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Abstract: Photocatalytic technology is considered an ideal approach for clean energy conversion
and environmental pollution applications. In this work, a bifunctional BiOBr/ZIF-8/ZnO pho-
tocatalyst was proposed for removing phenols in wastewater and generating hydrogen peroxide.
Insights from scanning electron microscopy measurements revealed the well-dispersion of ZIF-
8/Zn0O was on the BiOBr layer, which could effectively prevent agglomeration of ZIF-8 and facilitate
the separation of carriers. In addition, the optimal H,O, yield of the BiOBr/ZIF-8/ZnO sample
could reach 116 mmol-L~!-g~! within 2 h, much higher than that of pure BiOBr (with the value of
82 mmol-L~!.g~1). The optimal BiOBr/ZIF-8/ZnO sample could also remove 90% of the phenol
or bisphenol A in 2 h, and its kinetic constants were 3.8 times and 2.3 times that of pure BiOBr,
respectively. Based on the analysis of the various experimental characterizations, the photocatalytic
mechanism of the S-scheme BiOBr/ZIF-8/ZnO composite for the degradation of phenolic pollutants
and generation of HyO, was proposed. The formation of the heterojunction and the oxygen vacancy
work together to significantly improve its photocatalytic efficiency. In addition, the BiOBr/ZIF-
8/7Zn0 catalyst has a certain impact on the degradation of phenol in actual wastewater, providing a
way to effectively remove refractory pollutants and generate H,O, in actual water.

Keywords: BiOBr/ZIF-8/ZnO; H,O, production; S-scheme heterojunction; oxygen vacancy

1. Introduction

Environmental contamination and energy problems are two major issues that need to
be solved urgently [1]. In recent years, hydrogen peroxide (H20O,), as a strong oxidant, has
been regarded as an ideal fuel cell carrier for hydrogen substitutes because of the lack of
secondary pollution [2,3]. Generally speaking, H>O, is produced by the oxidation of the
anthraquinone method and the electrocatalytic method. However, the traditional method
has a high cost and complex pathway [4-6]. Hence, the development of an efficient and
energy-saving method is urgent in the current research.

Photocatalytic technology is a clean and low-cost method for treating refractory pollu-
tants and producing H,O,. In recent years, most of the modified carbon-based materials
are used in the photocatalytic production of H;O, [7-9]. For example, Wang et al. [8]
prepared a nitrogen-vacancy CNKx by KOH modified, which could photocatalytic produce
101 umol of HyO, within 60 min. In another interesting work, Jourshabani et al. [7] pre-
pared an oxygen-doped carbon nitride nanosheet, which removed both tetracycline and
rhodamine B from water within 15 min. The authors also proved that a certain amount
of H,O; can be stably generated without sacrificing agents. Zhang et al. [10] constructed
porous 1, 3, 5-trihydroxybenzene that substituted g-C3Ny (PTBCN) photocatalysts which
has an excellent removal effect of rhodamine B (RhB) 6.56 times that of pure g-C3N,, and
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the photocatalytic rate constant of HyO; is 3.17 times that of pure g-C3Ny. However, in
addition to carbon-based materials, metal oxides or other semiconductor materials have
also been used for the photocatalytic production of HyO,. Zhang et al. [11] prepared
ZnO/COF (TaPa-Cl) catalysts by employing the electrostatic self-assembly method, and
the maximum yield of H,O, was 2443 umol-g~!-h~!,3.3 and 8.7 times that of pure ZnO
and COF. Du et al. [12] synthesized Zn;In,Ss grown on N-doped hollow carbon spheres by
using in situ hydrothermal methods, which could produce a certain amount of H,O, when
the aromatic pollutants in water were removed.

Bismuth-based materials are often used in photocatalytic experiments because of
their open structure and suitable band gap. BiOBr was considered an ideal catalyst sup-
port due to its low cost, high stability, visible light response, and diverse microstructure.
However, the high carrier recombination rate limits its practical application, so modifi-
cation and recombination with other catalysts are regarded as effective strategies [13].
Deng et al. [14] grew CuO quantum dots on the {001}-facet exposed BiOBr nanoflakes to
construct a p-n heterojunction. The prepared heterojunction could easily remove Congo red
and bisphenol A (BPA) in the water. Moreover, Liu et al. [15] prepared BiVO,4/BiOBr Z-type
heterojunctions with oxygen vacancies, which could effectively degrade oxytetracycline,
and inferred three degradation pathways. Chuaicham et al. [16] fabricated carbon quan-
tum dots/saponite/BiOBr by using the hydrothermal method, demonstrating excellent
ciprofloxacin degradation performance under visible light. Wu et al. [17] doped Mo into
BiOBr nanosheets to narrow the band gap of BiOBr, thus obtaining a better visible light
response. From the acquired results, it was shown that the modified BiOBr could remove
sulfanilamide efficiently, while its kinetic constant was 2.3 times that of pure BiOBr.

Metal-organic frameworks (MOFs) are porous coordination polymers with organic lig-
ands and metal centers, which have applications in gas storage, water treatment, catalysis,
adsorption, and separation [18]. Zeolite imidazolate frame-8 (ZIF-8) is a typical MOF mate-
rial composed of metal atoms Zn?* and 2-methylimidazole. ZIF-8 has a unique structure,
which is attractive for applications in adsorption and photocatalytic materials, making it a
high-quality material for wastewater treatment [19]. However, ZIF-8 particles can easily
agglomerate, which limits their application in water treatment. At present, scientists have
prepared a new type of catalyst by using ZIF-8 and other composite materials to solve this
problem. Particularly, Yang et al. [20] used ZIF-8 as the precursor to prepare ZnO/ZIF-8
hybrid photocatalysts by adjusting the concentration of AgNOj in the intermediate solu-
tion. The prepared ZnO/ZIF-8 composite could remove more than 98% within 12 min
of UV light irradiation. Additionally, Zhou et al. [21] synthesized an Ag/AgCI@ZIF-8
modified g-C3N4 material configuration with various electron transfer pathways, which
could remove 87.3% of levofloxacin in 60 min assisted by peroxymonosulfate. Qiu et al. [22]
prepared Cdg5Znp5S@ZIF-8 materials by using a mild hydrothermal method, which re-
vealed a strong photocatalytic reduction ability for Cr(VI). In addition, the combination of
ZIF-8 and its derivatives with Bi-based materials has also been studied in wastewater treat-
ment [23-25]. More specifically, Zhang et al. [26] dispersed ZIF-8 in a flower-like Bi;WOg¢
sheet and evaluated its photocatalytic activity by eliminating methylene blue under visible
light irradiation.

Under this direction, ZIF-8 prepared as a precursor produces BiOBr/ZIF-8/ZnO
compounds by employing the hydrothermal method. ZIF-8 and ZnO particles were dis-
persed in BiOBr lamellae, which could effectively prevent ZIF-8 from agglomerating into
larger pieces and provided a pathway for electron separation at the interface. The pre-
pared BiOBr/ZIF-8/ZnO composite could also effectively remove phenol pollutants from
wastewater and generate H,O, under the irradiation of an LED lamp. Then, the ability of
phenol degradation was further studied in Yellow River water, seawater, deionized water
(DI water), and tap water. Moreover, the electron transfer path and reaction mechanism
in BiOBr/ZIF-8/Zn0O were thoroughly investigated. To the best of our knowledge, the
fabrication of BiOBr/ZIF-8/ZnO composites with the dual functions of H,O, production
and wastewater treatment has not been reported in the literature. Our work provides a
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solid theoretical basis for the photocatalytic treatment of wastewater and the production of
H,0; in the future.

2. Results and Discussion
2.1. Characterization

The crystal structure of ZIF-8, BiOBr, ZZ-110, and BZ-9 were probed by performing
XRD measurements, as can be ascertained from Figure 1a. The peak shape and position
of the prepared ZIF-8 were consistent with the simulated ZIF-8 in the literature, while its
characteristic peaks were at 20 =7.28°,10.24°, 12.74°, and 16.48°, which correspond to the
plane of (110), (200), (211), and (220) [27]. After the hydrothermal reaction of ZIF-8 took
place, the characteristic peaks of ZnO appeared in the diffraction peaks, which were located
at 31.766°, 34.418°, 36.251°, and 47.535°, respectively, which could be ascribed to JCPDS
No. 99-0111, indicating that ZnO was formed after hydrothermal treatment [28]. It is also
worth noting that both the as-prepared BiOBr and the composites had similar characteristic
peaks, which coincided with BiOBr (JCPDS No. 85-0862) [29]. The underlying reason for
this phenomenon might be that the peaks of ZZ-110 were covered due to the small amount
of ZZ-110 doping.
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Figure 1. (a) XRD patterns of BiOBr, ZIF-8, ZZ-110, and BZ-9; (b) FTIR spectra of the prepared
samples; (c) UV-vis diffuse reflectance spectra; (d) The band gaps of BiOBr, ZIF-8, ZZ-110, and BZ-9.

Figure 1b depicts the FT-IR spectra at 400-4000 cm ! of the prepared BiOBr, ZIF-8, and
BZ-9. For BiOBr and BZ-9, the peak at 501 cm ! corresponded to Bi-O [30]. Furthermore,
the strong absorption bands at 421 cm ! coincided with the tensile vibration of Zn-N [31],
while this peak was also present in BZ-9, indicating that Zn?* is connected to N. The
characteristic peaks recorded in the range of 600-1500 cm~! in ZIF-8 could correspond to
the vibrational signals of the 2-MI aromatic ring [32]. In addition, the strong absorption
peaks at 994 and 1146 cm~! could be consistent with the tensile vibration of the C-N band.
The bands at 1458 and 1308 cm ! could be interpreted by considering the methyl bending
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vibrations. The corresponding peaks at 3135 and 2926 cm~! were also C-H in methyl
and imidazole [33].

Figure 1c displays the DRS spectrum of the prepared samples, revealing the light
response ability of the BiOBr, ZIF-8, ZZ-110, and BZ-9. The light absorption of the prepared
catalysts was mainly recorded in the ultraviolet region. Compared with ZIF-8, other
catalysts exhibited a certain degree of redshift at the absorption edge. Among them, the
absorption band edge of BZ-9 was close to 500 nm, indicating that BZ-9 had a wider light
response range and could respond to visible light. Thus the band gaps of ZZ-110 and BiOBr
can be estimated at 2.91 and 2.70 eV, respectively, by drawing a Tauc diagram (Figure 1d),
using a similar formula as our previously reported work [10].

SEM imaging was applied to present the micromorphology of the prepared samples.
The acquired SEM images of the prepared BiOBr, ZIF-8, ZZ-110, and BZ-9 are illustrated in
Figure 2. Pure BiOBr presented flakes stacked into circular balls with a diameter of about
1 um. Moreover, ZIF-8 displayed a rhombic dodecahedron with a size of 300 nm, which
was the same as previously reported [34]. Interestingly, after the solvothermal reaction,
the edges of some ZIF-8 gradually softened and appeared spheroid, and then gradually
derived a rod-like structure. The prepared BZ-9 was like BiOBr in both shape and size,
while a small amount of ZZ-110 was distributed on the BiOBr layer.

Figure 2. SEM image of (a) BiOBr; (b) ZIF-8; (c) ZZ-110; and (d) BZ-9.

Figure 3 depicts a high-resolution XPS of the as-prepared materials. Figures 3a and S1
present the full elemental spectra of the prepared BZ-9, ZIF-8, ZZ-110, and BiOBEr, illustrat-
ing their elemental distributions. As can be clearly seen, the elements Bi, Br, O, and Zn
existed in BZ-9. Figure 3b presents the high-resolution spectrum of Bi 4f in BiOBr and BZ-9.
The characteristic peaks at 164.8 eV and 159.5 eV can be assigned to Bi 4f [30], while the peak
of BZ-9 exhibited the blue shift of 0.5 eV. Similarly, the characteristic peak of Br in BZ-9 was
also blue-shifted by 0.5 eV, compared with pure BiOBr, indicating that there was valence
electron transfer between BiOBr and ZZ-110. Figures 3d and S1b show the high-resolution
spectrum of Zn 2p of the prepared samples. The spectrum of BZ-9 also had a slight redshift
compared with ZZ-110 and ZIF-8, indicating that there was an interaction between the
heterojunction. It is also worth noting that the Ols peak in BZ-9 can be divided into four
distinct peaks (Figure 3e), among which the peaks at 529.7, 530.9, 531.5, and 532.4 eV
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were assigned to Bi-O, oxygen vacancy, C=0, and C-O, respectively [35-37]. However, no
peaks of oxygen vacancy were observed in either BiOBr, ZIF-8, or ZZ-110, indicating that
only BZ-9 possessed oxygen vacancies, which might be due to the introduction of oxygen
vacancy in its reaction.
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Figure 3. Full spectrum of BZ-9 (a); Characteristic spectra of Bi 4f (b); Br 3d (c); Zn 2p (d); and O 1s (e,f).

Figure 4 depicts the electrochemical test results of the prepared materials, which
could reflect the quantum efficiency of the catalysts. Transient photocurrent response
measurements were performed by recording the current by switching the lamp on and off
every 20 s, as shown in Figure 4a. As could be seen, BZ-9 had a stronger photocurrent than
other catalysts, indicating that BZ-9 had stronger light absorption and carrier separation
efficiency. EIS test was also used to analyze the charge transfer impedance of the catalysts.
A smaller Nyquist diameter led to a faster interfacial charge transfer, and the effective
separation of electron holes occurred during the hybridization process. Moreover, from
the acquired results, it can be argued that BZ-9 had faster interfacial charge mobility and
separation efficiency. The CV curves of the prepared BZ-9, ZIF-8, ZZ-110, and BiOBr were
studied from 0.8 V to —0.8 V, and the results are displayed in Figure 4c. It was obvious that
the redox potential of BZ-9 was much higher than BiOBr, ZIF-8, and ZZ-110. The linear
sweep voltammetry (LSV) curve revealed that BZ-9 had a low set potential, indicating
a lower carrier recombination rate in the catalyst (Figure 4d). In addition, the energy
band structures of both BiOBr and ZZ-110 were analyzed via the Mott-Schottky test, as
shown in Figure S2. The flat band potential of BiOBr and ZZ-110 relative to the Ag/AgCl
reference electrode were —0.117 V and —1.007 V, respectively. According to the following
conversion formula:

0
ENHE= Eag/agal + Eag/agal

where E(GA ¢/ AgCl, pH=7) = 0.197 V, by converting to a standard hydrogen electrode according
to the formula in our previous work [38], the conduction band positions of ZZ-110 and
BiOBr were —0.81 and 0.08 eV, respectively.
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Figure 4. Photocurrent response (a); Nyquist plots of the electrochemical impedance spectra
(b); Cyclic voltammetry curve (c); Linear sweep voltammetry curve of BiOBr, ZIF-8, ZZ-110, and BZ-9
photocatalysts (d).

2.2. The Degradation of Wastewater

The performance of photocatalytic materials is an important index for their evaluation.
Figure 5 shows the phenol degradation of the prepared catalysts under LED light irradiation.
As can be seen from Figure 5a, both ZIF-8 and ZZ-110 had almost no ability to remove
phenol, while BiOBr had a certain ability for the photocatalytic degradation of phenol.
BZ-9 exhibited the best photocatalytic degradation of phenol, being able to remove nearly
90% of phenol in water within two hours. Figure 5b displays the kinetic constants of the
prepared materials, from which it could be observed that the reaction rate of BZ-9 was
3.8 times that of pure BiOBr. Figure 5d—f present a three-dimensional fluorescence spectrum
(3D EEMs) that described phenol degradation, in which the PL excitation wavelength of
phenol was 270 nm, and its emission wavelength was 296 nm, respectively [39]. It could
also be observed that after 120 min of photocatalytic degradation, phenol was almost
completely removed.

In order to further study the application of BZ-9 in actual wastewater treatment, several
natural water bodies were chosen for phenol removal tests including DI water, tap water,
seawater, and Yellow River water, as shown in Figure 5c. It is worth noting that phenol
had the fastest degradation rate in DI water, while phenol in seawater exhibited almost no
degradation. The degradation of phenol in tap water was also slightly inhibited, possibly
due to the interference of anions (i.e., ammonium and chloride ions) [40]. Additionally,
the phenol removal rate in the Yellow River water decreased slightly, which might be due
to the competitive role of the interfering ions or organic substances in the photocatalytic
process [41]. The concentration of phenol in seawater exhibited almost no change, which
might be due to the influence of salinity ions in seawater on phenol degradation [42].

Figure 6 illustrates the prepared catalyst for the degradation of BPA. The removal
process of BPA was like that of phenol, and BZ-9 was the best photocatalyst. The kinetic
constant of BZ-9 was 2.3 times that of pure BiOBr. Similarly, both ZIF-8 and ZZ-110 had
no photocatalytic activity for BPA. Figure 6d—f present 3D EEMs describing the phenol
degradation, in which the PL excitation and emission of BPA were about 200 nm and
400 nm, respectively. As could be seen from Figure 6d, the initial BPA signal was very
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strong. Over time, the fluorescence signal of BPA gradually weakened. After 120 min, only
weak fluorescence signals of BPA were detected, indicating that BPA was almost completely
removed. The degradation of BPA in real water by BZ-9 was also studied, and the results
were like those of phenol. The circulation performance of the catalyst was also an important
index to evaluate its performance. The cycle degradation performance of BZ-9 is shown in
Figures 54 and S5. After the application of three cycles, the degradation performance of
BZ-9 had not decreased significantly, indicating that it had good stability.
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Figure 5. Phenol degradation of the preparation materials (a), and the corresponding pseudo first order
dynamics curve (b); Phenol degradation in natural water bodies by using BZ-9 (c); 3D EEMs of Phenol (d—f).
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2.3. Photocatalytic HyO, Evolution and Possible Mechanism

Figure 7 depicts the H,O, yield of the prepared samples under LED lamp illumination.
It was found that ZIF-8 and ZZ-110 barely produced H,O, (Figure 7a). On the contrary,
BiOBr and other composites could produce a certain amount of HyO,, and the output of
H,0; increased linearly over a certain period. The production of BZ-9 was the highest
within 2 h (116 mmol-L™! ~g’1), and was 1.4 times that of pure BiOBr (82 mmol-L~! -g’l).
Among them, the yields of HyO, of BZ-7, BZ-8, BZ-10, and BZ-11 were 85, 103, 89, and
105 mmol-L~'-g~! within 2 h, respectively, all of which were less than that of BZ-9. In
addition, its recycling capacity should also be studied to evaluate the advantages and
disadvantages of the catalyst. The circulation capacity of BZ-9 to generate H,O, was shown
in Figure S6. After the implementation of four cycles, the HyO, production of BZ-9 was
only reduced to 109 mmol-L~!'-g~!, indicating that BZ-9 had good stability.
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Figure 7. H,O, production capacity on prepared materials (a); HyO, production experiment of BZ-9
under different conditions (b).

Figure 7b shows the comparison of H,O, production under different conditions using
a BZ-9 catalyst. As was observed, H,O, was minimally produced without light, catalysts,
or capture agents. The generation of H,O, could be affected to some extent by air exposure
and O, entering the reaction system during stirring, however, this was not the main impact.
In addition, HCOOH had an important influence on the generation of H,O,. It was
revealed that HCOOH could quickly capture holes and oxidize them to produce HCOO-..
The produced HCOO- could further react to form -OH and H,O,. Meanwhile, due to the
redox potential difference, the electrons of CB at ZZ-110 could reduce O, to H,O5.

h*t +HCOOH — HCOO-

OH™ + HCOO- — -OH + HCOO™
2-:OH — H,O,
O, 4+2e + 2H" — H,O,

2.4. Mechanism Discussion

To investigate the active groups in the photocatalytic process of BZ-9, quenching,
and ESR experiments were conducted. In the quenching experiment, isopropanol (IPA),
p-benzoquinone (BQ), and ammonium oxalate (AO) were used as scavengers of -OH, -O,
and hydroxyl radicals (-OH), respectively. The addition of BQ had the greatest impact on
the photocatalytic performance of BZ-9, implying that -O, radicals play the most important
role in the reaction. In addition, IPA also had a certain influence on the photocatalytic
reaction when no sacrificial agent existed, indicating that -OH also has a certain role in
promoting the whole degradation process.
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ESR also proved the existence of -OH radicals and -O, radicals in BZ-9. Figure 8b
depicts the signal diagram of -OH radicals in the prepared samples. Both BiOBr and BZ-9
had strong signals after illumination, indicating that a mass of -OH radicals was generated
for the degradation of the pollutants. Similarly, -O, radicals were not observed under
dark conditions, but after illumination, -O, radicals were generated, which corresponded
to the quenching experimental conclusion. In addition, from the EPR test, the existence
of oxygen vacancy defects was proved. As could be seen from Figure 5d, there were
no oxygen vacancies in BiOBr, ZIF-8, or ZZ-110, while BZ-9 generated a strong oxygen
vacancy signal at g = 2.002. Thereby, it can be concluded that many oxygen vacancies were
introduced during the recombination process, which captured a large number of electrons

and produced a strong signal [32].
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Figure 8. Photocatalytic degradation efficiency of BZ-9 with or without quenching agent under the
illumination of LED lamp (a); ESR spin-trapping -OH radicals (b); -O, radicals (c), and EPR spectrum

of OVs (d).

Based on the above-mentioned outcomes, the underlying mechanism of photocatalysis
was explored, and two possible mechanisms could be determined. The first photocatalysis
mechanism assumed that BiOBr and ZZ-110 form a typical type II heterojunction, as shown
in Scheme 1. Under light irradiation, electrons in the valence bands of BiOBr and ZZ-110
were excited to their conduction bands. Moreover, due to the potential difference, the holes
located in the valence band of BiOBr migrated to the valence band of ZZ-110, while the
electrons on the conduction band of ZZ-110 transferred to the conduction band of BiOBr,
which realized the carrier transport separation. However, due to the limitation of redox
potential, the holes located in the valence band of ZZ-110 could not react with H,O to
generate active -OH radicals, and the electrons located in the conduction band of BiOBr
could not reduce O, to -O, radicals. Thus, the active groups generated by this hole and
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electron migration pathway were limited and could not degrade wastewater efficiently.
Therefore, the traditional type II heterojunction theory was overturned.

BiOBr + hv — ec; + hip

ZZ-110 + hv — ey + hip
h{p(BiOBr) — h{5(2Z-110) < E®(H,0/-OH) = 2.72 eV vs. NHE
ecp(ZZ-110) — ecy(BiOBr) > E®(0,/-0, ) = —0.33 eV vs. NHE

/ \
| Internal
»
A v & electric filed :0;
‘OH
eV 0y SOTOTC BIOIOEL ©:
 0,0,=-033 eV

0 eV

+1 eV
+0.68 eV

+2 eV

+3 eV H,O0/-OH=+2.72 ¢V

Scheme 1. Photocatalytic mechanism of BiOBr and ZZ-110 forming a traditional type Il heterojunction
and S-scheme heterojunction.

Therefore, BiOBr and ZZ-110 were assumed to be an S-scheme heterojunction. It can
be inferred that an internal electric field (IEF) was generated at the interface between BiOBr
and ZZ-110. Due to the impact of IEF at the interface, the CB of BiOBr bent downward,
the VB of ZZ-110 bent upward, and electrons and holes recombined at the interface. At
the same time, the electrons and holes with the higher redox potential on the VB of BiOBr
and the CB of ZZ-110 were retained for the subsequent reaction. These holes and electrons
with a high redox potential reacted with H,O and O,, respectively, to produce -OH and
‘O, radicals and then degraded the pollutants. This theory is supported by XPS, capture
experiments, and ESR test results.

BiOBr + hv — ecp + hyg

ZZ-110 + hv — ey + hip
ecp(BiOBr) — h{;(2Z-110)
hy(BiOBr) +H,0 — -OH
H,0, +hv — 2 -OH
ecp(ZZ-110) + O, — -O,
‘O, /-OH + pollutant — small molecules — CO, + H,O

3. Experimental Section
3.1. Preparation of ZIF-8 Catalyst

4.46 mmol of Zn(NO)3-6H,0 (1.19 g) and 8.64 mmol of 2-methylimidazole (1.22 g)
were dissolved in 50 mL methanol, respectively. They were then mixed together, and the
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solution was magnetized for 24 h. The powder obtained by centrifugation was washed
three times with methanol and dried at 60 °C. The obtained sample was dried to form ZIF-8.

3.2. Preparation of BiOBr/ZIF-8/ZnO Catalyst

4.8 mmol of Bi(NO)3-5H,0 (2.328 g) and 4.8 mmol of KBr (0.5712 g) were dissolved
in a mixed solution of 12 mL H,O and 28 mL ethylene glycol and then stirred for several
minutes. ZIF-8 was added to the above solution, which was then transferred into a stainless
reactor with PTFE lining and held at a temperature of 110 °C for 8 h. The powder obtained
by centrifugation was washed three times with DI water and ethanol and dried at 60 °C.
The materials with mass ratios of ZIF-8/BiOBr of 7%, 8%, 9%, 10% and 11% were marked as
BZ-7, BZ-8, BZ-9, BZ-10 and BZ-11, respectively. Particularly, ZIF-8/ZnO was a compound
without Bi(NO)3-5H,0 and KBr, marked as ZZ-110. Preparation diagram of BiOBr/ZIF-
8/Zn0 shows in Scheme 2, The yield of single catalyst synthesis is shown in Table S1.

Zn(NO,), 6H,0 =% - ; X ‘/ \‘:i_ Y
’ o S Sabbe
j \ VA
CHN, :5 ZIF-8 o\

B
e =
E

Scheme 2. Preparation diagram of BiOBr/ZIF-8/ZnO.

oy o | =
o] =

3.3. Characterization and Photocatalysis Experiment

The instrument parameters and the process of the photocatalytic experiment are shown
in the Supplementary Materials.

4. Conclusions

In conclusion, ZIF-8 was prepared as the precursor, and ZIF-8/ZnO was formed
via the hydrothermal method and embedded in the BiOBr layer to produce BiOBr/ZIF-
8/Zn0 photocatalyst materials. This combination effectively prevented the agglomeration
of ZIF-8, while the separation of electron holes was realized. The prepared BiOBr/ZIF-
8/Zn0O composite had applications in the degradation of phenol-containing wastewater
and the generation of HyO,. Under LED irradiation, 90% phenol and bisphenol A in
wastewater could be effectively removed in 2 h, which was a great improvement compared
with BiOBr, ZIF-8, and ZIF-8/Zn0O. The mechanism of the electron transport and reaction
were systematically examined. BiOBr and ZIF-8/ZnO formed an S-type heterojunction,
which helped to effectively separate holes and electrons. By conducting various electron
spin resonance measurements, the presence of oxygen vacancy defects in the composite
species was corroborated and was found to have a positive impact on photocatalysis in the
heterojunction. In addition, it was also found that the BiOBr/ZIF-8/Zn0O catalyst had a
certain influence on the degradation of phenols in actual wastewater. Our work provides
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a way for the efficient removal of refractory pollutants and the generation of H,O, in the
actual water body.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28062422 /51, Table S1: Yield of prepared catalyst (average
data of three repetitions); Table S2: Comparison of the nitrogen adsorption characteristics of BZ-9,
ZIF-8, ZZ-110 and BiOBr; Figure S1: Full spectrum of ZIF-8, ZZ-110 and BiOBr (a); and high-resolution
XPS spectra of Zn 4f (b) and O 1s (c).; Figure S2: Mott—Schottky plots of BiOBr (a) and ZZ-110
(b); Figure S3: Nitrogen adsorption-desorption isotherms of the prepared BZ-9, ZIF-8, ZZ-110 and
BiOBr (a); pore size distribution curves of BZ-9, ZIF-8, ZZ-110 and BiOBr; Figure S4: Recycling
stability of phenol degradation with BZ-9; Figure S5: Recycling stability of BPA degradation with
BZ-9; Figure S6: The stability experiments of BZ-9.

Author Contributions: Conceptualization, X.H.; methodology, T.Z. and Y.W.; validation, J.F; formal
analysis, X.H.; investigation, R.D.; resources, R.C.; data curation, Z.W.; writing—original draft
preparation, S.D.; writing—review and editing, Y.C.; supervision, C.Y.; project administration, C.D.;
funding acquisition, J.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the NSFC (Grant No. 22076039 and 22176051).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work was supported by the NSFC (Grants No. 22076039, and 22176051),
the Natural Science Foundation of Henan Province (Grant Nos. 222300420054), and the excellent
Science and Technology Innovation Team of Henan Normal University (2021TDO03).

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

References

1.

10.

11.

Wu, YH; Li, C; Tian, Z; Sun, J. Solar-driven integrated energy systems: State of the art and challenges. J. Power Sources 2020,
478, 228762. [CrossRef]

Kormann, C.; Bahnemann, D.W.; Hoffmann, M.R. Photocatalytic production of hydrogen peroxides and organic peroxides in
aqueous suspensions of titanium dioxide, zinc oxide, and desert sand. Environ. Sci. Technol. 1988, 22, 798-806. [CrossRef]
[PubMed]

Yoon, M.; Oh, Y,; Hong, S.; Lee, ].S.; Boppella, R.; Kim, S.H.; Mota, EM.; Kim, S.0.; Kim, D.H. Synergistically enhanced
photocatalytic activity of graphitic carbon nitride and WO3 nanohybrids mediated by photo-Fenton reaction and H,O,. Appl.
Catal. B Environ. 2017, 206, 263-270. [CrossRef]

Zhao, S.; Zhao, X.; Zhang, H.; Li, ].; Zhu, Y. Covalent combination of polyoxometalate and graphitic carbon nitride for light-driven
hydrogen peroxide production. Nano Energy 2017, 35, 405-414. [CrossRef]

Zhang, L.; Zhang, ].; Zeng, G.; Dong, H.; Chen, Y.; Huang, C.; Zhu, Y.; Xu, R.; Cheng, Y.; Hou, K; et al. Multivariate relationships
between microbial communities and environmental variables during co-composting of sewage sludge and agricultural waste in
the presence of PVP-AgNPs. Bioresour. Technol. 2018, 261, 10-18. [CrossRef]

Wu, Y; Ding, Y.,; Han, X,; Li, B.; Wang, Y.; Dong, S.; Li, Q.; Dou, S.; Sun, J.; Sun, J. Modulating coordination environment of Fe
single atoms for high-efficiency all-pH-tolerated HyO; electrochemical production. Appl. Catal. B Environ. 2022, 315, 121578.
[CrossRef]

Jourshabani, M.; Asrami, M.R.; Lee, B.K. An efficient and unique route for the fabrication of highly condensed oxygen-doped
carbon nitride for the photodegradation of synchronous pollutants and H,O, production under ambient conditions. Appl. Catal.
B Environ. 2022, 302, 120839. [CrossRef]

Wang, Y.; Meng, D.; Zhao, X. Visible-light-driven H,O, production from O, reduction with nitrogen vacancy-rich and porous
graphitic carbon nitride. Appl. Catal. B Environ. 2020, 273, 119064. [CrossRef]

Ma, J.; Wang, K.; Wang, C.; Chen, X.; Zhu, W.; Zhu, G.; Yao, W.; Zhu, Y. Photocatalysis-self-Fenton system with high-fluent
degradation and high mineralization ability. Appl. Catal. B Environ. 2020, 276, 119150. [CrossRef]

Dong, S.; Liu, X.; Tian, G.; Wang, Y.; Jin, G.; Zhao, Y.; Sun, J.; Fan, M. Surface oxygen vacancies modified BiMoOgy double-layer
spheres: Enhanced visible LED light photocatalytic activity for ciprofloxacin degradation. J. Alloys Compd. 2022, 892, 162217.
[CrossRef]

Zhang, Y.; Qiu, J.; Zhu, B.; Fedin, M.V.; Cheng, B.; Yu, ].; Zhang, L. ZnO/COF S-scheme heterojunction for improved photocatalytic
H,O, production performance. Chem. Eng. |. 2022, 444, 136584. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules28062422/s1
https://www.mdpi.com/article/10.3390/molecules28062422/s1
http://doi.org/10.1016/j.jpowsour.2020.228762
http://doi.org/10.1021/es00172a009
http://www.ncbi.nlm.nih.gov/pubmed/22195664
http://doi.org/10.1016/j.apcatb.2017.01.038
http://doi.org/10.1016/j.nanoen.2017.04.017
http://doi.org/10.1016/j.biortech.2018.03.089
http://doi.org/10.1016/j.apcatb.2022.121578
http://doi.org/10.1016/j.apcatb.2021.120839
http://doi.org/10.1016/j.apcatb.2020.119064
http://doi.org/10.1016/j.apcatb.2020.119150
http://doi.org/10.1016/j.jallcom.2021.162217
http://doi.org/10.1016/j.cej.2022.136584

Molecules 2023, 28, 2422 13 of 14

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Du, C,; Feng, W.; Nie, S.; Su, X,; Liu, H.; Feng, J.; Sun, J.; Hu, C.; Dong, S. 7-rt conjugation driving degradation of aromatic
compounds with in-situ hydrogen peroxide generation over Zn;In,Ss grown on nitrogen-doped carbon spheres. Appl. Catal. B
Environ. 2022, 310, 121298. [CrossRef]

Sun, J.; Jiang, C.; Wu, Z; Liu, Y.; Sun, S. A review on the progress of the photocatalytic removal of refractory pollutants from
water by BiOBr-based nanocomposites. Chemosphere 2022, 308, 136107. [CrossRef] [PubMed]

Deng, C.; Wang, T.; Ye, E; Ling, X,; Peng, L.; Hu, H.; Yu, H.; Ding, K.; Wu, Y.; Dong, Q.; et al. Construction of 0D/2D CuO/BiOBr
hierarchical heterojunction for the enhanced photocatalytic degradation of benzene-containing pollutants under visible light.
J. Environ. Chem. Eng. 2022, 10, 107365. [CrossRef]

Liu, C,; Mao, S.; Shi, M.; Hong, X.; Wang, D.; Wang, E; Xia, M.; Chen, Q. Enhanced photocatalytic degradation performance
of BiVO,/BiOBr through combining Fermi level alteration and oxygen defect engineering. Chem. Eng. J. 2022, 449, 137757.
[CrossRef]

Chuaicham, C.; Sekar, K.; Balakumar, V.; Uchida, ]J.; Katsurao, T.; Sakabe, H.; Ohtani, B.; Sasaki, K. Efficient photocatalytic
degradation of emerging ciprofloxacin under visible light irradiation using BiOBr/carbon quantum dot/saponite composite.
Environ. Res. 2022, 212, 113635. [CrossRef]

Wu, Y; Ji, H,; Liu, Q.; Sun, Z; Li, P,; Ding, P.; Guo, M.; Yi, X.; Xu, W.; Wang, C.C; et al. Visible light photocatalytic degradation of
sulfanilamide enhanced by Mo doping of BiOBr nanoflowers. J. Hazard. Mater. 2022, 424, 127563. [CrossRef]

Rowsell, ].L.C.; Yaghi, O.M. Metal-organic frameworks: A new class of porous materials. Microporous Mesoporous Mater. 2004,
73,3-14. [CrossRef]

Dai, H.; Yuan, X,; Jiang, L.; Wang, H.; Zhang, J.; Zhang, ]J.; Xiong, T. Recent advances on ZIF-8 composites for adsorption and
photocatalytic wastewater pollutant removal: Fabrication, applications and perspective. Coord. Chem. Rev. 2021, 441, 213985.
[CrossRef]

Yang, X.; Wen, Z.; Wu, Z.; Luo, X. Synthesis of ZnO/ZIF-8 hybrid photocatalysts derived from ZIF-8 with enhanced photocatalytic
activity. Inorg. Chem. Front. 2018, 5, 687-693. [CrossRef]

Zhou, J.; Liu, W.; Cai, W. The synergistic effect of Ag/AgCI@ZIF-8 modified g-C3N4 composite and peroxymonosulfate for the
enhanced visible-light photocatalytic degradation of levofloxacin. ScTEn 2019, 696, 133962. [CrossRef] [PubMed]

Qiu, J.; Zhang, X.F,; Zhang, X.; Feng, Y.; Li, Y.; Yang, L.; Lu, H.; Yao, J. Constructing Cdg 5Zng 5S@ZIF-8 nanocomposites through
self-assembly strategy to enhance Cr(VI) photocatalytic reduction. J. Hazard. Mater. 2018, 349, 234-241. [CrossRef]

Wang, A.; Ni, J.; Wang, W.; Wang, X.; Liu, D.; Zhu, Q. MOF-derived N-doped ZnO carbon skeleton@hierarchical Bi;MoO
S-scheme heterojunction for photodegradation of SMX: Mechanism, pathways and DFT calculation. |. Hazard. Mater. 2022,
426, 128106. [CrossRef] [PubMed]

Liu, J.; Li, R;; Zu, X,; Zhang, X.; Wang, Y.; Wang, Y.; Fan, C. Photocatalytic conversion of nitrogen to ammonia with water on
triphase interfaces of hydrophilic-hydrophobic composite BiyO5Bry /ZIE-8. Chem. Eng. J. 2019, 371, 796-803. [CrossRef]

Zhu, Y.; Xv, Q.; Wang, D.; Sun, B.; Wang, Y,; Han, Z.; Gou, Y.; Liu, J.; Li, B. Construction of a hollow BiOI/TiO,/ZIF-8
heterojunction: Enhanced photocatalytic performance for norfloxacin degradation and mechanistic insight. J. Alloys Compd. 2022,
914, 165326. [CrossRef]

Zhang, X.; Yuan, N.; Chen, T,; Li, B., Wang, Q. Fabrication of hydrangea-shaped Bi,WOQOg/ZIF-8 visible-light responsive
photocatalysts for degradation of methylene blue. Chemosphere 2022, 307, 135949. [CrossRef] [PubMed]

Wu, S.C.; Chen, Y,; Yan, X.; Guo, X.J.; Lang, W.Z. ZIF-8 channeled and coordination-bridging two-dimensional WS, membrane
for efficient organic solvent nanofiltration. Chem. Eng. J. 2022, 442, 136139. [CrossRef]

Zheng, H.B.; Wu, D.; Wang, Y.L,; Liu, X.P,; Gao, P.Z.; Liu, W.; Wen, J.; Rebrov, E.V. One-step synthesis of ZIF-8/ZnO composites
based on coordination defect strategy and its derivatives for photocatalysis. J. Alloys Compd. 2020, 838, 155219. [CrossRef]

Du, C.; Nie, S.; Zhang, C.; Wang, T.; Wang, S.; Zhang, J.; Yu, C.; Lu, Z,; Dong, S.; Feng, J.; et al. Dual-functional Z-scheme
CdSe/Se/BiOBr photocatalyst: Generation of hydrogen peroxide and efficient degradation of ciprofloxacin. J. Colloid Interface Sci.
2022, 606, 1715-1728. [CrossRef]

Du, C,; Feng, W.; Nie, S.; Zhang, J.; Liang, Y.; Han, X.; Wu, Y.; Feng, J.; Dong, S.; Liu, H.; et al. Harnessing efficient in-situ H,O,
production via a KPFg/BiOBr photocatalyst for the degradation of polyethylene. Sep. Purif. Technol. 2021, 279, 119734. [CrossRef]
Zhang, Z.; Chen, Y.;; Hu, C.; Zuo, C.; Wang, P; Chen, W.; Ao, T. Efficient removal of tetracycline by a hierarchically porous ZIF-8
metal organic framework. Environ. Res. 2021, 198, 111254. [CrossRef]

Motamedi, M.; Mohammadkhah, S.; Ramezanzadeh, M.; Eivaz Mohammadloo, H.; Ramezanzadeh, B. Designing Hybrid Meso-
porous Pr/Tannate-Inbuilt ZIF8-Decorated MoS, as Novel Nanoreservoirs toward Smart pH-Triggered Anti-corrosion/Robust
Thermomechanical Epoxy Nanocoatings. ACS Appl. Mater. Interfaces 2022, 14, 31170-31193. [CrossRef]

Mahmoodi, N.M.; Oveisi, M.; Taghizadeh, A.; Taghizadeh, M. Novel magnetic amine functionalized carbon nanotube/metal-
organic framework nanocomposites: From green ultrasound-assisted synthesis to detailed selective pollutant removal modelling
from binary systems. |. Hazard. Mater. 2019, 368, 746-759. [CrossRef] [PubMed]

Troyano, J.; Carne-Sanchez, A.; Avci, C.; Imaz, I.; Maspoch, D. Colloidal metal-organic framework particles: The pioneering case
of ZIF-8. Chem. Soc. Rev. 2019, 48, 5534-5546. [CrossRef]

Xu, H.; Zhu, S.; Lu, K;; Jia, H.; Xia, M.; Wang, F. Preparation of hierarchically floral ZIF-8 derived carbon@polyaniline@Ni/ Al
layered double hydroxides composite with outstanding removal phenomenon for saccharin. Chem. Eng. J. 2022, 450, 138127.
[CrossRef]


http://doi.org/10.1016/j.apcatb.2022.121298
http://doi.org/10.1016/j.chemosphere.2022.136107
http://www.ncbi.nlm.nih.gov/pubmed/35998730
http://doi.org/10.1016/j.jece.2022.107365
http://doi.org/10.1016/j.cej.2022.137757
http://doi.org/10.1016/j.envres.2022.113635
http://doi.org/10.1016/j.jhazmat.2021.127563
http://doi.org/10.1016/j.micromeso.2004.03.034
http://doi.org/10.1016/j.ccr.2021.213985
http://doi.org/10.1039/C7QI00752C
http://doi.org/10.1016/j.scitotenv.2019.133962
http://www.ncbi.nlm.nih.gov/pubmed/31442719
http://doi.org/10.1016/j.jhazmat.2018.02.009
http://doi.org/10.1016/j.jhazmat.2021.128106
http://www.ncbi.nlm.nih.gov/pubmed/34953261
http://doi.org/10.1016/j.cej.2019.03.283
http://doi.org/10.1016/j.jallcom.2022.165326
http://doi.org/10.1016/j.chemosphere.2022.135949
http://www.ncbi.nlm.nih.gov/pubmed/35961452
http://doi.org/10.1016/j.cej.2022.136139
http://doi.org/10.1016/j.jallcom.2020.155219
http://doi.org/10.1016/j.jcis.2021.08.152
http://doi.org/10.1016/j.seppur.2021.119734
http://doi.org/10.1016/j.envres.2021.111254
http://doi.org/10.1021/acsami.2c08781
http://doi.org/10.1016/j.jhazmat.2019.01.107
http://www.ncbi.nlm.nih.gov/pubmed/30739028
http://doi.org/10.1039/C9CS00472F
http://doi.org/10.1016/j.cej.2022.138127

Molecules 2023, 28, 2422 14 of 14

36.

37.

38.

39.

40.

41.

42.

Zhang, Z.; Chen, Y.; Wang, P.; Wang, Z.; Zuo, C.; Chen, W.; Ao, T. Facile fabrication of N-doped hierarchical porous carbons
derived from soft-templated ZIF-8 for enhanced adsorptive removal of tetracycline hydrochloride from water. J. Hazard. Mater.
2022, 423,127103. [CrossRef]

Jo, WK, Moru, S.; Tonda, S. A green approach to the fabrication of a TiO, /NiAl-LDH core-shell hybrid photocatalyst for efficient
and selective solar-powered reduction of CO, into value-added fuels. J. Mater. Chem. A 2020, 8, 8020-8032. [CrossRef]

Dong, S.; Cui, L; Tian, Y,; Xia, L.; Wu, Y.; Yu, C.F; Sun, J.; Fan, M. A novel and high-performance double Z-scheme photocatalyst
ZnO-Sn0,-ZnySn0Oy for effective removal of the biological toxicity of antibiotics. |. Hazard. Mater. 2020, 399, 123017. [CrossRef]
[PubMed]

Ou, H.S.; Wei, C.H.; Mo, C.H.; Wu, H.Z,; Ren, Y.; Feng, C.H. Novel insights into anoxic/ aerobic! /aerobic? biological fluidized-bed
system for coke wastewater treatment by fluorescence excitation-emission matrix spectra coupled with parallel factor analysis.
Chemosphere 2014, 113, 158-164. [CrossRef]

Zhang, Q.; Du, R;; Tan, C.; Chen, P; Yu, G.; Deng, S. Efficient degradation of typical pharmaceuticals in water using a novel
TiO, /ONLH nano-photocatalyst under natural sunlight. . Hazard. Mater. 2021, 403, 123582. [CrossRef]

Wu, Y.; Wang, F; Jin, X.; Zheng, X.; Wang, Y.; Wei, D.; Zhang, Q.; Feng, Y.; Xie, Z.; Chen, P; et al. Highly active metal-free carbon
dots/g-C3Ny4 hollow porous nanospheres for solar-light-driven PPCPs remediation: Mechanism insights, kinetics and effects of
natural water matrices. Water Res. 2020, 172, 115492. [CrossRef] [PubMed]

Yu, Y;; Chen, D.; Xu, W,; Fang, J.; Sun, J.; Liu, Z.; Chen, Y; Liang, Y.; Fang, Z. Synergistic adsorption-photocatalytic degradation
of different antibiotics in seawater by a porous g-C3Ny4/calcined-LDH and its application in synthetic mariculture wastewater.
J. Hazard. Mater. 2021, 416, 126183. [CrossRef] [PubMed]

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


http://doi.org/10.1016/j.jhazmat.2021.127103
http://doi.org/10.1039/D0TA00104J
http://doi.org/10.1016/j.jhazmat.2020.123017
http://www.ncbi.nlm.nih.gov/pubmed/32521313
http://doi.org/10.1016/j.chemosphere.2014.04.102
http://doi.org/10.1016/j.jhazmat.2020.123582
http://doi.org/10.1016/j.watres.2020.115492
http://www.ncbi.nlm.nih.gov/pubmed/31945649
http://doi.org/10.1016/j.jhazmat.2021.126183
http://www.ncbi.nlm.nih.gov/pubmed/34492954

	Introduction 
	Results and Discussion 
	Characterization 
	The Degradation of Wastewater 
	Photocatalytic H2O2 Evolution and Possible Mechanism 
	Mechanism Discussion 

	Experimental Section 
	Preparation of ZIF-8 Catalyst 
	Preparation of BiOBr/ZIF-8/ZnO Catalyst 
	Characterization and Photocatalysis Experiment 

	Conclusions 
	References

