen, B.B. Why Does Bi2WO6 Visible-Light Photocatalyst Always Form as
Nanoplatelets? Inorg. Chem. 2020, 59, 9364–9373. [CrossRef]

38. Xu, S.L.; Zhang, Y.-J.; Tang, R.; Zhang, X.Y.; Hu, Z.-H.; Yu, H.-Q. Enhancing Fenton-like catalytic efficiency of Bi2WO6 by iodine
doping for pollutant degradation. Sep. Pur. Technol. 2021, 277, 119447. [CrossRef]

39. Li, X.; Yu, Y.; Wang, Y.X.; Di, Y.; Liu, J.Q.; Li, D.Y.; Wang, Y.M.; Zhu, Z.; Liu, H.L.; Wei, M.B. Withered magnolia-derived BCDs
onto 3D flower-like Bi2WO6 for efficient photocatalytic TC degradation and CO2 reduction. J. Alloys Compd. 2023, 965, 171520.
[CrossRef]

40. Maczka, M.; Hanuza, J.; Paraguassu, W.; Gomes Souza Filho, A.; Tarso Cavalcante Freire, P.; Mendes Filho, J. Phonons in
Ferroelectric Bi2WO6: Raman and Infrared Spectra and Lattice Dynamics. Appl. Phys. Lett. 2008, 92, 112911. [CrossRef]

41. Wu, S.J.; Sun, J.G.; Li, Q.; Hood, Z.D.; Yang, S.Z.; Su, T.M.; Peng, R.; Wu, Z.L.; Sun, W.W.; Kent, P.R.C.; et al. Effects of Surface
Terminations of 2D Bi2WO6 on Photocatalytic Hydrogen eVolution from Water Splitting. ACS Appl. Mater. Interfaces 2020, 12,
20067–20074. [CrossRef] [PubMed]

42. Kang, S.R.; Liu, X.J.; Wang, Z.X.; Wu, Y.; Dou, M.G.; Yang Hua Zhu, H.J.; Li, D.C.; Dou, J.M. Functionalized 2D defect g-C3N4 for
artificial photosynthesis of H2O2 and synchronizing tetracycline fluorescence detection and degradation. Environ. Res. 2023,
232, 116345. [CrossRef]

43. Ferrer, M.M.; Rodrigues, J.E.F.S.; Almeida, M.A.P.; Moura, F.; Longo, E.; Pizani, P.S.; Sambrano, J.R. Theoretical Methods for
Calculations of Optical Phonons in BiOBr: Analysis and Correction of Propagated Errors. J. Raman Spectrosc. 2018, 49, 1356–1363.
[CrossRef]

44. Cui, Z.; Song, H.; Ge, S.; He, W.; Liu, Y. Fabrication of BiOCl/BiOBr Hybrid Nanosheets with Enhanced Superoxide Radical
Dominating Visible Light-Driven Photocatalytic Activity. Appl. Surf. Sci. 2019, 467–468, 505–513. [CrossRef]

45. Cheng, T.T.; Gao, H.J.; Wang, S.F.; Yi, Z.; Liu, G.R.; Pu, Z.S.; Wang, X.X.; Yang, H. Surface doping of Bi4Ti3O12 with S: Enhanced
photocatalytic activity, mechansim and potential photodegradation application. Mater. Res. Bull. 2022, 149, 111711. [CrossRef]

46. Rauf, A.; Sher Shah, M.S.A.; Choi, G.H.; Humayoun, U.B.; Yoon, D.H.; Bae, J.W.; Park, J.; Kim, W.J.; Yoo, P.J. Facile Synthesis of
Hierarchically Structured Bi2S3/Bi2WO6 Photocatalysts for Highly Efficient Reduction of Cr(VI). ACS Sustain. Chem. Eng. 2015, 3,
2847–2855. [CrossRef]

47. Zhang, J.; Sun, X.F.; Ma, J.Y.; Yi, Z.; Xian, T.; Wang, S.F.; Liu, G.R.; Wang, X.X.; Yang, H. Development of highly-effiecnt 0D/1D/0D
dual Z-scheme CdS/ZnWO4/ZnS heteojunction photocatalysts in pollutant removal and involved mechanism. Appl. Surf. Sci.
2023, 611, 155681. [CrossRef]

48. Wang, L.; Wang, Z.; Zhang, L.; Hu, C. Enhanced photoactivity of Bi2WO6 by iodide insertion into the interlayer for water
purification under visible light. Chem. Eng. J. 2018, 352, 664–672. [CrossRef]

49. Zhang, Y.D.; Chen, P.; Lv, W.Y.; Xiao, Z.J.; Zhang, J.F.; Wu, J.Q.; Lin, Z.L.; Zhang, G.Z.; Yu, Z.S.; Liu, H.J.; et al. Key role of
Fe(VI)-activated Bi2WO6 in the photocatalytic oxidation of sulfonamides: Mediated electron transfer mechanism. J. Haz. Mater.
2023, 458, 132009. [CrossRef]

50. Pancielejko, A.; Luczak, J.; Lisowski, W.; Zaleska-Medynska, A.; Mazierski, P. Novel two-step synthesis method of thin film
heterojunction of BiOBr/Bi2WO6 with improved visible-light-driven photocatalytic activity. Appl. Surf. Sci. 2021, 569, 151082.
[CrossRef]

51. Zhao, B.X.; Shao, N.; Chen, X.L.; Ma, J.X.; Gao, Y.J.; Chen, X.Q. Construction of novel type II heterojunction WO3/Bi2WO6 and
Z-scheme heterojunction CdS/Bi2WO6 photocatalysts with significantly enhanced photocatalytic activity for the degradation of
rhodamine B and reduction of Cr(VI). Colloids Surf. A 2023, 663, 131072. [CrossRef]

https://doi.org/10.1016/j.apcatb.2016.01.054
https://doi.org/10.1016/j.microc.2023.108618
https://doi.org/10.1016/j.cej.2023.144672
https://doi.org/10.1016/j.cej.2022.140471
https://doi.org/10.1039/D0NA00376J
https://www.ncbi.nlm.nih.gov/pubmed/36134261
https://doi.org/10.1002/smll.200500343
https://www.ncbi.nlm.nih.gov/pubmed/17193057
https://doi.org/10.1016/j.apcatb.2019.118585
https://doi.org/10.1038/ncomms9340
https://www.ncbi.nlm.nih.gov/pubmed/26359212
https://doi.org/10.1021/acs.inorgchem.0c01249
https://doi.org/10.1016/j.seppur.2021.119447
https://doi.org/10.1016/j.jallcom.2023.171520
https://doi.org/10.1063/1.2896312
https://doi.org/10.1021/acsami.0c01802
https://www.ncbi.nlm.nih.gov/pubmed/32233392
https://doi.org/10.1016/j.envres.2023.116345
https://doi.org/10.1002/jrs.5377
https://doi.org/10.1016/j.apsusc.2018.10.181
https://doi.org/10.1016/j.materresbull.2021.111711
https://doi.org/10.1021/acssuschemeng.5b00783
https://doi.org/10.1016/j.apsusc.2022.155681
https://doi.org/10.1016/j.cej.2018.07.028
https://doi.org/10.1016/j.jhazmat.2023.132009
https://doi.org/10.1016/j.apsusc.2021.151082
https://doi.org/10.1016/j.colsurfa.2023.131072


Nanomaterials 2023, 13, 2614 19 of 19

52. Wang, G.W.; Cheng, H.F. Recyclable MXene-bridged Z-scheme NiFe2O4/MXene/Bi2WO6 heterojunction with enhanced charge
separation for efficient sonocatalytic removal of ciprofloxacin. Sci. Total. Environ. 2023, 901, 165833. [CrossRef]

53. Zhao, C.R.; Cai, L.Y.; Wang, K.Q.; Li, B.X.; Yuan, S.D.; Zeng, Z.H.; Zhao, L.H.; Wu, Y.; He, Y.M. Novel Bi2WO6/ZnSnO3
heterojunction for the ultrasonic-vibration-driven piezocatalytic degradation of RhB. Env. Pol. 2023, 319, 120982. [CrossRef]
[PubMed]

54. Jiang, X.; Chen, S.A.; Zhang, X.R.; Qu, L.N.; Qi, H.J.; Wang, B.; Xu, B.B.; Huang, Z.H. Carbon-doped flower-like Bi2WO6 decorated
carbon nanosphere nanocomposites with enhanced visible light photocatalytic degradation of tetracycline. Adv. Compos. Hybrid
Mater. 2023, 6, 47. [CrossRef]

55. Yang, C.Y.; Zhang, Z.H.; Wang, P.; Xu, P.; Shen, T.Y.; Wang, M.Q.; Zheng, Q.Z.; Zhang, G.S. Ultrathin g-C3N4 composite Bi2WO6
embedded in PVDF UF membrane with enhanced permeability, anti-fouling performance and durability for efficient removal of
atrazine. J. Hazard. Mater. 2023, 451, 131154. [CrossRef]

56. Meng, L.J.; How, Z.T.; Chelme-Ayala, P.; Benally, C.; El-Din, M.G. Z-scheme plasmonic Ag decorated Bi2WO6/NiO hybrids for
enhanced photocatalytic treatment of naphthenic acids in real oil sands process water under simulated solar irradiation. J. Hazard.
Mater. 2023, 454, 131441. [CrossRef]

57. Kang, Z.H.; Chen, M.S.; Wu, J.A.; Qin, N.; Bao, D.H. Insights on enhancing piezocatalytic performance of Bi2WO6@PDA
homojunction from phase coexistence and electron transfer mediators. J. Colloids Interface Sci. 2023, 650, 169–181. [CrossRef]

58. Ming, J.; Sun, X.A.; Ma, Q.S.; Liu, N.; Zhang, C.; Kawazoe, N.; Cen, G.P.; Yang, Y.N. Advanced photocatalytic sterilization for
recalcitrant Enterococcus sp. contaminated water by newly developed Z-scheme Bi2WO6 based composites under solar light.
Chemosphere 2023, 310, 136912. [CrossRef]

59. Hu, S.J.; Fei, Q.R.; Li, Y.J.; Wang, B.L.; Yu, Y.J. Br-terminated 2D Bi2WO6 nanosheets as a sensitive light-regenerated electrochemical
sensor for detecting sulfamethoxazole antibiotic. Surf. Interfaces 2021, 25, 101302. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.scitotenv.2023.165833
https://doi.org/10.1016/j.envpol.2022.120982
https://www.ncbi.nlm.nih.gov/pubmed/36592880
https://doi.org/10.1007/s42114-022-00616-x
https://doi.org/10.1016/j.jhazmat.2023.131154
https://doi.org/10.1016/j.jhazmat.2023.131441
https://doi.org/10.1016/j.jcis.2023.06.190
https://doi.org/10.1016/j.chemosphere.2022.136912
https://doi.org/10.1016/j.surfin.2021.101302

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Synthesis of Various Bi2WO6 Nanostructures (BW NSs) 
	Physical Characterization Techniques 
	Photocatalytic Activity Experiments 

	Results and Discussion 
	Synthesis and Morphological Studies 
	Structural Characterization 
	Optical Properties and Band Structure Studies 
	Photocatalytic Degradation of Tetracycline Pollutant Using BW NSs 
	Photocatalytic Tetracycline Degradation Mechanism 

	Conclusions 
	References

