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Abstract: The novel 2D /2D S-scheme heterostructure of BiOCI nanosheets coupled with Caln;Sy
nanosheets (CalnyS, /BiOCl-SOVs), which contains surface oxygen vacancies (SOVs), has been suc-
cessfully prepared by high-temperature calcination combined with a solvothermal synthetic strategy.
Under visible-light irradiation, the apparent rate constant (Kapp / mim ™) for phenol degradation on
the 1 wt% Caln,S4/BiOCI-SOVs photocatalyst is about 32.8 times higher than that of pure BiOCl.
The superior performance was attributed to the synergistic effect between the SOVs, Caln;S,, and
BiOCl, which can effectively narrow the bandgap and accelerate the interfacial charge separation
of CalnyS,/BiOCI-SOVs heterojunctions. Subsequently, it significantly promotes the generation
of superoxide radicals (O, ), hydroxyl radicals, and h*, which participate in the photodegrada-
tion process of phenol. The catalyst still maintained a relatively high activity after repeated tests
as a demonstration of its photostability. This work successfully proposed an efficient method to
design a new 2D/2D S-scheme heterostructure with SOVs as possible photocatalysts in the field of

environmental remediation.

Keywords: in-situ assembly; CalnyS,/BiOCl-SOVs; 2D /2D heterostructure; phenol degradation

1. Introduction

During the past few decades, with the rapid development of modern industrial and
agricultural technology, energy and environmental issues have become important topics on
a global level [1-4]. The treatment of sewage, which is a cause for widespread concern, has
become the top priority of environmental protection work. Sewage can be differentiated
according to the pollution source: industrial wastewater, non-recyclable water used in
life, and sewage caused by commercial development. Industrial wastewater is the most
harmful, in which the concentration of organic matter has gradually increased, and whose
components have become increasingly complex, resulting in a more difficult degradation
process and in challenging and often unsuccessful removal efforts by a number of applied
technologies. Consequently, new sewage treatment technologies need to be developed.
The removal of highly toxic and persistent organic pollutants contained in wastewater by
employing semiconductor photocatalysis technology can be used as an attractive method
to solve the problem of environmental water pollution. This technology has demonstrated
unique advantages, including high efficiency, favorable economy, green and sustainable
aspects, and environmental protection [5-12]. Therefore, it is particularly important to
develop a photocatalyst with high catalytic performance in the degradation of pollutants in
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sewage. As a valuable p-type photocatalyst, bismuth oxychloride (BiOCl) has been exten-
sively studied due to its good acid and alkali resistance, strong photostability, non-toxicity
to organisms, simple preparation, and its functionality as a relatively positive valence band
oxidation site. However, pure BiOCl cannot absorb visible light due to its wide bandgap
and exhibits poor solar energy utilization in practical applications [13-15]. Therefore, the
important question in current investigations has emerged on how to effectively broaden
the response to visible light and realize the improvement of the visible-light photocat-
alytic activity of BiOCl [16-19]. Recently, many modification methods have been devoted
to address these problems, such as modifications to generate surface oxygen vacancies
(SOVs) and the construction of a compact heterojunction structure. The introduction of
SOVs in photocatalysts through high-temperature calcination treatment resulted in some
positive and unexpected results for the visible-light photocatalytic performance [20-24].
Fu et al. reported an improved photocatalytic activity by, i.a., narrowing the bandgap
through introducing SOVs on bismuth molybdate (Bi;Mo0Oy) grafted with Fe(Ill) clusters
via a reliable calcination process combined with an impregnation approach. Lu et al. [8]
used a simple in-situ modified sol-gel method to synthesize single crystals of mesoporous
C-doped titanium dioxide (TiO,) with oxygen vacancies, in which the presence of oxygen
vacancies led to a low carrier recombination rate and enhanced carrier separation, which
finally promoted the degradation of organic pollutants. A resemblance was gained for
BiOCl in Gao’s group.

In addition, the preparation of heterojunction photocatalysts as an effective means to
improve photocatalytic performance has also received considerable attention in various
applications of photocatalysis [25-27]. However, the ability of heterostructures constructed
by randomization to ameliorate the efficiency of light absorption and photogenerated
carrier separation is not particularly satisfactory. Hence, a special heterojunction design
has to be formulated to further improve photocatalytic activity. In recent years, 2D /2D
heterojunctions composed of 2D nanosheet-like structures have shown certain advantages
for improving photogenerated carrier separation due to the tight heterojunction interface ef-
fect [28,29]. The calcium indium sulfide Caln,Sy is a ternary AB,X4 sulfur group compound
and a promising candidate for an n-type material. Caln,S, is characterized by a suitable
bandgap, high stability, and good visible-light photocatalytic performance, which is, how-
ever, limited because of the easy recombination of the photogenerated carriers [30-32].
However, in the carrier transfer path of a typical direct S-scheme heterojunction, the high
oxidation capacity and the strong reduction ability of the photogenerated electrons are
retained, resulting in a higher photocatalytic activity [33].

In this work, the photocatalytic performance of the synthesized photocatalyst is
improved by achieving synergistic catalysis through the employment of the two strategies
of surface oxygen vacancy modification and heterojunction construction. We report the
construction of a new, well-designed 2D/2D Caln;S;/BiOCl S-scheme heterojunction
by high-temperature calcination combined with a solvothermal method. The visible-
light photocatalytic activity of the material was assessed by the degradation of phenol.
According to the results, the obtained photocatalyst demonstrates a better performance
than pure Caln;S, and BiOCl, which is attributed to the synergistic effect between SOVs
and the surface heterojunction. Based on the proven advantages, the applied strategy and
methods can be used to design and construct other similar photocatalytic systems to fully
utilize the abundant solar energy.

2. Results and Discussion
2.1. Structure and Morphology of As-Synthesized CalnyS4/BiOCI-SOVs(CIS/BOC-SOVs)
Heterojunction

Figure 1 presents the XRD patterns of as-synthesized samples. The diffraction peak
positions and corresponding crystal faces of the prepared BiOCl and BOC-SOVs can be
indexed to JCPDS 06-0249.34 Pure BiOCl and all calcined samples exhibit main diffraction
peaks attributed to (101), (110), (102), (200), (201), (113), (211), and (212) [34]. The diffraction
peak planes (311), (400), (511), (440), and (533) of JCPDS 16-0341 standard card correspond
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to Caln,S,. However, the XRD pattern of the CIS/BOC-SOVs samples did not contain any
characteristic diffraction peaks of Caln,S,, which may be ascribed to low crystallinity and
loading or a high dispersion of Caln,S,. Similar results have been found in Caln;S4-based
heterojunction materials, such as g-C3N4/CalnySy and CalnySy/AgsPOy [35,36].
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Figure 1. XRD patterns of (a) pure BiOCl, (b) BOC-SOVs, (c) 1% CIS/BOC-SOVs, and (d)
pure CalnySy.

The composition and surface valence state of the as-synthesized catalysts are inves-
tigated by XPS (Figures 2 and 3). The XPS survey spectrum confirms the presence of
the main elements in the samples: Bi, O, and Cl in BiOCl, Ca, In, and S in Caln,S4, and
Bi, O, C], Ca, In, and S in the surface of the composite sample (Figure 2). As shown in
Figure 3a, the peaks at 159.1 eV and 164.3 eV can be attributed to Bi 4f;,, and Bi 4f5 ,,
confirming that Bi exists in the positive trivalent state [37,38]. As presented in Figure 3b,
the three energy bands of the O 1s XPS spectrum are located at 529.8, 531.4, and 533.1 eV,
which are respectively attributed to lattice oxygen, vacancy oxygen, and absorbed oxy-
gen [39-41]. In the high-resolution Cl 2p spectra (Figure 3c), two peaks at 197.80 and
199.48 eV can be assigned to Cl 2p3,, and CI 2p; /;, respectively [41-43]. On the basis of
peak-differentiation-imitating analysis, two splitting peaks with binding energies of 351.03
and 347.26 eV were in accordance with Ca 2ps3,, and Ca 2p; /, of Ca?* (Figure 3d) [44,45].
As shown in Figure 3e, the characteristic peaks at 444.53 and 452.09 eV are assigned to In
3ds,/» and In 3d3;, respectively [46-48]. Unfortunately, the presence of S was not observed,
probably because the peak positions of S and Bi are too similar. The binding energy of the
BiOCl composition element obtained after calcination is shifted, which may be due to the
generation of SOVs. It is worth noting that the peaks in the high-resolution XPS spectra of
all composite materials have slightly shifted compared with the pure samples, which may
be due to the interaction force between heterojunctions. Under visible-light irradiation, the
photogenerated charge carriers in the photocatalyst will migrate and transfer, which will
lead to the change of the binding energy of the component elements. The binding energy
of semiconductor elements that obtain electrons decreases, and in contrast, the binding
energy of semiconductor elements that lose electrons increases [49,50]. The shifts may be
caused by a partial electron transfer from Caln,S4 to BOC-SOVs caused by Schottky barrier,
which would decrease the electron density of Caln,Sy, leading to a shift of the peaks of Bi
4f, O 1s, and Cl 2p for 1% CIS/BOC-SOVs to the direction of higher binding energy, which
provides support for the construction of a S-Scheme heterojunction.
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Figure 2. XPS survey spectrum pure BiOCl, pure Caln,S; and 1 wt% CIS/BOC-SOVs.
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Figure 3. XPS spectra of (a) Bi 4f, (b) O 1s, (c) C1 2p, (d) Ca 2p, (e) In 3d, and (f) S 2p.
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The morphologies of Caln,S4, BiOCl, and the 1% CIS/BOC-SOVs heterojunction
composite were also investigated, and the results re given in Figure 4. Pure CalnySy
(Figure 4a) exhibits a three-dimensional spherical shape and is composed of a large number
of stacked two-dimensional nanosheets, which is consistent with previous reports [45-48].
BiOCl (Figure 4b) has a special nanosheet-like morphology, but obvious agglomeration can
be noted. After solveothermal reaction (Figure 4c), BiOCl and Caln,S4 were successfully
combined into a 2D /2D heterojunction structure by in-situ growth, which maintained
a morphology similar to BiOCI. The corresponding EDX mapping images (Figure 4d—j)
indicate that a total of six elements, i.e., Bi, O, Cl, Ca, In, and S, are uniformly distributed
on the sample surface. TEM was employed to further analyze the microstructure of the
samples. The TEM images shown in Figure 5a,b reveal a spherical structure composed of
nanosheets for pure Caln,Sy, which is the same result as obtained by SEM. In Figure 5c,
a two-dimensional lamellar structure attributed to BOC-SOVs can be observed. The
high-resolution TEM image of 1% CIS/BOC-50OVs (Figure 5d) shows the formation of a
two-dimensional nanosheet structure. The lattice spacing of 0.266 nm and 0.327 nm is
assigned to BiOCl and Caln,S, belonging to (102) and (311) crystal planes, respectively
(Figure 5e) [50,51]. The existence of BiOCl and Caln;S, at a visible interface (Figure 5f)
reveals the successful preparation of the 2D /2D heterojunction.

Figure 4. SEM images (a) pure Caln,Sy, (b) pure BiOCl, (c) 1% CIS/BOC-SOVs, (d—j) EDX of 1% CIS/BOC-SOVs.
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Figure 5. TEM image of (a,b) CalnySy, (c) BOC-SOVs, (d-f) 1% CIS/BOC-SOVs.

2.2. Formation of Surface Oxygen Vacancies

While distinct lattice streaks can be observed in the high-resolution TEM photograph
of pure BiOCl, the edges of the lattice fringes become indistinct in BOC-SOVs (Figure 6a,b),
which illustrates the destruction of the surface structure and the formation of SOVs. The
room-temperature ESR spectra (Figure 6¢) confirm the presence of oxygen vacancies in BOC-
SOVs and 1% CIS/BOC-SOVs (g = 2.0002) [51-53]. The signal strength of 1% CIS/BOC-SOVs
significantly exceeds the one of BOC-SOVs indicating a higher oxygen vacancy concentration,
which is consistent with the results in Table 1.

(c)
=2.0002
E=2.0002

=203

]ntensitf(a.u.}

— B
BOC-S0VS
Tt % CISBOC-S0VS

3138 3140 3142 3144
B/mT

Figure 6. HR-TEM of (a) BiOCl and (b) BOC-SOVs, (c) EPR spectra of BiOCl, BOC-SOVs, and 1% CIS/BOC-SOVs.
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Table 1. Ratio of OV/OL of the BOC-SOVs sample compared with that of the 1% CIS/BOC-SOVs sample.

O1s 529.8 eV, Or, (%) 531.4 eV, Oy (%) Ovy/OL
BOC-S0Vs 80.12 13.02 0.16
1 wt%

CIS/BOC-SOVs 77.15 19.67 0.25

2.3. Optical Property and Photocatalytic Activities of CIS/BOC-SOVs

The UV-Vis DRS of the synthesized catalysts are displayed in Figure 7. While the light
absorption wavelength at 365 nm can be clearly attributed to BiOCl, which can only absorb
ultraviolet light, the light absorption range of BiOCl after calcination containing SOVs is
widened to visible light. Caln;S,; exhibits a strong absorption range in the visible light
region with the maximum absorption wavelength of about 620 nm. In 1% CIS/BOC-SOVs,
the absorption maximum of Caln;S, at the Caln;S,/BiOCI 2D /2D heterojunction shows a
significant red shift compared with BiOCI with SOVs.

1.2 1

[—] ]
@0 -
1 1

Absorbance (a.u.)
=

0.4 .
C
0.24 .
0.0 : : . .
200 300 400 500 600 700 800

Wavelength (nm)
Figure 7. UV-Vis DRS of (a) pure BiOCl, (b) BOC-SOVs, (c) 1% CIS/BOC-SOVs, and (d) pure Caln;Sy.

The photocatalytic performance of the prepared photocatalysts is evaluated by de-
grading phenol under visible-light irradiation, as shown in Figure 8. Under the exposure
of visible light, the concentration of phenol, which possesses a very stable molecular struc-
ture, hardly changes, and the adsorption of phenol by the catalyst is almost negligible.
According to the results, the calcination temperature and time exhibit a great influence
on the photocatalytic activity of BiIOCL A temperature increase from 200 to 400 °C causes
an increase in the degradation rate from 50.0% to 23.6%. The degradation rate decreased
to 28.9% for BOC-400. Comparing the catalytic performance of catalysts obtained after
different calcination times reveals that the catalyst calcined for 1 h demonstrates the highest
activity with a degradation rate of 63.4% and a reaction rate constant of 0.0265 min~—!. The
concentration of OVs depends on the calcination temperature and time. However, too
many OVs will become the photogenerated electron/hole recombination center and cause
electron-hole annihilation, which results in decreasing the photocatlaytic activity.
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Figure 8. (a,d) Photocatalytic degradation curve, (b,e) corresponding kinetic curves, and (c,f) kinetic rate constant of phenol

degradation over different catalysts.

The loading amount of Caln;S, emerges as another very important factor for the pho-
tocatalytic activity of the material. The performance of heterojunction catalyst constructed
on the basis of calcination treatment is shown in Figure 8d—f. As evident from the results,
1% CIS/BOC-50Vs showed a higher activity than the other prepared catalysts. The amount
of degraded phenol increased to 81.8%, and its apparent rate constant (Kapp/min~!) im-
proved by a factor of 32.8, 3.2, and 2.47 compared with pure BiOCl, BOC-SOVs, and
CalnySy, respectively. The enhanced photocatalytic activity of the BiOCI-SOV-Caln,Sy
heterojunction can be attributed to the synergistic effect between oxygen vacancies and
the 2D /2D heterojunction. As evident from Figure 9a, the synthesis of the heterojunction
significantly improved the photocatalytic degradation of phenol by BiOCL. In addition,
the UV-Vis absorption spectra (Figure 9b) recorded during the oxidative degradation of
p-nitrophenol indicate a certain but slow degradation catalyzed by CIS/BOC-SOVs. A
photostability test of the catalyst was performed by the cyclic degradation of phenol. In the
XRD pattern displayed in Figure 9¢c, no obvious new peaks or significant decrease in inten-
sity are observed after the cycle test, which proves the durability of the prepared material.

0.8 10mg/L phenoll (a) ( b ) before use (c)
30min 0.6 after use
—_~ — 60min —_~ 10mg/L p-nitrophenol | =
5 0.6 [ | —— oorfin| 3 0min 5
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Figure 9. Removal and temporal evolution of UV-Vis absorption spectra of (a) phenol and (b) p-nitrophenol over different
catalysts, (¢) XRD pattern of 1% CIS/BOC-SOVs before and after use.

2.4. Photocatalytic Mechanism

To evaluate the recombination rate of carriers in the semiconductor photocatalysts,
the PL spectra were recorded (Figure 10a). It is worth noting that the CIS/BOC-SOVs
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heterojunction exhibits a lower PL intensity than pure BiOCl and BOC-SOVs, indicating that
this material possesses a lower electron and hole recombination rate. This result is further
confirmed by TR-PL measurement techniques (Figure 10b), where the heterojunction
composite demonstrates an enhanced charge carrier lifetime of 1.223 ns versus 1.434 ns
of pure BiOCl and 2.148 ns of BOC-SOVs. Table 2 details the various parameters fitted
by a double exponential function. Transient photocurrent response measurements and
EIS Nyquist plot analysis (Figure 10c,d) were conducted to investigate the separation
efficiency of photogenerated carriers in the photocatalysts. The photocurrent generated
by the CIS/BOC-50Vs heterojunction is significantly higher than that of other samples
including BiOCl or BOC-SOVs, while the same material exhibits the smallest arc radius in
the Nyquist plots of these synthesized catalysts. The intrinsic resistance values R; of pure
BiOCl, BOC-S0OVs, and Caln,S, /BiOCl are similar, but the charge transfer resistance Ry of
CalnyS4/BiOCl is small, which indicates that the construction of the heterojunction is more
beneficial to the transfer of charge at the interface of the photocatalyst [54,55]. According
to these results, the synthesized CIS/BOC-SOVs heterojunction possesses a strong carrier
separation ability and low recombination rate due to the tight contact interface, which
endows the CIS/BOC-50Vs heterojunction with high catalytic performance.
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Figure 10. (a) Photoluminescence spectra, (b) Time-resolved fluorescence decay spectra, (c) Transient photocurrent response,
and (d) Electrochemical impedance spectroscopy of BiOCL, BOC-SOVs, and 1% CIS/BOC-SOVs.
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Table 2. Charge life according to time-resolved transient PL decay curves.

Samples Al T1/nm A2 To/nm Tay/nm
BiOCl 1360.5 21.417 6.18 x 1010 1.223 1.223
BOC-SOVs 1.50 x 103 19.215 1.39 x 10° 1.434 1.434
1% BOC-SOVs 1.11 x 107 2.094 2064.6 25.938 2.148

The catalyst with heterojunction demonstrates an outstanding photocatalytic activity
for phenol degradation, which may be attributed to the generation of free radicals and holes
with strong oxidation ability during photocatalytic degradation. As shown in Figure 11, the
presence of IPA and TEA or BQ capture agent caused different inhibitory effects on phenol
degradation, which increased in the order EDTA-2Na, BQ, and IPA. In-situ ESR technology
was used to detect the free radicals generated during the photocatalytic reaction (Figure 12).
The characteristic peaks of DMPO--O,~ and DMPO--OH are not detected with pure BiOCl
under visible-light irradiation, but the existence of -O,~ and -OH radicals is confirmed
for both BOC-SOVs and 1% CIS/BOC-SOVs. It is worth noting that the spectra for the
heterojunction catalyst show higher free-radical signal intensities than that of BiOCl and
BOC-S0Vs. The capture test and the ESR results confirm that the active species involved
in the photodegradation of phenol are mainly hydroxyl radical, superoxide radical, and
hole [52,53].
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Figure 11. The capture experiments of 1% CIS/BOC-SOVs under visible light.
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Figure 12. DMPO spin-trapping ESR spectra of BiOCl, BOC-SOVs and 1% BOC-SOVs for DMPO-
-0~ (a) and DMPO--OH (b) under visible light irradiation.

Accordingly, a reasonable photocatalytic mechanism can be proposed as follows.
The calculated bandgaps of BOC-SOVs and CalnyS, are 2.35 V and 3.20 V, respectively
(Figure 13a), while the valence band edge values obtained from the XPS valence band (VB)
spectra are 1.88 and 1.30 V (Figure 13b—d), respectively. Finally, the conduction band (CB)
edge values are —0.47 and —0.53 V, respectively, as calculated by subtracting the bandgap
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value from the VB edge value (Table 3). The S-scheme mechanism of photo-generated
carrier transfer of CIS/BOC-SOVs heterostructures is proposed based on experiment
and theoretical calculation results. As shown in Scheme 1, before the contact, the Fermi
level (Eg) of p-type BiOCl is about 0.3 V above VB, while the Fermi level (Eg) of the
n-type semiconductor Caln,Sy is about 0.3 V below CBM. Because the energy of BiOCl
from Ep to the vacuum level is greater than that of CalnySs, BiOCl is negatively and
CalnySy is positively charged on opposite sides, so that electrons flow from Caln,Sy to
BiOCl following the direction of the electric field. When the two materials contact each
other to form a heterojunction, the VB of BiOCl moves upward and the CB of CalnySy
moves in the opposite direction to achieve the Fermi level equilibrium (Ep) of BiOCl and
Caln,S, thus theoretically forming a typical S-scheme heterojunction instead of a type-II
heterojunction [33,49]. When the heterojunction is irradiated by visible light, electrons in
BiOCl with a relatively positively charged potential and holes in the VB of Caln;S; with
a relatively negatively charged potential are simultaneously transferred to the oxygen
vacancy state of BiOCl near the CB and then rapidly recombined. Finally, the VB of BiOCl
with strong oxidation ability and the CB of Caln,S; with strong reduction ability are
retained. Therefore, compared with the type-II heterojunction, the S-scheme photocatalyst
can utilize the redox capability of the photocatalyst to its maximum.
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Figure 13. (a,b) The corresponding Tauc curves of BiOCl, BOC-SOVs, and CalnySy, and (c,d) VB spectra of the BOC-SOVs

and CalnySy.



Catalysts 2021, 11, 1130 12 of 16

Table 3. The estimated bandgap energy (Eg), conduction band edge (CB), and valence band edge
(VB) for BiOCl and Caln,Sy.

Semiconductor Band Gap Energy, Eg Conduction Band Valence Band Edge

(eV) Edge (CBM, V) (VBM, V)
BiOCl 3.20 -1.32 1.88
BOC-SOVs 2.35 —0.47 1.88
Caln,S, 1.83 —0.53 1.30
A
v d
A - >
O
before contact upon contact
A-2 = 0,
= - E, ECBM._ \ momas
m 1 CBM —_— — e e i.0,
7z [ Eenm E > E s )
. E CBM-SOR
g o F SOVs B
o B R e
N 1 -
= i Eyvgm B
'é‘ = VBM s,
)
g 3 p-type BiOCl n-type Caln,S, p-type BiOCl -type Caln,S, Degradation product
~ o B p-type BiOCl  n-type Caln,S,
= e
electric field electric field
Type-11 heterojunction S-scheme heterojunction
(a) (b) (c)

Scheme 1. Schematic diagram of the photocatalytic mechanism of charge separation for phenol degradation over 1% CIS/BOC-
SOVs under visible-light irradiation. (a) before contact, and upon contact: Type II heterojunction (b), (c) S-scheme charge transfer
mechanism. Note: Wy and Wy denote the work functions of BiOCl and Caln,S,, respectively. Vac, Ecgym, Evem, and Ep stand for
the vacuum level, conduction band minimum, valence band maximum, and Fermi level. The Eypy; and Ecpy value is given
concerning the normal hydrogen electrode (NHE) potential at pH = 7. The VB-XPS determines the Eygy, the Eg of catalysts was
estimated by the x-axis intercept obtained from the plot of (ahv)? versus hv, Eg = Evem — Ecpm-

3. Experimental Section
3.1. Chemicals

All reagents were of analytical grade and were used without any further purification.
Bismuthnitrate pentahydrate (Bi(NO3)3-5H,0), sodium hydroxide (NaOH), thioacetamide
(CoH5NS), ethylene glycol (CoHgO»), and ethanol(C,HgO) were purchased from Tianjin
Zhiyuan Chemical Reagent Co., Ltd. (Tianjin, China). Mannitol(C¢H;404) was purchased
from Aladdin Biotechnology Co., Ltd. (Shanghai, China). Calcium nitrate (Ca(NO3)3-2H,0)
was purchased from Yongsheng Fine Chemical Co., Ltd. (Tianjin, China), Tianjin, China.
Indium nitrate(In(NO3)3-4.5H,0O) was purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China).

3.2. Sample Preparation
3.2.1. Preparation of BiOCl and Defect-Rich (BOC-50Vs)

Pure BiOCl is prepared by an improved solvothermal method using a previous re-
port [34]. Typically, 0.9702 g (2 mmol) Bi(NO3)3-5H,0 and 0.1168 g (2 mmol) NaCl were
each dissolved in 10mL ethylene glycol and magnetically stirred for 30 min to obtain clear
and transparent solutions, which were labeled A and B, respectively. Subsequently, 0.1094 g
of mannitol and 0.4 g of polyvinylpyrrolidone (PVP) were dissolved in 55 mL water to form
solution C. Then, solution A was added dropwise into C under stirring, which continued
for 5 min after complete addition before solution B was slowly added dropwise to generate
a white precipitate. The mixture was then transferred to a 100 mL high-pressure autoclave
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lined with polytetrafluoroethylene for hydrothermal reaction at 160 °C for 8 h. After the
reaction finished, the autoclave was allowed to cool to room temperature. After washing
with water several times, a certain amount of 15% NaOH was added to adjust the pH to
13. After magnetic stirring was continued for 3 h, it was washed with water to neutrality.
Finally, BiOCl powder was obtained after continuous wetting with ethanol, drying at 60 °C
for 8 h and grinding. SOVs were generated on the BiOCl (BiOCI-SOVs) by placing pure
BiOCl in a muffle furnace, calcining at a certain temperature for a certain time, before
allowing it to cool to room temperature. The prepared sample was denoted as BOC-SOVs.

3.2.2. Synthesis of Oxygen-Vacancy-Rich BiOCIl-SOVs (BOC-SOVs) Photocatalysts

The BOC-SOVs photocatalysts were prepared through a facile calcination method.
Firstly, 1.0 g of pure BOC-SOVs samples prepared above were calcined in a muffle furnace
at 200 °C, 250 °C, 300 °C and 400 °C in an air-rich atmosphere for 2 h at a heating rate of
2 °C min~! to obtain the final BOC-SOVs samples with different temperatures, and the
optimum calcination temperature was determined to be 250 °C. In addition, to investigate
the effect of calcination time on the photocatalytic activities of the series of BOC-SOVs
samples, with 250 °C photocatalysts, the calcination temperature was fixed at 250 °C, and
the calcination time was changed to 0.5 h, 1 h, 2 h, and 3 h. The resultant products were
denoted as 250 °C-0.5 h, 250 °C-1 h, 250 °C-2 h, 250 °C-3 h, respectively.

3.2.3. Preparation of 2D /2D S-Scheme Caln,S, /BiOCl-SOVs (CIS/BOC-50Vs)

Firstly, 1 g of as-prepared BOC-SOVs was dispersed in 30 mL deionized water, and
0.0076 g thioacetamide (C,HsNS) waas added followed by ultrasonic treatment for 40 min.
Thereafter, 0.0192 g In(NO3); and 0.0059 g Ca(NO3); were added, and the mixture was
stirred for 1 h. The obtained suspension was transferred to a 50 mL reaction vessel for
reaction at 160 °C for 12 h. After the reaction, the system was allowed to cool to room
temperature, and the obtained solid was washed with water and alcohol for four times,
then dried at 60 °C and ground to obtain 1 wt% CalnySs/BOC-SOVs, which is denoted as
1% CIS/BOC-SOVs. Following a similar procedure, the weight ratio of Caln,S4 deposited
onto the BOC-SOVs was controlled at 0.25, 0.5, 1, and 2 wt%. The obtained samples were
denoted as X% CIS/BOC-SOVs (X =0, 0.25, 0.5, 1, and 2). For comparison, pure CalnySy
was synthesized by the same method without adding BOC-SOVs.

3.3. Characterization

X-ray diffraction (XRD) was performed on a XRD-7000 instrument (Shimadzu Corp.,
Kyoto, Japan). X-ray photoelectron spectroscopy (XPS) was carried out with a PHI-5400
(Physical Electronics, Inc., Minnesota, MN, USA) 250 xi system using Al K« radiation as the
excitation source. The morphology of the sample was assessed with a JSM-6700F scanning
electron microscope (SEM) (JEOL Ltd., Kyoto, Japan) and a JEM-2100 transmission electron
microscope (TEM) (JEOL Ltd., Kyoto, Japan). Energy-dispersive X-ray (EDX) analysis was
performed on a JSM-7610F field emission SEM (JEOL Ltd., Kyoto, Japan). The UV-Vis
diffuse reflectance spectra (UV-Vis DRS) were recorded on a UV-2550 UV-Vis spectropho-
tometer (Shimadzu Corp., Kyoto, Japan) with barium sulfate (BaSO,) as reference. The
photoluminescence (PL) spectra of samples were obtained on a F-4600 spectrophotometer
(Hitachi High-Tech Corp., Kyoto, Japan). The electron spin resonance (ESR) spectra were
obtained on a Bruker LEXSYS-II E500 ESR spectrometer (Bruker, Germany) equipped with
a quanta-ray Nd: YAG laser system as the irradiation source (A > 420 nm). Time-resolved
photoluminescence (TR-PL) spectra were recorded on a FLS920 fluorescence spectrometer
(Edinburgh Instruments Ltd., Edinburgh, UK).

3.4. Photocatalytic Activity Measurement

Photocatalytic phenol degradation: The photocatalytic activity of the catalyst was
investigated with colorless phenol as the simulated pollutant, dissolved in ultrapure water
in an initial concentration of about 10 mg/L, under irradiation by a 300 W metal halide
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lamp as the visible-light source (A > 420 nm). In the degradation experiment, 200 mg of
catalyst was added to a 500 mL reactor containing 200 mL of the phenol solution and then
stirred in the dark for about 30 min to ensure that the adsorption-desorption equilibrium
was reached. At certain intervals, the supernatant was taken out by a pipette gun and
centrifuged to remove residual catalyst. The phenol concentration of the solution was
obtained by measuring the UV—Vis absorbance.

4. Conclusions

In this work, 2D /2D CalnyS4 /BiOCl-SOVs S-scheme heterojunction materials have
been successfully prepared by a simple high-temperature calcination process combined
with a solvothermal method and fully characterized by various characterization techniques.
The as-prepared photocatalysts demonstrated a highly enhanced photodegradation of
phenol under visible-light irradiation with the 1% CIS/BOC-50OVs heterojunction material
as the catalyst, with the best photocatalytic activity and a 32.8 times higher photocatalytic
rate constant than pure BiOCL. The effective separation of photogenerated electron-hole
pairs in a S-scheme heterostructure system can improve the photocatalytic performance of
the composite material in the photocatalytic oxidative degradation process, to which SOVs
of the heterojunction in multicomponent composite systems contribute significantly. In
the degradation reaction, the three main active substances confirmed by ESR spectra and
the capture experiment are OH, O, ", and h*. This paper showed that 2D /2D S-scheme
heterojunctions are potential candidates for the degradation of refractory pollutants.
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