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Abstract With the simple perovskite structure, Bi,WOg could be utilized as a modifier to overcome
the low visible light response of the wide energy band photocatalyst ZnS. Flower-like Bi,WO¢ was
simply synthesized by hydrothermal method and Bi,WO¢/ZnS heterojunction was constructed via
solvothermal reaction. The results showed that ZnS nanospheres were uniformly loaded on the
flower-like structure, which was well kept under low concentration loading (<20%wt ZnS). The
degradation of MB and Rh.B under visible light was used to measure the photocatalytic activity
of the photocatalysts. The degradation rates of MB and Rh.B by 20%wt-Bi,WO¢/ZnS were as high
as 94.3% and 92.8%, respectively. Moreover, the degradation performance of photocatalyst still
maintained 89.3% after 4 times recycling tests. The visible light absorption ability of modified
ZnS was improved, and the recombination of photogenerated electrons and holes was inhibited
due to the formation of heterojunction. According to the data from density functional theory cal-
culation, the composition of the valence band and conductive band of the Bi,WOg4/ZnS system has
been altered. The band gap of Bi,WO¢/ZnS was reduced by roughly 1.12 eV compared to that of
pure ZnS, and the work function analysis were in good agreement with the experimental results.
Under light stimulation, electrons were transferred from Bi,WOg to ZnS to produce superoxide rad-
icals which played key roles in the degradation reaction of dyes.
© 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
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1. Introduction

With the development of industrialization, synthetic dyes, various
antibiotics and other organic synthetic substances were used in all
aspects of human life. The organic dyes, which were highly toxic and dif-
ficult to degrade (Kusvuran et al., 2011; Routoula and Patwardhan,
2020), were discharged into natural systems such as water bodies, caus-
ing serious pollution to the environment and eventually threatening
human’s health (Yan et al., 2019). Traditional methods on treatment
of organic dyes, including adsorption, electrochemical and biological
methods (Yagub et al., 2014; Suhaimi et al., 2015; Paramaguru et al.,
2010), had disadvantages such as incomplete degradation, secondary
pollution, high energy consumption and poor stability (Ali, 2010;
Lucasetal., 2008). Photocatalytic technology was a kind of light conver-
sion technique, which converts the cleanest solar energy into chemical
energy (Kudo and Miseki, 2009). Compared with the traditional treat-
ment methods of organic waste, photocatalytic technology had the
advantages of complete degradation, high efficiency and environmental
protection (Kabra et al., 2004; Ismail and Bahnemann, 2014). The main
advantage may be that it owns environmentally friendly characteristic.

ZnS had important applications in the field of photocatalysis because
of its non-toxic, high electron mobility, low cost, high stability and rich
nano-morpholog (Fang et al., 2011; Ashkarran, 2014; Bao et al., 2008).
The main problem faced by ZnS as photocatalyst was the larger energy
gap, which affected the efficiency of light absorption and utilization
(Karan et al., 2010; Zhang et al., 2012; Wang et al., 2012). In order to
get the desired results of photocatalysis, it is necessary to enhance the
absorption ability of ZnS to visible light. Some semiconductors, such
as Fe,O5 (Shah et al., 2015), ZnO (Zeng et al., 2021), CuO (Janani
et al., 2022) and SnO, (Hu et al., 2016); were used to improve ZnS pho-
tocatalytic performance. In addition, studies on the recombination of
two sulfide semiconductors, such as CdS/ZnS and CuS/ZnS, had also
been reported (Fakhri and Ahmed, 2019; Zhanget al., 2011). The photo-
catalytic performance of ZnS has been improved by forming heterojunc-
tions with specific semiconductors, which was proved to be a simple and
efficient modification strategy from the previously researches.

Bismuth tungstate (Bi,WOg) was frequently explored in the field of
photocatalysis because of its simple perovskite structure, narrow band
gap and low cost (Chen et al., 2021; Orimolade et al., 2021; Longo
et al., 2018). The valence band of Bi,WO¢ was hybridized combination
of Bi 6 s and O 2p orbitals (Meng and Zhang, 2016). As a result, the
photocatalyst was allowed to be excited by visible light due to the
reduction of energy gap. Bi,WOg had simple preparation method
and a diverse morphology (Liu et al., 2020; Zhang and Zhu, 2012),
which could be used as an excellent modifier of ZnS. Tang et al.
(Tang et al., 2015) prepared Bi,WOg/ZnS heterostructures by surface
functionalization method with 3-mercaptopropionic acid (MPA) as
surface functionalizer. The photodegradation efficiency of Rh.B by
Bi,WOg4/ZnS was about 1.85 times that of pure Bi,WOyg. The enhanced
photocatalytic activity of the synthetic heterostructures could be
ascribed to the promotion of interfacial charge transfer and the inhibi-
tion of electron hole recombination, according to the characterization
data. Safaei et al. (Safaei and Mohebbi, 2019) built Bi,WOgs/ZnS
hetero-nanostructures for aerobic selective alcohol oxidation by sur-
face functionalization method with 4-mercaptosuccinic acid (MSA)
at room temperature. The photooxidation yield of Bi;WOg4/ZnS has
enhanced as a consequence of the experiments. The charge recombina-
tion rate was reduced by the synergistic action of composites, resulting
in effective charge separation of photogenerated electron-hole pairs. A
Z-scheme-based ZnCdS/Bi,WOg composite was fabricated by a three-
step method (Zhao et al., 2021), which showed excellent stability and
proved to be highly effective in the photodegradation of malachite
green (MG) with enhanced photocatalytic activity under visible light.
But the strategy was energy-consuming. From the previous studies
(Chen et al., 2021; Orimolade et al., 2021; Liu et al., 2020), it can be
found that there were a few reports on the research of Bi,WO¢/ZnS
heterojunction materials.

In this paper, flower-like Bi,WOg4 was synthesized firstly by a sim-
ple hydrothermal method, and then the Bi,WO¢/ZnS heterojunction
was prepared by in-situ solvothermal method. The structure, morphol-
ogy and optical properties of the prepared samples were analyzed by
XRD, SEM, DRS and other characterization methods. The degrada-
tion of dyes under visible light was simulated to evaluate the photocat-
alytic performance of photocatalysts. The mechanism of
photocatalysis was interpreted by means of both experiments and
first-principle calculations. Our data showed that the Bi;WO¢/ZnS
heterojunction was a kind of stable photocatalyst with excellent perfor-
mance and low energy cost.

2. Materials and methods

2.1. Chemicals

The chemicals, thiourea, Bi(NO3);-5H,0, Na,WO,4-2H,0 and
Zn(CH3COO0),'6H,0, were purchased from Aladdin Corp.
Ethylene glycol and anhydrous ethanol were purchased from
Sinopharm Chemical Reagent Ltd. Corp. The materials were
analytical grade (99%) and used as received with no further
purification. Deionized water was used in all experiments.

2.2. Synthesis of Bi;WOgs and Bi;WOgs/ZnS photocatalyst

2.2.1. Synthesis of Bi;WOg photocatalyst

Flower-like Bi,WOg¢ was prepared by hydrothermal method.
In a typical procedure, 2.0 mmol of bismuth nitrate (Bi(NO3)3-
-5H,0) was dissolved in 40 mL of deionized water, which was
recorded as solution A. Similarly, 1.0 mmol of sodium tung-
state (Na,WO4-2H,0) was dissolved in 40 mL of deionized
water, which was recorded as solution B. Then, solution B
was added to the solution A, and a dropping process was car-
ried out at about 2.0 mLemin~'. The milky white precursor
was obtained after the mixing and was transferred to a
100 mL teflon-lined autoclave and kept 6 h at 160 C. After
cooling to room temperature, the product was washed three
times with deionized water and anhydrous ethanol, respec-
tively. The white solid product Bi,WOg was obtained and dried
in a vacuum drying oven at 60 ‘C for 10 h. The resulting white
solid product Bi;WOg4 was ground for subsequent use.

2.2.2. Synthesis of Bi,WOgs/ZnS photocatalyst

In-situ solvothermal method was used for the synthesis of Bi,-
WOg4/ZnS composite photocatalyst and the preparation pro-
cess was shown in Fig. 1. Firstly, 0.3 g Bi,WOg4 was
ultrasonically dispersed in 40.0 mL ethylene glycol and Zn
(CH5COO),"6H,0 was added to continue ultrasonication for
30 min(with different masses for each sample). The mixture
was stirred for 30 min to make it disperse evenly. The resulting
solution was recorded as solution C. Thiourea was weighed
according to Zn: S molar ratio of 1:2.5, which proportion
could eliminate ZnO component interference on ZnS nano
microspheres (Wu et al., 2015). The weighed thiourea was stir-
red and dissolved in 40.0 mL of ethylene glycol, which
recorded as solution D. A brownish yellow precursor was
obtained after solution D was added slowly to solution C.
The mixture solution was transferred to a 100 mL teflon-
lined autoclave and heated to 180 ‘C and maintained at this
temperature for 12 h. After cooling to room temperature, a
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Fig. 1

brownish black precipitates were obtained by centrifugation.
The precipitates were washed three times with deionized water
and absolute ethanol. Finally, the composite Bi,WOg¢/ZnS
photocatalyst was obtained by vacuum drying at 80 °C for
10 h. They were called Bi;WO¢/ZnS-X (BWOZS-X), where
X = 1-5, indicating the mass content of ZnS at 10%, 20%,
30%, 40% and 50% respectively. The corresponding mole
ratios of Bi,WOQOg: ZnS were 1.258:1, 0.559:1, 0.326:1, 0.210:1
and 0.140:1. In addition, pure ZnS without Bi,WOg¢ was pre-
pared under the same conditions.

2.3. Characterization

The phases of ZnS, Bi,WO4 and BWOZS were determined by
X-ray diffraction (XRD, XD-3, China). The micro morphol-
ogy of the photocatalyst was analysed by field emission scan-
ning electron microscope (SEM, SU8010, Japan) at 200 kV.
X-ray photoelectron spectroscopy (XPS, ESCALAB250,
USA) of Thermo Electron Company of the United States
was used to characterized the element composition and valence
state of the sample. Al Ko was used as the excitation source
and 12.5 kV was used as the working voltage. The specific sur-
face area and pore size distribution analyzer (BET, ASAP2020,
USA) of American micromeritics company was used to mea-
sure the adsorption isotherm of the sample with N, as the
adsorption medium. The specific surface area, pore volume
and pore size of the sample were calculated by Brunauer
Emmet Teller (BET) formula and Barrett Joyner halenda
(bjh) model. Before the test, the sample was degassed at 200
°C under vacuum for 12 h to remove the air and impurities
adsorbed in the channel. The photoluminescence spectra (PL,
HITACHI F-7100, Japan) were used to evaluate the carrier
recom-bination. The spectral response range of photocatalyst
was analysed by UV-Vis diffuse reflectance spectroscopy
(DRS, Shimadzu SolidSpec-3700, Japan), and the wavelength
range was from 240 nm to 800 nm. The energy gap (Eg) of
ZnS, Bi;WO4 and BWOZS was determined from Tauc plot
method (Soltani et al., 2012), which was a plot of (ahv)* versus
energy (hv). Total organic carbon content analyzer (TOC,
vario TOC, Germany) was used to characterize the total con-
tent of organic residue after photocatalytic process.

2.4. Photocatalysis evaluation

The photocatalytic performance was mainly confirmed by the
removal of organic dyes under simulated visible light.

Hydrothermal "‘
method
—_—
\ o

Solvothermal

Method
ethylene

glycol

ZnS/Bi2WO6

Preparation of Bi,WOg4/ZnS heterojunction.

Typically, 50 mL of MB or Rh. B solution (10 mg/L,

= 7.5) was catalysed by 30 mg of photocatalyst at 20°C.
A 300 W xenon arc lamp with the filter (<420 nm) was used
to simulate solar energy, and a mechanical stirrer with a stir-
ring speed of 0-10000 rpm was used to stir the reaction solu-
tion. Before irradiation, the degradation system was stirred
in the dark for 30 min to achieve adsorption—desorption equi-
librium. During the test procedure, 2 mL of solution was taken
out every 10 min to measure the concentration of MB or Rh.B.
According to Lambert Beer’s law (Yu et al., 2002), the concen-
tration of the light-absorbing substances within a certain con-
centration range was directly proportional to the absorbance.
Accordingly, the absorbance of MB and Rh. B solutions at
664 nm and 552 nm were recorded by UV-Vis spectropho-
tometer in the same way. The photocatalytic activity of photo-
catalyst was studied by analysing the degradation curves of
organic dyes.

In order to explore the photocatalytic mechanism of hetero-
junction photocatalyst, isopropanol (IPA), benzoquinone
(BQ) and disodium EDTA (EDTA-2Na) were used as scav-
engers for three active species: #OH, 05 and h* (Wu et al.,
2019; Zhong et al., 2020). According to the ratio of n (scav-
enger): n (gyey — 10:1, the scavengers and 50 mL dyes were
combined a 100 mL beaker. 30 mg photocatalyst was added
to the above solution and the rest of the steps were the same
as above.

2.5. The DFT calculations

The theoretical calculation was based on density functional
theory (DFT) embedded in the CASTEP (Clark et al., 2005)
software package. The generalized gradient approximation
(GGA) with Perdew—Burke—Ernzerh (PBE) was used to
describe the exchange correlation functional (Payne et al.,
1992). The k-point meshes were set to 3 x 1 x 3 and
5 x 5 x 5 for structure optimization and electronic structure
of ground-state Bi,WOg4 and ZnS, respectively. The Hubbard
U correction function was used to calculate the accurate
energy gap of ZnS (Tang et al., 2013; Sharma et al., 2019) with
the values of 4.8 eV for S 2p and 10.0 eV for Zn 3d (Khan
et al., 2019) respectively. The band structure and density of
states of Bi;WQy, ZnS and heterojunction were calculated by
ultra-soft pseudopotential method (Monkhorst and Pack,
1976). The cut-off energy was set to 380 eV for ZnS, and
490 eV for Bi,WO4 and BWOZS (Liu et al., 2022; Pattnaik
et al., 2018). In the process of structural optimization, the total
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energy of the structure converged to 1 x 107> eV with the
interatomic force and the maximum displacement to 0.03 eV/
A and 0.003 A, respectively. In addition, the vacuum layer
with a thickness of 20 A was added to avoid the interference
of periodic structure (Liu et al., 2021).

3. Results and discussion

3.1. Crystal structure and morphological analysis

The XRD spectra of the prepared samples were shown in
Fig. 2. Pure zinc sulfide and pure Bi,WOg can be easily distin-
guished into hexagonal system and triclinic system by compar-
ison with standard PDF (JCPDS card No. 99-0097 and JCPDS
card No. 79-2381). The spectral peak of pure Bi,WOg
appeared at 20 = 28.2°, 32.6°, 47.0°, 55.7°, 58.5°, 68.5°,
75.8° and 78.2°. These peaks were resolved into (131),
(200), (202), (133), (262), (400), (103) and (204) crystal
planes, respectively. It was proved that the orthogonal phase
Bi,WO¢ was successfully synthesized. The spectrums of the
BWOZS-X photocatalysts were similar to that of pure Bi,-
WOg. The peak intensity decreased gradually with the increase
of ZnS content, but no obvious ZnS peak was found. The
characteristic peak of ZnS was not detected (Mosleh et al.,
2019), which may be caused by the fact that ZnS had a high
dispersion owing to flower-like structure of Bi;WOg (Chen
et al., 2021). On the other hand, the solvothermal method with
ethylene glycol solvent could lead to a low crystallinity of tiny
ZnS particles difficult to be identified by XRD (Wang et al.,
2022; Bashar et al., 2020).

3.2. Morphology and microstructure

The morphology of the sample was characterized by SEM, and
the results were shown in Fig. 3.The flower-like Bi,WOg was
self-assembled from a large number of Bi,WO4 nano sheets
(Fig. 3 a). This structure was used as the substrate for the
growth of ZnS to inhibit the agglomeration. The rich pores
among the sheets could be helpful to the better adsorption of
dyes in photocatalytic process. The SEM of BWOZS-1 was
shown in Fig. 3 (b,c). ZnS nanospheres with a size of about

ZnS_PDF-99-0097 (110 @200 G
)
4 " BWOZS-5
- I AN | U | G | W PSS Y —
BWOZS-4
e
8 BWOZS-3
2 1 -
'z
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Fig. 2 XRD spectra of the prepared samples.

50-100 nm were evenly dispersed on the flower pieces of
Bi,WOgs.

The observation of BWOZS-2 was similar to that of
BWOZS-1, which confirms the successful combination of the
Bi,WO¢ and the ZnS. However, the flower-like structure of
Bi,WOg4 was destroyed with the increasing content of ZnS in
Fig. 3(f-h). The distribution of ZnS nanospheres on the surface
of Bi,WOg gradually increased, and the flower-like structure of
Bi,WOg was destroyed due to ZnS agglomeration. ZnS nano-
spheres and Bi,WOg nanosheets were agglomerated with each
other, which is not conducive to the improvement of photocat-
alytic performance. Therefore, a low content loading of ZnS
was considered beneficial to keep the flower-like structure of
Bi,WOgs.

3.3. XPS analysis

X-ray photoelectron spectroscopy (XPS) was used to study the
chemical composition and environment of elements in
BWOZS-2 to determine the composite state of the composites.
The XPS results of BWOZS-2 were shown in Fig. 4. The con-
stituent elements of the composite, including Bi, W, O, Zn and
S, could be found corresponding peaks in Fig. 4 (a) to prove
the successful preparation of BWOZS. There were two peaks
at 1023.3 eV and 1046.3 eV in the high-resolution XPS spectra
of Zn 2p in Fig. 4 (b), which correspond to the binding energy
of Zn 2p3,> and Zn 2p; », respectively (Fang et al., 2015). It was
proved that Zn existed in the form of Zn>". In Fig. 5(c), the
pronounced XPS spectrum for O 1 s was deconvoluted into
two peaks at 530.6 eV and 531.4 eV, which were assigned to
the lattice oxygen component in [Bi,O,]*", [WO,* and OH
hydroxyl groups (Zhang et al., 2011). The characteristic peaks
of tungsten 4f at 35.2 eV and 37.2 eV shown in Fig. 4 (d) were
corresponded to the binding energy of 4f;,, and W 4fs), respec-
tively, indicating that tungsten existed in the form of W in
the heterojunction (Lu et al., 2017). The XPS spectrum of Bi
4f in Fig. 4 (e) exhibited two peaks at 158.9 eV and 164.2 eV
due to the binding energy of Bi 4f;, and Bi 4f5)», which proved
that bismuth element exists in the form of Bi** in the lattice of
Bi,WO6 (Fu et al., 2013). The two peaks at 161.3 eV and
162.9 eV in Fig. 5(f) were assigned to S 2p;, and S 2p,p,
respectively (Jiang et al., 2016).

3.4. BET analysis

The adsorption performance of photocatalyst was investigated
by specific surface area (Table 1) and pore size analysis tech-
nology (Fig. 5). The optimum specific surface area (Sggr) of
ZnS nanospheres was 90.42 mZeg™!, which was much higher
than 18.82 mzogf1 of micron-flower-like Bi,WOg. When the
heterojunction was created following ZnS deposition, the Sggt
gradually increased with the increase of ZnS concentration.
Fig. 5 showed the N, isothermal adsorption desorption curves
of ZnS, Bi,WO4 and BWOZS-2. The curves of the ZnS, Bi,-
WO4 and BWOZS-2 were class IV curves by BDDT classifica-
tion method and had hysteresis rings representing mesoporous
structure. Therefore, the mesoporous structures of ZnS, Bi,-
WOs and BWOZS-2 were confirmed. For the heterojunctions,
both the pore volume and pore diameter were decreasing with
the incressing content of ZnS. Light scattering was better uti-
lized for materials with larger pore volume and larger pore size
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Fig. 3 SEM image of prepared samples. (a: pure-Bi,WOg b-c: BWOZS-1, d-e:BWOZS-2, f: BWOZS-3, g: BWOZS-4, h: BWOZS-5).

(Wu et al., 2008), in which the photocatalytic activity was sig- 3.5. PL and UV—vis DRS analysis
nificantly improved. The high concentration of ZnS loading
could destroy some of the pore structure of Bi,WOg. As a
result, a relatively low content of ZnS would be preferred to
the improvement of photocatalytic performance for the
heterojunctions.

The carrier recombination of photocatalyst was investigated
and characterized by PL, which the results were shown in
Fig. 6. The obvious wide emission peak at 430-480 nm
belonged to the intrinsic luminescence of Bi;WOg, which orig-
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Fig. 4  XPS spectrum of BWOZS-2.

inated from the photogenerated electron transfer transition
from the hybrid valence band of Bi 6 s and O 2p to the empty
conduction band of W 5d orbit in WO3 (Wang et al., 2014).
The fluorescence emission peak intensity of heterojunction
decreased obviously after ZnS was added, which proved that
the recombination rate of photogenerated electron and hole
pair was low under light irradiation (Fu et al., 2013). The
heterojunction emission intensity in low concentration ZnS
(£20%mt) compositing was substantially lower than that in
high concentration (>30%wt). Based on the results of SEM,
it can be revealed that the increasing concentration of ZnS
led to the high aggregation of the heterojunction.

The spectral response range of photocatalyst was investi-
gated through UV-vis DRS, and the results were shown in
Fig. 7. Pure ZnS had little response to visible light, and the
absorption band edge was about 400 nm. When Bi,WOg4 and
ZnS were combined to create the heterojunction, the visible
light absorption intensity of BWOZS-X was much greater than
that of ZnS, which was attributable to the introduction of Bi,-
WOg with small band gap. The band gap energies of the five
samples of BWOZS-X heterojunctions were determined in
Fig. 7b, which were 3.18 eV, 3.12 eV, 3.27 eV, 3.48 ¢V and
3.56 eV, respectively. One can find that ZnS absorbs more light
from 300 to 400 nm while Bi,WOg4 has a higher absorbance
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Fig. 5 N, isothermal adsorption desorption curves of ZnS, Bi,-
WO¢ and BWOZS-2.

Table 1 Specific surface area and pore size analysis of ZnS,
Bi,WO4 and BWOZS-X(X=1-3).

sample Sger (m?/  BJH pore volume BJH pore Width
g (em’/g) (nm)
ZnS 90.42 0.0421 4.376
Bi,WOs  18.82 0.0861 16.940
BWOZS- 33.73 0.1381 15.659
1
BWOZS- 42.52 0.1106 10.802
2
BWOZS- 51.29 0.0841 9.497
3
Bi-WOs
—— BWOZS-1
—— BWOZS-2
—— BWOZS-3
—— BWOZS-4
—— BWOZS-5
3
N
>
5

T T T T T T L
360 400 440 480 520
Wavelength (nm)

Fig. 6 PL spectra of the prepared samples.

from 450 to 800 nm (Gao et al., 2020). BWOZS-2 had the
smallest energy gap (3.12 eV) among all of them and exhibited
a progressive redshift with the absorbance edge about 570 nm
(Tang et al., 2015). It demonstrated that the heterostructure

formed at the mole ratio of 0.559:1 (Bi,WOg: ZnS) was the
most appropriate one and had the best visible light response.

3.6. Photocatalytic performance and mechanism

In order to evaluate the photocatalytic performance of the pre-
pared samples, the typical dyes, Methylene Blue (MB) and
Rhodamine B (Rh.B), were degraded under simulated visible
light and the results were shown in Fig. 8. Pure ZnS and Bi,-
WOg had worsedegradation effect on MB(37.9% and 39.9%,
respectively). In contrast, the degradation rate of MB by
heterojunction was significantly higher than that of pure ZnS
and Bi,WOg. The results of Rh.b degradation by heterojunc-
tion in Fig. 8 (b) were similar with those of MB. Visible light
was effectively utilized and photogenerated electrons and holes
were effectively separated due to the formation of heterostruc-
tures, which played a key role in the improvement of photocat-
alytic performance. Furthermore, the photocatalytic
performance of heterojunctions increased initially and subse-
quently declined as the ZnS concentration increased, indicat-
ing that the composite structure of BWOZS-X had a
substantial impact on photocatalysis. Obviously, the 20%wt
composite sample (BWOZS-2) showed the best degradation
effect on MB and Rh.B with 94.3% and 92.8% degradation
rate. This was consistent with the above analysis of the charac-
terization results. Compared with previous study (Tang et al.,
2015), the energy gap of BWOZS-2 was 3.12 ¢V which was
slightly higher than the reported value 2.86 eV, but the photo-
catalytic activity for Rh.B degradation (92.8%) was higher
than the reported value of 87.1%.

The stability of photocatalyst was also investigated by sim-
ulated cyclic degradation of MB. The results of the BWOZS-2
recycling test were shown in Fig. 9(a). The degradation rate
decreases from 94.3% to 92.1% and finally stabilized at about
89.3% after four cycles. The performance of the photocatalyst
decreased at about 5%, which may be related to the occupa-
tion of active sites of BWOZS-2 (Peng et al., 2019).

After photocatalysis, total organic carbon (TOC) analysis
was performed(Fig. 9(b)) on the residue to assess if the MB
was totally mineralized (Beltran et al., 2010). The total organic
carbon content of MB was used as the standard (100%), which
was the base to achieve the TOC results of pure ZnS and
BWOZS-2. The disparity between BWOZS-2 and pure ZnS
was remarkably via the observation. The rate of mineralization
of ZnS was only 13.7%, which was similar to the rate of pho-
tocatalytic MB degradation. The mineralization rate of the
BWOZS-2 heterostructure was 84.33 %, which was about
5.7 times greater than that of pure ZnS. However, a limited
number of MB still unmineralized in BWOZS-2 due to the fact
that the small organic fragment from the breakdown of the
carbon nitrogen heterocycle structure in MB had no further
degradation (Houas et al., 2001). BWOZS-2 heterojunction
was proved to have good photocatalytic performance by TOC.

The active substance capture experiment was meant to
determine the important active chemicals in the photocatalytic
process. The capture experimental results were shown in
Fig. 10. The deterioration rate of the experimental group uti-
lizing p-benzoquinone (BQ) reduced greatly, followed by iso-
propyl alcohol (IPA), while EDTA-2Na had the least
influence to the degradation of Rh.B. As a result, it was rea-
sonable to believe that €0, played the most role in the reac-
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tion. In addition, «OH and the hole had been taken parts in the
degradation. The cases for MB were similar to those of Rh.B.

The photocatalytic mechanism of Bi,WOg¢/ZnS was illus-
trated in Fig. 11. When Bi,WOg/ZnS was stimulated by the
visible light, the electrons and holes of Bi;WOg4 would be trans-
ferred to conduction band minimum (CBM) and valence band

maximum (VBM) of Bi,WOg, respectively. Due to the position
shift of the heterojunction band structure, the electrons
migrated further to the CBM of ZnS, where the electrons
reacted with the dissolved oxygen to form 0. At the same
time, the migration of holes from ZnS VBM to Bi,WOgq
VBM created an effective internal electric field, which acceler-
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ated the transfer and separation of electron hole pairs. It was
worth noting that e0> could be generated because the redox
potential of CBM (ZnS) was more negative than —0.33 eV
(#03/0;). However, the potential of VBM (Bi;WQOjg) was not
enough to produce eOH. Finally, the dye was oxidized and
decomposed into small carbon chains by e0; and h™, and
most of them were mineralized into CO, and H-O.

3.7. DFT calculations

ZnS (110) and Bi;WOg (100) planes were used to construct
the heterostructure model of BWOZS according to the above
XRD results (supporting information Fig. 1). The energy
gap of pure ZnS, Bi,WO¢ and heterojunction BWOZS were
3.653 eV, 2.201 eV and 2.537 eV respectively(supporting infor-
mation Fig. 2), which were close to the report values (Hoa
et al., 2009; Liao et al., 2011). Compared to pure ZnS, the
band gap width of BWOZS was reduced by 1.12 eV. The def-
erence between the theoretical value and experimental results
probably came from the fact that theoretical calculations were
carried out in a vacuum environment.

The analysis of the density of states (DOS) and projected
density of states (PDOS) was very useful to investigate the elec-
tronic structure of heterojunctions. The DOS (supporting
information Fig. 2) showed that the VB of pure ZnS was com-
posed of p and d orbitals and the CB was composed of s and p

orbitals. Specifically, the deep level of the valence band was
contributed by the Zn 3d orbital, and the edge of the valence
band was occupied by the S 2p orbital. The edge of the con-
duction band was mainly composed of Zn 4 s and 3p orbitals.
The energy gap reduced by 1.116 eV after Bi,WOq added to
form the heterojunction. Furthermore, the generation of the
heterojunction relieved the Zn 3d electron bound state at the
deep level of VB by moving it to the shallow level, which
was more conducive to the carrier migration in the semicon-
ductor (Akhtar et al., 2015). Compared with pure ZnS, the
VB of BWOZS had a greater electronic state density after
the introduction of Bi,WOyg, which may be related to the elec-
tron transfer of Bi,WOg to ZnS. The main contributions of
CBM of BWOZS heterojunction were W 5d, Bi 6p and O 2p
orbits, and the contributions of VBM were S 2p, Bi 6 s, and
O 2p orbits (supporting information Fig. 2). The above results
showed that the electrons of Bi;WOg and ZnS were staggered
in different CB and VB regions, which was very similar to type-
IT heterojunction (Nayfeh et al., 2008). The addition of Bi,-
WOg was critical for properly separating the photogenerated
carriers at the interface and increasing photocatalytic activity.

The optical characteristics simulation results were shown in
supporting information Fig. 3. The distinctive absorption of
ZnS in UV-region was its greatest absorption peak. The
absorption wavelength edge of pure ZnS was around
420 nm, which was consistent with the experimental result.
On the other hand, the UV absorption of BWOZS was greatly
reduced, and the absorption wavelength edge extended to
roughly 600 nm. The simulation results revealed that the addi-
tion of Bi,WOg improved the responding range of ZnS to vis-
ible light, which was in line with above experimental results of
DRS.

In order to explain the migration mechanism of electrons
and holes, the work function of the photocatalysts was calcu-
lated as well (Fig. 12). The value for the work functions of
ZnS, Bi,WOg and BWOZS were 7.549 eV, 6.289 eV and
7.045 eV, respectively. The work function of Bi,WOs was
lower than that of ZnS. As a result, the photogenerated elec-
trons flowed from Bi,WOg to ZnS and the holes moved in
the opposite direction when the BWOZS heterojunction was
irradiated by visible light. At last, the Fermi level of them
was came to equal. The internal electric field created by elec-
tron and hole migration could accelerate the separation of
them more effectively. Consequently, the electrons were con-
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gregated in the CBM of ZnS while holes were congregated in
the VBM of Bi,WOg. The energy gap of the heterojunction
was narrowed, which made it much easier to be activated by
visible light.

4. Conclusions

In conclusion, the flower-like Bi,WO¢ was synthesized by hydrother-
mal method, and the Bi,WOg4/ZnS heterojunction was constructed
by in-situ solvothermal method. ZnS nanospheres were uniformly
loaded with flower-like structures which were not damaged under
low concentration loading (<20%wmt). The 20%wt-Bi,WOs/ZnS
heterojunction had a relatively large specific surface area of
42.52 m?/g, which was the most favorable product among all the sam-
ples in PL and DRS characterization. The photocatalytic activity of
Bi,WOg/ZnS heterojunction was investigated with the degradation of
MB and Rh.B under visible light. Compared with pure ZnS and Bi,-
WOy, the photocatalytic performance of 20%wt-Bi,WO¢/ZnS photo-
catalyst was significantly improved. The degradation rates of MB
and Rh.B by 20%wt-Bi,WO4/ZnS were as high as 94.3% and
92.8%, respectively. Moreover, the degradation performance of photo-
catalyst still maintained 89.3% after 4 times recycling tests indicating
its excellent stability. The energy gap was decreased because of the
addition of Bi,WOQs, and the absorption edge of Bi,WO4/ZnS was
extended to the visible range at about 600 nm. The photocatalytic
mechanism was explained both from experiments and DFT calcula-
tions. Under light stimulation, the electrons transferred from Bi,WOgq
to ZnS and further produced superoxide radical, which participated in
the dye degradation reaction. What’ more, the results from DFT cal-
culation indicated that the photogenerated electrons flowed from Bi,-
WOy to ZnS and the holes moved in the opposite direction when the
BWOZS heterojunction was irradiated by visible light. The narrower

energy gap of the heterojunction would make it much easier to be acti-
vated by visible light. These results will be valuable for the further
researches in this field.
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