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Abstract: The pollution of phenol wastewater is becoming worse. In this paper, a 2D/2D nanosheet-
like ZnTiO3/Bi2WO6 S-Scheme heterojunction was synthesized for the first time through a two-step
calcination method and a hydrothermal method. In order to improve the separation efficiency of pho-
togenerated carriers, the S-Scheme heterojunction charge-transfer path was designed and constructed,
the photoelectrocatalytic effect of the applied electric field was utilized, and the photoelectric coupling
catalytic degradation performance was greatly enhanced. When the applied voltage was +0.5 V, the
ZnTiO3/Bi2WO6 molar ratio of 1.5:1 had highest degradation rate under visible light: the degradation
rate was 93%, and the kinetic rate was 3.6 times higher than that of pure Bi2WO6. Moreover, the
stability of the composite photoelectrocatalyst was excellent: the photoelectrocatalytic degradation
rate of the photoelectrocatalyst remained above 90% after five cycles. In addition, through electro-
chemical analysis, XRD, XPS, TEM, radical trapping experiments, and valence band spectroscopy, we
found that the S-scheme heterojunction was constructed between the two semiconductors, which
effectively retained the redox ability of the two semiconductors. This provides new insights for the
construction of a two-component direct S-scheme heterojunction as well as a feasible new solution
for the treatment of phenol wastewater pollution.

Keywords: 2D/2D nanosheet-like ZnTiO3/Bi2WO6; S-scheme heterojunction; phenol wastewater
pollution; photoelectrocatalytic degradation

1. Introduction

With the development of the phenol industry, the pollution of phenol wastewater has
become increasingly serious [1,2]. Traditional phenol wastewater treatment technology
easily causes secondary pollution, which limits its application. The emerging photoelectric
catalysis technology is valued by the majority of people because of its conformity to the
development concept of green and environmental protection [3–5]. However, photocata-
lysts used in phenol wastewater have many problems. For example, TiO2, ZnO, and other
materials cannot effectively use sunlight due to their wide band gap and poor response to
visible light [6–8]. In addition, materials such as CdS and Cu2O are unstable due to their
own chemical properties and are easily affected by light corrosion [9,10]. These reasons all
limit the application of photocatalytic technology in the degradation of phenol wastewater.
Therefore, it is urgent to develop new photocatalytic materials with high visible light
response and stable chemical properties suitable for the degradation of phenol wastewater.

Recently, Bi2WO6 has become a research focus because of its layered structure and
stable properties. Studies have found that Bi2WO6 has an excellent valence band structure,
but the conduction band cannot reduce oxygen to superoxide radicals and the photogener-
ated carriers are easy to recombine, which reduces the photocatalytic efficiency [11]. For
this reason, it is necessary to modify Bi2WO6. To address the problem of photogenerated
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carrier transfer in traditional heterojunction and Z-scheme heterojunction photocatalysts,
Fu et al. proposed the concept of S-scheme (Step-scheme) heterojunction design based on
Z-scheme heterojunction without introducing electronic media (redox ion pairs or solid con-
ductors) [12]. The S-scheme heterojunction photocatalyst consists of an oxidation scheme
photocatalyst (OP) and a reduction scheme photocatalyst (RP) [13,14]. RP has a higher
conduction band, valence band position, and Fermi energy level compared to OP. When
RP and OP come into contact, electrons spontaneously transfer from RP to OP until the
Fermi energy levels of both reach equilibrium due to the Fermi energy level difference. At
this point, a great deal of electrons accumulate at the OP interface, resulting in the energy
band bending downward and becoming negatively charged. As electrons are lost at the
RP interface, the energy band bends upward and carries a positive charge, eventually
forming a built-in electric field from RP to OP [15,16]. After illumination, OP and RP are
simultaneously excited to generate photogenerated electrons. Under the synergistic effect
of the internal electric field, Coulombic gravity, and band bending, the photogenerated
electrons in the OP conduction band are transferred to the RP valence band. Finally, the
photogenerated electrons in the RP conduction band and the photogenerated holes in the
OP valence band are retained [17,18]. According to the design concept, photogenerated
electrons with a weak reduction ability and photogenerated holes with a weak oxidation
ability are recombined in S-scheme heterostructures. This improves the separation effi-
ciency of photogenerated electrons and holes, retains photogenerated holes with a strong
oxidation ability, and photogenerated electrons with a strong reduction ability, thereby
enhancing the oxidation and reduction ability of the catalytic system [19,20]. Bi2WO6 is
an excellent oxidized semiconductor due to its strong oxidation capacity of photogenic
holes due to the advantage of valence band. The latest research shows that the usage of
Bi2WO6 to construct S-scheme heterojunction has an excellent effect in the photocatalytic
degradation of pollutants. Li et al. designed and constructed an S-scheme Bi2WO6/CoIn2S4
heterojunction, which greatly enhanced the TC degradation effect [21]. Therefore, it is still
a huge challenge to directly construct a two-component S-scheme heterojunction without
introducing expensive electron-mediated materials.

In addition, the latest research shows that the conduction band structure of ZnTiO3
is excellent and that the conduction band potential can reduce oxygen to superoxide
radicals [22]. Researchers have used ZnTiO3 in the field of photocatalysis and have achieved
certain results. Chen et al. found that the ZnTiO3/Zn2Ti3O8/ZnO ternary photocatalyst
had an excellent performance in degrading organic pollutants due to its unique S-scheme
heterostructure [23]. Lu et al. found that zinc titanate-based heterostructures had an
enhanced photocatalytic performance [24]. The ZnTiO3/Zn2Ti3O8/ZnO heterojunction
prepared via a simple phase-change method had an excellent performance in hydrogen
production and water pollution treatment [25]. According to previous studies, we can
see the superiority of the conduction band performance of ZnTiO3. Therefore, ZnTiO3 is
an excellent reducing semiconductor. Therefore, the recombination by coupling ZnTiO3
with a high-light electron-generating reduction ability and Bi2WO6 with a high-light hole-
generating oxidation ability at the interface to construct an S-scheme heterojunction is
expected. The recombination with ZnTiO3 will definitely make up for the conduction band
potential of Bi2WO6 not forming •O2

−, and the interlacing of the two semiconductor band
structures can well separate photogenerated electrons and holes. Finally, excellent results
have been achieved in the degradation of phenolic pollutants.

The morphologies of the catalysts are varied. Among them, the nanosheet catalyst
is more advantageous because the short electron–hole transport path reduces the loss in
the transport process and the sheet structure can provide more photoactive sites for photo-
catalysis to promote the occurrence of the photocatalytic reaction. At present, there are no
reports on the work of the S-scheme heterojunction of ZnTiO3/Bi2WO6 in the photocatalytic
degradation of phenol wastewater. In this work, a 2D/2D nanosheet ZnTiO3/Bi2WO6
heterojunction system was constructed through the combination of calcining and a hy-
drothermal method. In addition, the photogenerated carrier was easily recombined during
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the process of transferring to the catalyst surface for reaction. In order to further improve
the separation efficiency of photogenerated carrier, the photoelectric coupling effect of an
applied electric field was an effective strategy. The photoelectrochemical performance and
photocatalytic performance of the catalyst were studied, and the electron–hole transfer
mechanism and functional groups of the photocatalyst were explored. Excellent results
were achieved in terms of similar pollutants. This work provides new insights for the
construction of a two-component S-scheme heterojunction as well as a feasible new solution
for the treatment of phenol wastewater pollution.

2. Results and Discussion
2.1. XRD Analysis

The crystal structure and crystal plane of the sample were characterized by using
XRD. Figure 1 shows that the peaks at 28.2◦, 32.9◦, 47.2◦, 56.0◦, and 58.5◦ corresponded to
(131), (200), (220), (133), and (107) of Bi2WO6, respectively, according to JCPDS card No.
39-0256. On the crystal plane, compared with the standard card, there was no miscellaneous
peak, indicating that the prepared Bi2WO6 had no impurities such as Bi2O3 or WO3 [26].
Figure 1 shows the characteristic peaks of the hexagonal phase ZnTiO3 after hydrothermal
calcination. According to JCPDS card No. 39-0190, the diffraction angles of 24.1◦, 32.8◦,
35.3◦, 48.8◦, 56.8◦, 63.3◦, and 68.5◦ corresponded to the (102), (104), (110), (204), (108), (300),
and (208) crystal planes of ZnTiO3, respectively. No impurity peaks such as TiO2 were
found, indicating that there was no TiO2 in the prepared ZnTiO3. The diffraction peaks
after the two composites became sharp and narrow, indicating that the particle size of the
composite catalyst became larger, so the stronger diffraction peaks could be attributed to
the increase in the crystallinity of the composite catalyst [27]. In terms of the number of
peaks, the diffraction peak of the composite catalyst corresponded to the peak of the single
catalyst, indicating that the two semiconductors had successfully combined.
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2.2. Morphology Analysis

The morphology of the prepared catalyst can be observed in the SEM images In
Figure 2. Figure 2a,b show that the ZnTiO3 was a nanosheet cluster composed of small
nanosheets; Figure 2c,d show that the ZnTiO3/Bi2WO6 was composed of large nanosheets
attached to small nanosheets. The tightly combined structure of small nanosheets and large
nanosheets made the two semiconductors in the ZnTiO3/Bi2WO6 composite catalyst come
into close contact to construct countless micro-heterojunctions and improve the utilization
of visible light. Figure 2e–i show that the O, W, Bi, Zn, and Ti, respectively, were uniformly
distributed, and the overall morphology of the large nanosheets of Bi2WO6 and the cluster
shape of the small nanosheets of ZnTiO3 can be observed. The larger Bi2WO6 nanosheet
and the smaller ZnTiO3 nanosheet were interleaved and in full contact with each other. The
2D nanosheets with unique morphological advantages could effectively shorten the charge-
transfer path and provide a platform for the construction of heterogeneous structures. In
order to determine the content of each element in the heterojunction catalyst, EDX tests
were carried out; the results are shown in the inset in Figure 2d and in Table 1. The atomic
ratio of O, W, Bi, Zn, and Ti was 90.12:2.92:4.93:0.62:1.41.
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Table 1. The content of various elements in the Bi2WO6/ZnTiO3 sample according to EDX.

Element Weight % Atomic %

O K 46.25 90.12
Ti K 2.16 1.41
Zn K 1.30 0.62
W M 17.20 2.92
Bi M 33.09 4.93

Totals 100.00 100.00

The structure of the sample as shown in the TEM image could not only be analyzed,
but the sample also could be qualitative. It can be seen in Figure 3a that the sample was
composed of a large square nanosheet connected to small nanosheets, and this morphology
was consistent with that observed in the SEM image. It can be seen in Figure 3b that
the large nanosheet with a lattice spacing of 0.315 nm corresponded to the spacing of the
Bi2WO6 (131) crystal plane [28]. The small nanosheet with a lattice spacing of 0.272 nm was
consistent with the (104) crystal plane of ZnTiO3 [29]. It can be seen in Figure 3a,b that the
connection of the two sheet-like structures could construct a heterojunction to inhibit the
recombination of photogenerated carriers, and only photogenerated holes and electrons
could play a redox effect to generate active groups for the photocatalytic degradation
process [30]. In addition, the sheet-like structure could shorten the electron–hole transport
path, which allowed holes and electrons to quickly reach the surface of the catalyst, and a
redox reaction occurred with the H2O and O2 attached to the surface, which activated them
into the strong oxidizing free radicals •OH and •O2

−. At the same time, the sheet-like
structure could provide a large surface area so that the organic pollutant molecules and the
strong oxidizing free radicals on the surface of the catalyst were oxidized and decomposed
into small inorganic molecules [31]. The SAED pattern of the synthesized heterojunction
sample is shown in Figure 3c; the crystal patterns of Bi2WO6 were mainly (131), (262),
(174), (241), and (351). Among these, (131) was the main exposed crystal plane, which was
consistent with the XRD results.
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2.3. XPS Analysis

Through XPS characterization, the surface elements and valence state information of
the prepared samples were understood. The distribution position of each element can be
seen in Figure 4a, indicating that there were Bi, W, O, Ti, and Zn elements in the sample. It
can be seen in Figure 4b that 159.05 eV and 164.38 eV corresponded to Bi4f 5/2 and Bi4f
7/2 in the Bi3+ valence state, respectively, which was consistent with a previous study [32].
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Figure 4. XPS spectra of pure Bi2WO6 and ZnTiO3/Bi2WO6 heterojunction: (a) survey spectrum;
(b) Bi 4f element spectrum; (c) W 4f element spectrum; (d) O 1s element spectrum; (e) Ti 2p element
spectrum; (f) Zn 2p element spectrum.

It can be seen in Figure 4c that 35.37 eV and 37.45 eV corresponded to W4f5/2 and
W4f7/2 of the W6+ valence state, respectively, which was consistent with previous stud-
ies [33,34]. In the high-resolution spectrum (Figure 4d) of the O element, the characteristic
peak of O1s was decomposed into two peaks, and the binding energies of 529.83 eV and
531.55 eV corresponded to the bond energy of O1s lattice oxygen and surface hydroxyl
oxygen, respectively. Two peaks could be fitted in the high-resolution spectrum (Figure 4e)
of the Ti element. The binding energies of 458.6 eV and 464.5 eV corresponded to Ti2p3/2
and Ti2p1/2, respectively. The difference between the two peaks was 5.9 eV, indicating
that Ti in the sample was Ti4+. There were two well-fitted peaks in the high-resolution
distribution (Figure 4f). The binding energies of 1021.9 eV and 1045.2 eV corresponded
to Zn2p 3/2 and Zn2p 1/2, respectively, indicating that the sample existed in the form of
Zn2+ [35]. It can be seen in Figure 4b–d that compared with pure Bi2WO6, the peak of the
Bi element in ZnTiO3/Bi2WO6 moved 0.45 eV in the direction of low binding energy, the
peak of the W element of ZnTiO3/Bi2WO6 moved 0.28 eV in the direction of high binding
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energy, and the O element in ZnTiO3/Bi2WO6 moved 0.6 eV in the direction of low binding
energy. The shift of binding energy in the XPS spectra was due to the construction of the
S-scheme heterojunction between the two semiconductor catalysts. which led to the change
in binding energy and the shift in the peak.

2.4. Electrochemical Analysis

Electrochemical impedance is usually used to detect the rate of charge transfer. The
smaller the radius of the arc, the smaller the resistance and the higher the separation
efficiency of photogenerated carriers [36]. It can be seen in Figure 5a that the arc radius
of ZnTiO3/Bi2WO6 was the smallest. Therefore, the impedance of ZnTiO3/Bi2WO6 was
the lowest, the recombination of photogenerated electrons and holes was the smallest,
and the photoelectric transmission performance was the best. As shown in Figure 5a,
the charge-transfer resistance parameters from the EIS fitting data for the prepared cata-
lysts was tabulated. The charge-transfer resistance parameters of Bi2WO6, ZnTiO3, and
Bi2WO6/ZnTiO3 were 0.236 kΩ, 0.289 kΩ, and 0.158 kΩ, respectively. The curvature
slope of the impedance curve in the high-frequency range of ZnTiO3/Bi2WO6 was greater
than that of Bi2WO6, indicating that the composite catalyst ZnTiO3/Bi2WO6 had a larger
capacitance and better electrochemical properties. Transient photocurrent is usually used
to prove the transfer efficiency of a light-excited charge and the stability of photogenerated
electrons and holes. As shown in Figure 5b, in the experiment of simulating sunlight with
four switches, the photocurrent increased and stabilized instantaneously after illumination,
which proved that the photogenerated charge carriers of the photocatalyst were relatively
stable. The photocurrent was generated by the light-excited photocatalyst to generate
electrons and air. Holes and electrons moved through the ITO glass to transmit current
to produce a photocurrent curve. The photocurrent intensity of ZnTiO3/Bi2WO6 was
14 times and 12 times that of pure Bi2WO6 and pure ZnTiO3, respectively, indicating that
the composite catalyst had a stronger electron transport capacity than a single catalyst,
which further proved that the composite photocatalyst had a high electron–hole separation
rate. This indicated that the construction of the S-scheme heterojunction accelerated the
separation of charge holes and allowed more charges to work to generate a photocurrent.
This result was consistent with the previous electrochemical impedance results.
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Figure 5. (a) Impedance spectrum of the prepared catalyst; (b) transient photocurrent curve of the
prepared catalyst.

2.5. Photocatalytic Degradation of Phenolic Pollutants

In order to study the performance of the prepared 2D/2D ZnTiO3/Bi2WO6 catalyst, a
photoelectrocatalyst degradation experiment was conducted, and the results are shown in
Figure 5. When the applied voltage was +0.5 V, there was no electrocatalytic degradation
of all kinds of phenolic wastewater in no light, which indicated that the voltage of +0.5 V
could not cause electrocatalytic degradation of phenolic wastewater. Therefore, the effect
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of the applied electric field of +0.5 V was mainly photoelectric coupling, thereby promoting
the effective separation of photogenerated electrons and holes. According to Figure 5a
and Table 2, by comparing the degradation effects of ZnTiO3/Bi2WO6 with different
ratios under the same conditions, we concluded that the molar ratio of 1.5:1 had the best
degradation effect; the degradation rate reached 93%. Compared with the pure-phase
Bi2WO6 and ZnTiO3 catalysts, the degradation kinetic rate of the composite catalyst for
phenol degradation increased by 3.72 times and 2.06 times, respectively. It can be seen in
Figure 5b and Table 1 that the composite catalyst with a molar ratio of 1.5:1 had the largest
kinetic constant. Compared with the pure Bi2WO6 and ZnTiO3 catalysts, the kinetics of the
composite catalyst for degradation of phenol were increased by 3.6 times and 10.42 times,
respectively. Compared with the literature, the photocatalytic degradation results in this
paper were excellent. The results are shown in Table 3.

Table 2. Kinetic parameters of the prepared catalyst.

Photoelectrocatalysts Degradation Rate Slope R2 Kinetic Equation

Bi2WO6 25% 0.0913 0.986 Y = 0.0913X + 0.02486
ZnTiO3 55% 0.264 0.976 Y = 0.264X − 0.07816

ZnTiO3/Bi2WO6(1:1) 77% 0.424 0.989 Y = 0.424X
ZnTiO3/Bi2WO6(1.5:1) 93% 0.9517 0.992 Y = 0.9517X − 0.195
ZnTiO3/Bi2WO6(0.7:1) 71% 0.3472 0.971 Y = 0.3472X − 0.086
ZnTiO3/Bi2WO6(2:1) 81% 0.5733 0.992 Y = 0.5733X − 0.126

Figure 6a shows the phenol degradation effect. Figure 6b shows the kinetic curves
of phenol degradation for different molar ratios of ZnTiO3/Bi2WO6. According to
Figure 6c–h, based on the photocatalytic experiments on p-nitrophenol, p-chlorophenol,
and p-methylphenol, we found that the degradation efficiency of the photoelectrocata-
lyst for the methoxy electron-donating group was higher than that for the nitro electron-
withdrawing group. This was because the electron-withdrawing groups such as nitro and
chlorine groups could form conjugated and stable electrons with a benzene ring and the
structure was stronger, and the hyperconjugation effect of electron donating groups caused
the benzene ring to become strongly activated and easily reactive, so the characteristic
group was easy to separate from the benzene ring, and the strong oxidizing group was
more likely to attack the benzene ring and degrade phenols [37–39].

Table 3. Photocatalytic degradation of phenol wastewater in the presence of semiconductor nanocomposites.

Photocatalyst Synthesis Methods Initial Pollutant
Conc. Light Source Degradation (%) Ref.

Bi7O9I3/rGO Solvothermal 10 mg/L
500 W Xe lamp

(cutoff filter:
λ > 420 nm)

78.3 [40]

Au/BiOBr/graphene Hydrothermal 10 mg/L
300 W xenon lamp

(cutoff filter:
λ > 400 nm)

64 [41]

Silica nanosheets
(SNSs)—supported

mixed phase

Hydrothermal and
post-annealing 20 mg/L 300 W Xe lamp

with a cut-off filter 90 [42]

GO/SmVO4 Sonochemical 1.0 × 10−4 mol dm−3 35 W LED lamp 90 [43]
TiO2-x/g-C3N4
nanorod arrays

Urea drop-calcined
and NaBH4 reduction 5 ppm 300 W Xe lamp 87 [44]

g-CN@CuO Calcination 50 mg/L 500 W Xe lamp
with a cut-off filter 87.8 [45]

ZnTiO3/Bi2WO6 Hydrothermal 10 mg/L 350 xenon lamp
(λ ≥ 400 nm) 93 This work
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Figure 6. (a) Phenol degradation effect and (b) kinetic curve of phenol degradation of ZnTiO3/Bi2WO6

with different molar ratios: (c) p-nitrophenol, (e) p-chlorophenol, and (g) p-methylphenol degradation
effect by photocatalysts; and full-spectrum UV analysis of ZnTiO3/Bi2WO6 molar ratio of 1.5:1 for
(d) p-nitrophenol, (f) p-chlorophenol, and (h) p-methylphenol.
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In addition, the most easily oxidized site for phenol and its derivatives was located at
the ortho position to the phenolic hydroxyl group. The methyl group was located at the
para position of the phenolic hydroxyl group as an electron-donating group, making the
ortho position more easily oxidized. The nitro and chlorine groups as electron-withdrawing
groups had a passivation effect on the benzene ring, which made the ortho position of the
phenolic hydroxyl group more difficult to oxidize. The electron-withdrawing ability of
nitro group was stronger than that of chlorine group, so it was more difficult to oxidize.

The stability of the photoelectrocatalytic activity of the recovered catalyst was evalu-
ated via cyclic degradation experiments. It can be seen in Figure 7 that the stability of the
composite photoelectrocatalyst was excellent. After five cycles, the photoelectrodegrada-
tion effect of the photoelectrocatalyst had hardly changed and was still maintained at more
than 90%. The high stability of the photoelectrocatalyst also provided the possibility of
industrialization of the photoelectrocatalytic treatment of phenolic wastewater [46].
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Figure 7. Cyclic stability test curve of ZnTiO3/Bi2WO6.

Figure 8a shows that the phenol degradation was intermediate. In Figure 8, the
HRMS has been provided for the products after 30, 60, and 90 min of degradation.
M/Z = 94 represents phenol; M/Z = 110 represents hydroquinone, catechol, and resorcinol;
M/Z = 108 represents p-phenyldiquinone, o-phenyldiquinone, and m-phenyldiquinone;
and M/Z = 142 represents maleic acid. After the degradation of phenol, many organic prod-
ucts were produced, among which the main intermediate products were hydroquinone,
p-benzoquinone, and maleic acid. The content of maleic acid increased with the longer
degradation time. These results indicated that the main path of photocatalytic degradation
of phenol was phenol→ hydroquinone→ -p-benzoquinone→maleic acid.

2.6. Possible Photoelectrocatalytic Mechanism

The photoelectrocatalytic mechanism of ZnTiO3/Bi2WO6 under visible light with
the applied voltage of +0.5 V was worth pondering. In order to study the mechanism of
ZnTiO3/Bi2WO6, free radical-trapping experiments were carried out. We captured •OH
with isopropanol(IPA), h+ with ammonium oxalate (AO), •O2

− with 1,4-benzoquinone
(BQ), and e− with AgNO3. The concentration of IPA, TEOA, BQ, and AgNO3 was 1 mM.
As shown in Figure 9a,b, after adding BQ and AO, the photocatalytic efficiency decreased
from 93% to 7% and 17%, respectively, which indicated that •O2

− and h+ were the main
active groups. After adding IPA, the photocatalytic efficiency dropped from 93% to 27%,
indicating that •OH was the secondary active group.
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Figure 8. (a) Intermediates of phenol degradation and (b) mass-to-charge ratio of products after 30,
60, and 90 min of degradation as identified by GC-MS.
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togram of degradation rate, (c) DMPO-.O2

−, and (d) DMPO-.OH spin-trapping ESR spectra for
Bi2WO6 and Bi2WO6/ZnTiO3.

After adding AgNO3, the photoelectrocatalytic efficiency dropped from 93% to 71%,
indicating that e− mainly played a supplementary role and was not an active group.
After AgNO3 was added, Ag+ combined with e− to generate Ag nanoparticles under light
conditions, which quenched e−. The generated Ag nanoparticles promoted photogenerated
electrons and holes due to the local surface plasmon resonance effect when the Ag content
was low, which was beneficial to the degradation of phenol, so before 1.5 h, the degradation
effect of phenol was better than that of blank. After 1.5 h, the content of Ag nanoparticles
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was higher than that of the generated Ag nanoparticles, and Ag nanoparticles became new
recombination centers of photogenerated electrons and holes, which greatly reduced the
degradation effect of phenol.

In addition, it can be seen in the ESR spectra in Figure 9c,d that for Bi2WO6/ZnTiO3,
the signal of .OH and the signal of .O2

− were obviously enhanced, which was consistent
with the results of the free radical-capture experiment. This fully proved that the photogen-
erated carrier separation efficiency of Bi2WO6/ZnTiO3 was significantly improved. The
performance of PEC to degrade phenolic wastewater was improved, which was mainly
due to the accumulation of h+ and .OH in the valence band of Bi2WO6 and e− and .O2

− in
the conduction band of ZnTiO3. This also indirectly proved the structure of the S-scheme
heterojunction in Bi2WO6/ZnTiO3.

In order to determine the band gap, valence band position, photogenerated carrier
separation efficiency, and Fermi level of Bi2WO6, ZnTiO3, and Bi2WO6/ZnTiO3, UV–vis
spectroscopy, valence band XPS, PL, and work function tests were performed. The results
is shown in Figure 10. According to Figure 10a, the visible light absorption capacity of
Bi2WO6/ZnTiO3 after composition was obviously enhanced. Figure 8b shows that the
bandgaps of Bi2WO6, ZnTiO3, and Bi2WO6/ZnTiO3 were 2.71 eV, 2.80 eV, and 2.58 eV,
respectively. Figure 10c shows the valence band positions of Bi2WO6 and ZnTiO3 at 3.19 eV
and 2.15 eV, respectively. Figure 10d shows that the PL spectral signal of Bi2WO6/ZnTiO3
after composition was significantly weakened and that there was no obvious absorption
peak, which indicated that the separation efficiency of the photogenerated carrier was
significantly improved. The charge-transfer mechanism at the interface of Bi2WO6/ZnTiO3
after recombination may have been the S-scheme heterojunction.
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Figure 10. (a) UV–vis spectroscopy, (b) band gap, (c) valence band position, (d) PL spectroscopy,
and (e) work function of the Bi2WO6, ZnTiO3, and Bi2WO6/ZnTiO3 catalysts; and (f) the flat band
potentials according to a Mott–Schottky electrochemistry spectroscopy test.

In order to determine the transport direction of photogenerated electrons and holes in
the Bi2WO6/ZnTiO3 catalysts, the work functions of Bi2WO6 and ZnTiO3 were measured
using a Kelvin probe system (SKP5050, KP Technology Ltd.). The formula was as follows:
WF (Sample) = WF (tip) + CPD. Calibration of the WF (tip) was realized with a standard
gold sheet (gold, 5.10 eV). CPD was the contact potential difference between the sample
and the tip (gold, 5.10 eV). The results are shown in Figure 10e. The work function of
Bi2WO6 was 5.60 eV and that of ZnTiO3 was 4.25 eV. Therefore, the Fermi energy level of
the work function of Bi2WO6 was significantly lower than that of ZnTiO3. When ZnTiO3
was in contact with Bi2WO6, photogenerated electrons transferred from the conduction
band of Bi2WO6 to the valence band of ZnTiO3 for quenching. In addition, the flat band
potentials of the photocatalysts is reported according to the Mott–Schottky test. As shown
in Figure 10f, the flat band potential of ZnTiO3 was −0.65 V, and the flat band potential of
Bi2WO6 was 0.48 V. Photogenerated holes accumulated in the valence band of Bi2WO6 with
a stronger oxidation capacity, and photogenerated electrons accumulated in the conduction
band of ZnTiO3 with a stronger reduction capacity, forming an S-scheme heterojunction
charge-transfer mechanism at the interface.

According to the experimental and characterization results, Figure 11 shows the
electron–hole transfer pathway and the photoelectrocatalytic mechanism on the ZnTiO3/
Bi2WO6 heterojunction. Under visible light irradiation, electrons were excited from the
valence band (VB) of Bi2WO6 and ZnTiO3 to the conduction band (CB). Assuming the
photocatalytic mechanism was as shown in Figure 11a, because the VB position of Bi2WO6
was higher than the HOMO position of ZnTiO3, the valence band holes of Bi2WO6 were
transferred to the valence band of ZnTiO3 because the CB position of Bi2WO6 was lower
than the LUMO position of ZnTiO3. The electrons were transferred to the conduction band
of Bi2WO6 [47]. However, because the HOMO potential of ZnTiO3 (2.15 eV) was less than
E(H2O/•OH) (2.38 eV), the amount of holes in the HOMO of ZnTiO3 was not enough to
oxidize H2O to •OH radicals. Therefore, through the reaction, the holes of ZnTiO3 could not
form·•OH radicals [48]. Since the conduction band potential of Bi2WO6 was more positive
than the standard redox potential of E(O2/•O2

−) (−0.33 eV), superoxide radical groups
could not be formed, which was inconsistent with the conclusion drawn from the quencher
experiment [49]. Assuming that according to the photocatalytic mechanism shown in Fig-
ure 8b, the holes of ZnTiO3 were combined with the electrons of Bi2WO6, only the holes of
Bi2WO6 and the electrons of ZnTiO3 were retained. Because the lowest unoccupied molecu-
lar orbital (LUMO) position of ZnTiO3 was more than E(O2/•O2

−) (−0.33 eV), the standard
redox potential was more negative [50,51]. Therefore, the photoelectrons in ZnTiO3 could
easily reduce the O2 adsorbed on the catalyst surface to generate •O2

− radicals because



Molecules 2023, 28, 3495 14 of 18

the VB position of Bi2WO6 (3.19 eV) was more correct than the standard redox potentials
E(OH−/•OH) (1.99 eV) and E(H2O/•OH) (2.38 eV). The holes in the VB of Bi2WO6 reacted
with water or OH− in water to form •OH, •OH, and •O2

− radicals, which oxidatively
degraded the phenolic macromolecules into small molecular products. This derivation was
consistent with the conclusions of the quencher experiment, so the most likely explanation
is that the ZnTiO3/Bi2WO6 heterojunction was a direct S-scheme photoelectrocatalytic
mechanism. In the direct S-scheme semiconductor, the heterojunction formed by the two
semiconductors not only retained the superior oxidation–reduction potential, but also re-
duced the recombination rate of photogenerated electron–hole pairs. This solution greatly
improved the oxidation–reduction ability of the Bi2WO6 photoelectrocatalysis.
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3. Experiments
3.1. Materials

Zn(CH3COO)2 (AR) (99%), Bi(NO3)•5H2O (AR) (99.999%), Ti(OC4H9)4 (AR) (99%),
and Na2WO4.2H2O (AR) (99.99%) were purchased from China Sinopharm Chemical
Reagent Co. Ltd., Shanghai, China; ethanol (AR), CO(NH2)2 (AR) (99.99%), Na2SO4 (AR)
(99.99%), and ethylene glycol (AR) (99.99%) were purchased from Tianjin Kemiou Chemical
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Reagent Company, Tianjin, China; and the deionized water was made in
the laboratory.

3.2. Preparation of Bi2WO6 and ZnTiO3

First, 2 mmol of Bi(NO3)3•5H2O and 1 mmol of Na2WO4•2H2O were added to 30 mL
of ethylene glycol and ultrasonically dispersed for 10 min. The resulting Na2WO4•2H2O
solution was slowly added dropwise to the Bi(NO3)3•5H2O solution and then ultrasonically
dispersed for 30 min so the solution was mixed thoroughly. Then, the mixed solution was
poured into a 100 mL solvothermal reactor and placed in an oven at 160 ◦C for heating for
12 h. The prepared product was centrifuged. The lower solid was washed with ethanol
and deionized water and dried in a vacuum drying oven at a temperature of 60 ◦C for 24 h
to obtain the prepared Bi2WO6 powder.

The ZnTiO3 with a cluster nanoflake structure was successfully prepared by using
a two-step calcination method. First, 8.62 g of Zn(CH3COO)2 and 9.86 g of Ti(OC4H9)4
were dissolved in a 100 mL ethanol solution of 1 mol/L of urea and stirred evenly, and the
solution was poured into 200 mL of solvent. The reaction kettle was placed in an oven at
160 ◦C and heated for 12 h; the molar ratio of the Zn:Ti elements was (1:1). After washing
and drying the obtained ZnTiO3 precursor, it was placed into a muffle furnace and calcined
at 700◦ for 3 h and then subjected to secondary heat treatment and calcined at 800◦ for 5 h
to obtain a pure ZnTiO3 powder.

3.3. Preparation of ZnTiO3/Bi2WO6

The ZnTiO3/Bi2WO6 composite photocatalyst was prepared by using a hydrothermal
method. First, 2 mmol of Bi(NO3)3.5H2O and 1 mmol of Na2WO4•2H2O were each added
to 30 mL of deionized water and stirred for 10 min. Then, the Na2WO4•2H2O solution was
slowly added dropwise to the Bi(NO3)3•5H2O solution. This mixed solution was called
solution A. The pH of solution A was adjusted to 7 with 0.1 mol/L of NaOH solution and
stirred for 30 min. According to the different molar ratio of Zn:Bi, the ZnTiO3 prepared
above was added to 10 mL of deionized water and ultrasonicated for 30 min to make the
dispersion uniform. This ultrasonic suspension, which was called solution B, was added to
solution A, and the mixed solution was transferred to a 100 mL hydrothermal reactor and
kept at 160 ◦C for 12 h. Then, the prepared product was centrifuged. The lower solid was
washed with ethanol and deionized water and dried in a vacuum drying oven at 60 ◦C for
24 h to obtain ZnTiO3/Bi2WO6 photocatalysts with different molar ratios.

3.4. Photoelectrocatalytic Degradation of Phenolic Pollutants

First, 100 mL of 10 mg/L phenol solution, 100 mL of 10 mg/L p-nitrophenol solution,
100 mL of 10 mg/L p-chlorophenol solution, and 100 mL of 10 mg/L 4-methylphenol solu-
tion were each selected as a pollutant. The photoelectrocatalytic degradation was carried
out with a CHI660E three-electrode system electrochemical workstation. An Ag/AgCl elec-
trode was used as the reference electrode, a Pt electrode was used as the counter electrode,
and the photocatalyst-coated ITO conductive glass was used as the working electrode. The
preparation process was to first mix 10 mg of catalyst and 5 mL of ethanol solution. The
mixed system was ground for 15 min, then a proper amount of supernatant was added
to ethanol and diluted for 5 min to uniformity, spin-coated on ITO glass, and dried at
60 ◦C. The light source was 350 W xenon lamp (λ ≥ 400 nm), the electrolyte solution was a
0.1 mol/L Na2SO4 solution, and the applied voltage was +0.5 V. Then, photocatalyst-coated
ITO and 100 mL of 10 mg/L phenolic pollutant solution was dispersed for 30 min to reach
the equilibrium of adsorption and desorption of organic pollutants in the dark. We took
4 mL samples every 30 min under the illumination of the 350 W xenon lamp (λ ≥ 400 nm) to
centrifuge and separate the supernatant. We calculated the degradation rate as
D = (1 − Ct/C0) × 100%. In the above formula, C0 is the concentration of the phenolic
solution before degradation, Ct is the concentration of the phenolic solution after different
degradation times, and D is the calculated degradation rate.
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3.5. Electrochemical Analysis

The electrochemical analysis was carried out with a CHI660E three-electrode system
electrochemical workstation. An Ag/AgCl electrode was used as the reference electrode,
a Pt electrode was used as the counter electrode, and a photocatalyst-coated ITO con-
ductive glass was used as the working electrode. The preparation process was to first
mix the catalyst and ethanol solution. The mixed system was ground for 15 min, then a
proper amount of supernatant was added to ethanol and diluted for 5 min to uniformity,
spin-coated on ITO glass, and dried at 60 ◦C. the light source was a 350 W xenon lamp
(λ ≥ 400 nm), and the electrolyte solution was 0.1 mol/L of Na2SO4 solution. A short
photocurrent density measurement was performed during the ON/OFF cycle at 0 V for
450 s. The frequency range test of electrochemical impedance was 100 kW–0.01 W.

3.6. Characterization

XRD was measured using an X-ray diffractometer, and CuKα radiation (λ = 1.5418 Å)
was performed in the range of 2θ = 10–80◦. The scanning electron microscopy (SEM) was
performed with a JEOL-1600 field emission microscope with an acceleration voltage of
5 kV. Transmission electron microscopy (TEM) was performed with a JEOL-2100 (Japan
JEOL) operating at 200 kV. X-ray photoelectron spectroscopy (XPS) was performed with
an ESCALab MKII spectrometer with MgKα radiation, and its binding energy position
was calibrated as C 1 s = 284.6 eV. The UV–vis DRS spectra of Bi2WO6, ZnTiO3, and
Bi2WO6/ZnTiO3 were recorded with an ultraviolet–visible spectrophotometer (UV 2600).

4. Conclusions

1. In this paper, 2D/2D heterojunctions of ZnTiO3 nanosheets/Bi2WO6 nanosheets were
prepared for the first time by combining a hydrothermal method and a two-step
calcination method, and two types of phenolic pollutants were selected. The effects of
photocatalysts on electron-absorbing and electron-donating phenolic pollutants were
discussed. It was confirmed that the photocatalyst had an obvious degradation effect
on the electron-donating phenolic pollutants. This was because the electron-donating
group could accelerate the oxidation of the ortho hydroxyl, making the benzene ring
easier to decompose.

2. Compared with pure Bi2WO6 (25%), the degradation rate of phenol by the ZnTiO3/
Bi2WO6 photocatalyst could reach 93%, and the kinetic rate was increased by 3.6
times. The main reasons for the performance improvement were as follows: (1) 2D/2D
ZnTiO3/Bi2WO6 heterojunction shortened the charge-transfer path and reduced the
resistance of photogenerated electrons and holes to the surface; (2) the S-scheme
heterojunction mechanism was constructed at the ZnTiO3/Bi2WO6 interface, which
maintained a higher oxidation potential and reduction potential and realized the
spatial separation of photogenerated carriers; and (3) the photoelectric coupling effect
of the applied electric field further promoted the separation of the photogenerated
carrier and improved the active free radical·OH and·O2

−. This work provides a new
strategy for the degradation of phenolic wastewater.
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