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Hierarchically porous CsPbBr;@HZIF-8
heterojunctions for high-performance
photocatalytic degradation of antibiotics in
high-salinity wastewatert

Yangwen Hou,? Fanfei Meng,® Jingting He,® Man Dong,© Jialin Tong, {2 € Jing Sun,”
Chunyi Sun, @ *¢ Xinlong Wang @ © and Zhongmin Su {2 **°

The photocatalytic degradation of tetracycline hydrochloride (TCH) under high salinity poses a
significant challenge due to the inhibitory effect of coexisting ions on reactive oxygen species in
wastewater. Herein, a series of hierarchically porous Z-scheme CsPbBrz@HZIF-8 heterojunctions were
synthesized by a sequential deposition method. Benefiting from the stable hierarchical pore structure of
HZIF-8 and the excellent optoelectronic properties of CsPbBrs, the hierarchical pore Z-scheme
heterojunction CsPbBrz@HZIF-8 not only facilitates the mass transfer and enrichment of pollutants but
also accelerates the transfer of carriers between HZIF-8 and CsPbBrs, leading to enhanced generation
of reactive oxygen species. Moreover, CsPbBrz serves as a photosensitizer for energy transfer,
generating singlet oxygen (*O,) with higher resistance to ion interference. As a result, the 4%-
CsPbBrz@HZIF-8 achieved the highest visible light degradation efficiency of TCH (94% in 40 min),
surpassing those of most reported CsPbBrs-based photocatalysts. The catalytic system consistently
degrades contaminants in deionized water, high ion concentrations, and real water matrices. The
photocatalytic reaction mechanisms, involving charge carrier transfer, reactive species generation, and
TCH degradation intermediate products, are thoroughly investigated.

1. Introduction

Tetracycline hydrochloride (TCH) is widely utilized in the
treatment of human and animal diseases on a global scale.
However, due to its incomplete absorption in the body and
limited metabolic transformation, TCH can enter the environ-
ment through urine and feces.” In the meantime, the chemical
stability and inherent resistance to bacteria of TCH molecules
lead to their extensive accumulation in aquatic environments,
posing negative impacts on both the ecosystem and human
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health.>* Amongst various approaches, visible-light photocata-
lysis stands out as a promising technology, which could har-
ness solar energy to generate reactive oxygen species (hydroxyl
radicals (*OH), superoxide radicals (*O, ") and singlet oxygen
(*0,)) to efficiently remove TCH.>° This approach offers super-
ior efficacy, cost-effectiveness, and avoidance of secondary
pollution. Nevertheless, the presence of coexisting high salt
ions (Cl7, SO,”, and NO;"), particularly at elevated ionic
strength, remains a significant challenge in practical waste-
water treatment.” The presence of these ions can negatively
impact treatment performance by rapidly reacting with highly
reactive oxidative species, thereby promoting the formation of
byproducts with lower oxidation capacity and subsequently redu-
cing the rate of pollutant degradation.®® Therefore, developing
strategies to enhance the robustness of photocatalysis against
interference from complex water matrices is crucial for its prac-
tical application. To tackle this challenge, several strategies have
been proposed and implemented: (1) inhibiting the recombina-
tion of photogenerated electrons and holes to generate more
reactive oxygen species;'® (2) enhancing the generation and
transformation of 'O, with stronger resistance to ion interfer-
ence;'""? (3) improving the pollutant enrichment capacity of
catalysts and reducing the catalyst-pollutant contact distance.'’

This journal is © The Royal Society of Chemistry 2023
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In recent years, there has been a growing focus on all
inorganic Pb-based perovskite (CsPbBr;) photocatalysts due to
their pronounced light absorption in the visible range, signifi-
cant absorption coefficients, minimal exciton binding energies,
and extensive charge-carrier diffusion distances.'*'* Mean-
while, CsPbBr; has been demonstrated to be an efficient
photosensitizer for the generation of '0,."” However, single-
component CsPbBr; faces four main problems in degrading
tetracycline in high-salinity water: (1) ionically bound crystals
are unstable in water;'® (2) high carrier recombination
rates result in reduced catalytic activity; (3) limited oxidation
capability due to a higher valence band position; and (4) limited
surface area and porosity restrict the enrichment of
pollutants."” The introduction of a suitable second component
to form a Z-scheme heterojunction is a promising strategy to
overcome the aforementioned limitations."®* A prototypical Z-
scheme photocatalyst comprises two semiconductors charac-
terized by energy levels arranged in a staggered configuration.
The unique internal charge transfer mechanism demonstrated
by the Z-scheme photocatalyst imparts numerous advantageous
characteristics. These include efficient light absorption, sus-
tained retention of robust redox capabilities, significant spatial
separation of charge carriers, and proficient execution of
catalytic reactions."®

Metal-organic frameworks (MOFs), also called coordination
polymers, are crystalline porous materials composed of organic
linkers and metal ions or clusters connected by coordination
bonds.?° As a subtype of MOFs, the zeolitic imidazolate frame-
work (ZIF-8) is composed of Zn(u) ions and 2-methylimidazole
ligands, displaying remarkable water stability and a large sur-
face area.”! Moreover, previous studies have reported that ZIF-8
possesses a positive valence band, indicating the potential for
its arrangement in a Z-type heterojunction with CsPbBr;.>>
However, the inherent microporous structure of ZIF-8 as a host
imposes strict constraints on the size of guest molecules that
can be accommodated. In contrast, the hierarchically porous
ZIF-8 (HZIF-8) obtained through the work reported by Khashab
et al® not only inherits the advantages of ZIF-8 but also
possesses enhanced mass transport and pollutant enrichment
capabilities.>*** These features promote the generation and
stability of CsPbBr3, while also enhancing the efficient separa-
tion of photoexcited electrons and holes.

In this study, we present the design and synthesis of a series
of hierarchically porous Z-scheme CsPbBr;@HZIF-8 hetero-
structures, which are formed by a sequential deposition
method (also known as a ship-in-bottle strategy). Firstly, hier-
archically porous ZIF-8 (HZIF-8), featuring a large pore size and
high stability, not only facilitates the entry of guest species and
enhances their stability, but also promotes the transfer of mass
and the enrichment of pollutants. Furthermore, the synergistic
interaction between CsPbBr; and HZIF-8 leads to the formation
of a Z-scheme heterojunction, facilitating the transfer of photo-
excited electrons and holes, thereby generating a higher num-
ber of free radicals. Finally, CsPbBr; can serve as a
photosensitizer to undergo energy transfer and generate 'O,.
Based on these advantages, CsPbBr;@HZIF-8 is employed for
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the degradation of TCH in both deionized water and high-
salinity water under visible light. The 4%-CsPbBr;@HZIF-8
exhibited the highest degradation efficiency of 94% under
40 min and its degradation rate remained unaffected in high-
salinity water, surpassing most reported CsPbBrs-based photo-
catalysts. Furthermore, the degradation pathways and mechan-
isms of TCH have been extensively investigated.

2. Experimental
2.1 Synthesis of ZIF-8

ZIF-8 was prepared using a well-established method described
in the literature.® In a concise procedure, a solution containing
Zn(NOj3),-6H,0 and 2-methylimidazole at the concentration in
the reaction mixture of 30 mM was prepared in methanol and
subjected to sonication for 1 h. The resulting mixture was
allowed to stand undisturbed under ambient conditions for
12 h. Subsequently, the obtained solid phase formation was
collected by centrifugal separation, washed thrice with metha-
nol, and vacuum-dried for 6 h to yield ZIF-8.

2.2 Synthesis of hierarchically porous ZIF-8 (HZIF-8)

HZIF-8 was generated following a previously reported proce-
dure with minor modification.”® In a typical procedure, 0.23 g
of ZnS0O,-7H,0 and 0.88 g of 2-methylimidazole were separately
dissolved in a volume of 20 mL anhydrous methanol. The
solutions were subsequently combined and agitated for 2 h.
After centrifugation, the resulting precipitate was soaked in
water for 30 min and subsequently rinsed three times using
deionized water to acquire HZIF-8.

2.3 Synthesis of hierarchically porous CsPbBr; @HZIF-8

A quantity of 60 mg of as-synthesized HZIF-8 powder was
immersed in a certain concentration (0.01, 0.03, 0.045,
0.06 M) of PbBr, solution in DMSO (10 mL) for 1 h. Subse-
quently, the HZIF-8 sample was washed with a mixture of
DMSO and ethanol to remove any residual PbBr, on its surface.
The obtained PbBr,@HZIF-8 sample was immersed in a 0.06 M
CsBr solution in DMSO (10 mL) for 2 h. Subsequently, to
stabilize the precursor solution, 10 pL of oleic acid (OA) and
20 pL of oleylamine (OAm) were introduced. Finally, to generate
CsPbBr; nanoparticles, toluene was added to the solution. The
resulting products are denoted as x%-CsPbBr;@HZIF-8. The
value of x denotes the mass fraction of CsPbBr; in the compo-
site material. The CsPbBr; content in the CsPbBr;@Pb-MOF
composite materials was analyzed using inductively coupled
plasma mass spectrometry (ICP-MS), revealing concentrations
of 1%, 4%, 7% and 9% respectively.

2.4 Synthesis of CsPbBr;@ZIF-8

The synthesis of CsPbBr;@ZIF-8 is based on the work by Su
et al.”” In the first step, CsPbBr; was prepared using an anti-
solvent strategy. The next step involved dispersing the prepared
CsPbBr; into a 15 mL solution of ethyl acetate. Subsequently,
zinc acetylacetonate and 2-methylimidazole were introduced
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into the solution with continuous agitation for a duration of 2
hours to facilitate the growth of ZIF-8.

3. Results and discussion
3.1 Preparation and characterization of CsPbBr; @HZIF-8

HZIF-8 is produced utilizing a method reported in prior
literature.?® In order to achieve the formation of CsPbBr; within
the HZIF-8, a sequential deposition method was employed, also
known as the ship-in-bottle strategy (Fig. 1(a)), to synthesize the
composite material. In this approach, the as-synthesized HZIF-
8 powder was immersed in a PbBr, DMSO solution and allowed
to remain for 1 hour to facilitate the entry of PbBr, into the
HZIF-8 pores. Subsequently, a DMSO wash was employed to
remove any excess PbBr, adhered to the surface of HZIF-8. The
resulting PbBr,@HZIF-8 was then immersed in a CsBr DMSO
solution. Finally, toluene was introduced to generate CsPbBr;
within the HZIF-8. To stabilize CsPbBr;, appropriate amounts
of OA and OAm are added to the reaction system as organic
stabilizers. After the synthesis process, the resulting material
was centrifuged and washed with ethanol to obtain the final
CsPbBr; @HZIF-8. The porosity of the conventional ZIF-8, HZIF-
8, and 4%-CsPbBr;@HZIF-8 composites was characterized by
N, adsorption/desorption isotherm that is measured at 77 K, as
exhibited in Fig. 1(b). The ZIF-8 displayed a typical type I,
demonstrating a micro-porous structure.”® However, HZIF-8
and 4%-CsPbBr;@HZIF-8 displayed a combination of type I
and IV isotherms, suggesting the coexistence of micro and
mesopores.”” Similarly, the pore size distributions of samples
align with this conclusion (Fig. S2, ESIt). The formation of a
hierarchically porous structure not only enhances the affinity
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Fig.1 (a) Schematic showing the synthesis of CsPbBrs@HZIF-8. (b) N,
adsorption—desorption isotherms of ZIF-8, HZIF-8, and 4%-CsPbBrz@
HZIF-8 at 77 K. (c) PXRD patterns of samples. (d) TEM and HRTEM images
of 4%-CsPbBrz@HZIF-8, the lattice fringe of CsPbBrs. XPS analysis of
samples: (e) survey spectra and (f) Pb 4f spectra. (g) FTIR spectra HZIF-8
and 4%-CsPbBrs@HZIF-8.
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for the encapsulated guest but also promotes mass transfer
during adsorption and catalysis processes.>*?* In Fig. 1(c), the
PXRD (Powder X-ray diffraction) of CsPbBr;@HZIF-8 and HZIF-
8 are analyzed. The patterns of the CsPbBr;@HZIF-8 sample
exhibited good agreement with the characteristic patterns of
the monoclinic CsPbBr; phase (PDF# 18-0364).>° The intense
peaks observed at 21.4°, 30.3° 30.6°, 34.3° 37.6° and 43.6°,
which can be indexed to the (110), (002), (200), (201), (211) and
(202) planes of the superior crystallinity CsPbBr;. Moreover,
with the increase in the content of CsPbBrj;, the intensity of
PXRD peaks corresponding to CsPbBr; gradually increases.
Furthermore, the PXRD of ZIF-8 and HZIF-8 show no discern-
ible difference in their crystal structures (Fig. S3, ESIT). In order
to investigate the combination mode of the CsPbBr; and HZIF-
8, TEM (transmission electron microscopy) and HRTEM (high-
resolution transmission electron microscopy) are utilized.
Fig. 1(d) displays TEM pictures of 4%-CsPbBr;@HZIF-8, reveal-
ing that the CsPbBr; (blue circle) is embedded within the HZIF-
8 matrix. In the HRTEM shown in Fig. 1(d), lattice fringes
exhibiting a spacing of 0.239 nm are observed, which corre-
sponds well to the (211) planes of monoclinic CsPbBr;. Further-
more, the quasi-spherical morphology of 4%-CsPbBr; @HZIF-8
has been observed in Fig. S4 (ESIf). XPS (X-ray photoelectron
spectroscopy) is utilized to characterize the synthesized com-
posite material (Fig. 1(e) and (f)). According to the survey
spectrum analysis, the identification of Zn, Cs, Pb, Br, N, and
C elements in the synthesized 4%-CsPbBr;@HZIF-8 composite
material is confirmed. The Pb 4f spectrum displayed two
signals at 138.1 and 142.9 eV, which are associated with Pb>*
in CsPbBr;.%° Through Fourier transform infrared (FTIR) spec-
tral analysis, we can obtain structural information and the
chemical composition of samples, as depicted in Fig. 1(g).
The FTIR spectra of 4%-CsPbBr;@HZIF-8 and HZIF-8 are
compared, and the appearance of new absorption bands
(2820 and 2923 cm™ '), which is the distinctive peak of the C-
H stretching vibration of the OA and OAm anchored on the
surface of CsPbBr;.*>' Collectively, these results provide strong
evidence that the desired CsPbBr;@HZIF-8 composite material
has been successfully constructed using a simple encapsulation
method.

3.2 Optical properties and energy band alignments

In order to study the electronic band arrangement and validate
the Z-scheme charge transfer process of CsPbBr;@HZIF-8, UV-
vis diffuse reflectance spectroscopy (DRS), electrochemical
measurements, and electron spin resonance (ESR) are
researched, as illustrated in Fig. 2. Absorption of light char-
acteristics of HZIF-8, CsPbBr;, and 4%-CsPbBr;@HZIF-8 sam-
ples are determined by DRS, as depicted in Fig. 2(a). HZIF-8
displays an absorption band edge centered around 276 nm,
while CsPbBr; exhibits a distinct absorption band edge at
564 nm. However, the absorption behavior of the 4%-
CsPbBr; @HZIF-8 heterojunction samples is found to be inter-
mediate between HZIF-8 and CsPbBrj, indicating a strong
electronic coupling between the two materials’ nanospheres.
Based on the Tauc plots shown in Fig. 2(b), the bandgap (E,)

This journal is © The Royal Society of Chemistry 2023
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Fig.2 (a) UV-vis diffuse reflectance spectra of HZIF-8, 4%-
CsPbBrs@HZIF-8 and CsPbBrs@HZIF-8. (b) Plots of (ahv)? versus hv of
HZIF-8 and CsPbBrs. Mott—Schottky plots of (c) CsPbBrz and (d) HZIF-8.
UPS spectra of (e) CsPbBrs and (f) HZIF-8. Electron paramagnetic reso-
nance spectra of DMPO-*O,~ and DMPO-*OH for (g) CsPbBrs, (h) HZIF-8,
and (i) 4%-CsPbBrs@HZIF-8. Schematic illustration of the potential energy
diagram for (j) CsPbBrz and (k) HZIF-8. () Energy band diagram and
reaction mechanism of type Il and Z-scheme heterojunctions.

values of HZIF-8 and CsPbBr;, are confirmed as 4.7 eV and
2.3 eV, respectively.** Furthermore, the Mott-Schottky plots in
Fig. 2(c) and (d) allowed for the estimation of the flat-band (Ey)
potentials of CsPbBr; and HZIF-8 to be —1.14 V and —0.96 V
versus the Ag/AgCl electrode (vs. Ag/AgCl), respectively. Simi-
larly, the Mott-Schottky curve of CsPbBr; and HZIF-8 indicated
n-type characteristics of the catalyst due to the positive slope of
the linear plot. E¢ (vs. Ag/AgCl) is approximately 0.2 V more
negative than the E; versus the normal hydrogen electrode (vs.
NHE),** and therefore, the reported E; values of CsPbBr; and
HZIF-8 corresponded to —9.04 and 0.76 V (vs. NHE). Typically,
for n-type semiconductors, the bottom of the conduction band
(Ecp) is about 0.1 V more negative than the Ey. As a result, the
E¢p of CsPbBr; and HZIF-8 are ascertained to be 1.04 and 0.86 V
(vs. NHE), respectively. According to the Ecg = Evg — E, formula,
the Ey (valence band) of CsPbBr; and HZIF-8 are calculated to
be 1.26 and 3.37 V (vs. NHE), respectively. Additionally, the
band structures of CsPbBr; and HZIF-8 were investigated using
ultraviolet photoelectron spectroscopy (UPS). In Fig. 2(e) and
(f), the values of cutoff energy (Ecutorr) and Fermi energy (Erermi)
are derived from distinctive tangent lines representing the high
and low binding energy domains, respectively.** The equations
(Bvs = hv — Ecutoft + Erermi (€V), Ecs = Evs — Eg (eV), E(RHE,V) =
E(eV) — 4.44) employed yield the valence band (Eyg) and
conduction band (Ecg) of the samples.*>*® Here, the symbol
hv denotes the incident photon energy of He I (21.2 eV). As
observed in Fig. 2(e) and (f), the Eyofr values for CsPbBr; and
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HZIF-8 are 16.98 and 16.30 eV, respectively. Additionally, the
Egermi values for CsPbBr; and HZIF-8 are 1.38 and 3.22 eV,
respectively. Consequently, the Eyp values of CsPbBr; and HZIF-
8 are established at 1.16 V and 3.68 V, respectively, while the
Ecg values of CsPbBr; and HZIF-8 are measured at —1.14 V and
—1.02 V. In alignment with this, the anticipated band align-
ments of the individual components are shown in Fig. S5
(ESIf), similar to the M-S outcomes. The presented data
provide direct evidence for the band structure presented in
Fig. 2(j) and (k). It is predicted that an internal electrostatic
field emerges at the interface between HZIF-8 and CsPbBrj,
causing photogenerated electrons to be driven from HZIF-8 to
CsPbBr;, ultimately resulting in the establishment of a Z-
scheme heterojunction. In order to validate the energy band
structure and confirm the creation of a Z-scheme system,
electron spin resonance (ESR) examination is conducted to
detect spin-active species, including *O,” and *OH, employing
5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a trapping agent.>”
In Fig. 2(g), only signals associated with the DMPO-*0O,~ are
observed for CsPbBr; as its Eyp (1.26 V vs. NHE) is not
sufficiently positive to oxidize H,O to *OH. On HZIF-8 in
Fig. 2(h), both DMPO-*0,” and DMPO-*OH spectral features
are noted since the Ecg (0.86 V vs. NHE) is more positive than
the redox potential of O,/*0,™ (—0.33 Vvs. NHE), the Eyg (3.37 V
vs. NHE) demonstrates a more negative tendency than H,0/
*OH (1.99 V vs. NHE). As for CsPbBr;@HZIF-8, Fig. 2(i) shows
the typical signals of DMPO-*O,~ and DMPO-*OH. Of note, the
intensity of the signals corresponding to DMPO-*O,  and
DMPO-*OH are higher in the heterojunction sample compared
to the two single-phase samples. The increased signal intensity
indicates a higher accumulation of holes in the Eyp of HZIF-8
and electrons in the Ecg of CsPbBr;. Meanwhile, these findings
effectively rule out the feasibility of conventional type II hetero-
junctions in the composite materials mentioned above
(Fig. 2(1)).>”*® The fabrication of the Z-scheme charge transfer
process in CsPbBr;@HZIF-8 may thus be validated based on the
studies presented above (Fig. 2(j)). In addition to encouraging
appropriate spatial charge carrier separation, this Z-scheme
heterojunction also achieves the higher redox capacity for the
entire system.

3.3 Photocatalytic performance on the degradation of TCH

Tetracycline hydrochloride (TCH), an omnipresent recalcitrant
organic contaminant, is ubiquitously encountered in diverse
wastewater streams, encompassing pharmaceutical effluents,
livestock breeding wastewater, and urban sewage. Hence, the
central objective of this study was to scrutinize the photocata-
Iytic degradation of TCH as the focal compound of interest. The
initial concentration of TCH deionized solution used in this
study is 10 mg L™ (30 mL), and the visible light (fitted with a
420 nm filter) intensity was 477 mW cm 2, Fig. 3(a) illustrates
the adsorption and degradation performance of various photo-
catalysts (15 mg). To ensure the adsorption-desorption equili-
brium of the samples, all materials are stirred in the TCH
solution under darkness for 40 minutes before visible light
irradiation. It is evident that the pristine CsPbBr; shows no
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Fig. 3 (a)TCH (10 mg L™, 30 mL) degradation dynamics curves and (b) the
pseudo-first-order kinetics of TCH degradation over the as-fabricated
photocatalysts (15 mg) under visible light. (c) The recycling performance
of 4%-CsPbBrs@HZIF-8 for TCH degradation. Impacts of (d) catalyst
dosage, (e) TCH concentration and (f) light intensity on TCH photo-
degradation performance by 4%-CsPbBrz@HZIF-8.

adsorption capacity for TCH molecules, which can be attribu-
ted to the disruption of the structure of CsPbBr; in water. On
the contrary, ZIF-8 shows significant adsorption performance
after 40 minutes of dark reaction, which was related to the
abundant porosity of ZIF-8. Simultaneously, both ZIF-8 and
CsPbBr;@ZIF-8 exhibit nearly identical adsorption perfor-
mance. The adsorption capability of HZIF-8 was better than
that of ZIF-8. This may be assigned to the fact that HZIF-8 has
more available adsorption active sites and a hierarchical pore
structure that enhances the rate of mass transfer of TCH.
Meanwhile, the similar adsorption capacity of HZIF-8 and
CsPbBr;@HZIF-8 is advantageous for the subsequent photo-
catalytic reaction. Furthermore, the absence of a photocatalyst
resulted in negligible photodegradation, indicating the out-
standing photostability of TCH. Regarding ZIF-8 and HZIF-8,
only 4% of TCH is removed in 40 min, suggesting very low
activity for visible light-induced degradation. This is associated
with the wide energy gap and low visible-light absorption
intensity of ZIF-8 and HZIF-8. CsPbBr; did not exhibit any
degradation activity against the pollutants, likely due to struc-
tural destruction. As for CsPbBr;@ZIF-8, 40% of TCH is
removed in 40 min. Under the same conditions, the hierarchi-
cally porous Z-scheme CsPbBr;@HZIF-8 heterostructure exhib-
ited a significant improvement. The removal efficiency of TCH
was 58%, 70%, 94% and 78% over the 1%-CsPbBr;@HZIF-8,
7%-CsPbBr;@HZIF-8,4%-CsPbBr;@HZIF-8 and 9%-CsPbBr;@
HZIF-8, respectively. Moreover, the kinetics of TCH photode-
gradation over the prepared catalysts was evaluated by fitting
the concentration-time curve using a pseudo-first-order equa-
tion, as depicted in Fig. 3(b). Among the tested catalysts, 4%-
CsPbBr; @HZIF-8 exhibited the highest rate constant for TCH
degradation, with a value of 0.0629 min . This rate constant
was approximately 44 and 89 times higher than those of HZIF-8
(0.0014 min~') and CsPbBr; (0.0007 min '), respectively.
The successful construction of hierarchically porous Z-scheme
heterojunctions is demonstrated as an efficient approach for
optimizing the photocatalytic performance of the photocatalyst.
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The improved performance of the CsPbBrz@HZIF-8 is due to the
successful separation and transfer of photogenerated charge
carriers, as well as the enhanced visible light absorption capacity
and CsPbBr; stability. Compared to previously reported metal
halide perovskite photocatalysts, the CsPbBr;@HZIF-8 photocata-
lyst developed in this study demonstrated competitive perfor-
mance in the degradation of TCH (Table S1, ESIt). Ensuring the
stability and reusability of catalysts is a crucial aspect of practical
applications in photocatalytic degradation. In the case of 4%-
CsPbBr;@HZIF-8, the visible light photocatalytic performance
decreased by only 4% after four cycles of TCH degradation,
indicating that the composites have high visible light photocata-
lytic stability (Fig. 3(c)). Furthermore, the PXRD and SEM results
showed the crystal structure of 4%-CsPbBr;@HZIF-8 remained
stable following four cycles of TCH degradation (Fig. S6 and S7,
ESIt), signifying high structural stability. In addition to assessing
the visible-light responsive photocatalysis performance, this work
also investigated important experimental parameters such as
sample dosage, the initial concentrations of the TCH solution,
and visible-light intensity. Fig. 3(d) shows the efficiency of
visible light photocatalytic degradation of TCH using different
doses of CsPbBr;@HZIF-8 (5-20 mg) while keeping other opera-
tional parameters constant. A notable observation is that
CsPbBr;@HZIF-8 with dosages of 15 mg exhibits the highest
visible-light photocatalytic performance. The excessive amounts
of photocatalyst-suspended solids can reduce the light utilization
and decrease the solution transparency, which may explain the
highest photocatalytic efficiency at 15 mg instead of 20 mg. The
concentration of pollutants in actual wastewater is a critical
variable parameter that can significantly impact the photocatalytic
activity of photocatalysts. In this study, the influence of initial
TCH concentration was investigated across the range of 5-
20 mg L', which is relevant to real-world wastewater conditions.
The photocatalytic degradation efficiency of TCH exhibited nota-
ble results when exposed to 5 mg L' and 10 mg L™ initial
concentrations, reaching 97.0% and 93.3% degradation efficiency,
respectively, as revealed in Fig. 3(e). As the initial TCH level
increased to 15 and 20 mg L™, the degradation efficiency reduced
to 67.6% and 42.0%, respectively, indicating that higher concen-
trations of TCH had a notable detrimental effect on the photo-
degradation process. As illustrated in Fig. 3(f), the visible-light
intensity had a notable influence on the photocatalytic activity of
the 4%-CsPbBr;@HZIF-8. In general, it was observed that the
visible-light photocatalytic performance exhibited an increasing
trend with the increment of visible-light intensity. Note that
the photocatalytic performance of the remains consistent
when exposed to visible-light intensities of 477 mW cm?® and
512 mW cm?, indicating comparable performance at these levels.
Based on these findings, it can be concluded that the optimal
visible-light intensity for this work may be determined to be
477 mW cm?®. To verify the selectivity of TCH degradation, a
mixed solution of 30 mL containing both TCH (5 mg L") and
rhodamine B (RhB) (5 mg L™ ') (TCH/methylene blue (MB), TCH/
oxytetracycline (OTC)) was chosen as the target pollutants while
keeping other conditions unchanged. As shown in Fig. S8 (ESIf),
simultaneous degradation of TCH and RhB was achievable within
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the CsPbBr;@HZIF-8 systems. Similarly, TCH and MB, as well as
TCH and OTC, can also be simultaneously degraded. For a more
comprehensive assessment of the 4%-CsPbBr;@HZIF-8 efficiency
in the photocatalytic process, model pollutants such as RhB, MB,
and OTC were chosen at equivalent concentrations for conducting
degradation experiments through photocatalysis. As depicted in
Fig. S9 (ESIt), the utilization of 4%-CsPbBr;@HZIF-8 resulted in
remarkably high removal efficiencies: 98% for RhB (30 min), 95%
for MB (30 min), and 91% for OTC (40 min). This substantial
efficacy underscores 4%-CsPbBr;@HZIF-8’s capacity to degrade
diverse dyes and pharmaceutical compounds effectively.

3.4 Effect of inorganic anions on the degradation of TCH

In practical wastewater systems, the concentration of inorganic
salts and the coexistence of different inorganic salts are likely to
be the main factors exacerbating the challenges in TCH waste-
water treatment.>® To investigate the performance of 4%-
CsPbBr;@HZIF-8 in high-salinity water, the removal of TCH
is conducted on the samples under varying concentrations (10,
20, 30 mM) of different anions (Cl, SO, , and NO; ). As
presented in Fig. 4(a), all anions did not show a notable impact
on the degradation rate of TCH at any tested concentration. In
addition, the effects of three additional water matrices on the
photocatalytic activity are investigated. Water samples were
collected from different sources, including tap water
(43°49'50"N, 125°18’48”E, Changchun, jilin, Fig. S10, ESIY),
river water (43°49'58”"N, 125°21'26”"E, Changchun, jilin,
Fig. S11, EST) and lake water (43°51'8"N, 125°18'20"E, Chang-
chun, jilin, Fig. S12, ESIt). The 4%-CsPbBr;@HZIF-8 composite
exhibited remarkable degradation performance even under
real-world water conditions, indicating its promising practical
applications. To investigate the dominant active species during
the decomposition process in salt-containing systems, quench-
ing experiments are conducted with the coexistence of 30 mM
Cl™. Herein, isopropanol (IPA), triethanolamine (TEOA), benzo-
quinone (BQ), and r-histidine are utilized to capture hydroxyl
radicals (*OH), holes (h"), superoxide radicals (*0,”), and
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singlet oxygen (*0,), respectively.*>*® In Fig. 4(c), 91.3% and
92.3% degradation efficiency are observed after the addition of
IPA (0.1 mM) and TEOA (0.1 mM), respectively. When BQ
(0.1 mM) and r-histidine (0.1 mM) are added to the photo-
catalytic system, degradation efficiency declines from 93.7% to
43.0%, and 20.7%, respectively. Therefore, *0,~ and 'O, are the
predominant active species, while *OH and h" do not partici-
pate in the photocatalytic reaction. To validate the outcomes of
the radical capture experiments, electron paramagnetic reso-
nance (EPR) spectroscopy was implemented to detect *O,~ and
'0, in the presence of 30 Mm Cl ™. During the exposure to light,
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was utilized as the
scavenger for °O, , whereas 2,2,6,6-tetramethylpiperidine
(TEMP) acted as the scavenger for '0,. Fig. 4(d) clearly illus-
trates the absence of signals in the dark, whereas distinctive
peaks related to DMPO-*0O,  are detected under visible light
irradiation in a methanol medium. Evidently, characteristic
peaks corresponding to TEMP-'O, with an intensity ratio of
1:1:1 are detected under light irradiation (Fig. 4(e)). The
obtained results align with scavenger experiments conducted
on 4%-CsPbBr;@HZIF-8. Understanding the pathways of 'O,
generation is crucial for comprehending the mechanism of
photocatalytic reactions. As we know, in the photo-activation of
molecular oxygen, two potential pathways exist for the genera-
tion of '0,.*" The first involves energy transfer from excited
semiconductors to the ground state O,, leading to the produc-
tion of '0,. Alternatively, O, can initially acquire a photoexcited
electron to form *O, ", which is subsequently oxidized to *O,"
by photogenerated holes residing in the valence band. To
elucidate the generation pathway of '0,, EPR spectroscopy is
employed in the presence of BQ, which acts as a *O,~ scavenger
in photocatalysis. As depicted in Fig. 4(f), the EPR signal
strength of 'O, in the presence of BQ not only does not decrease
but actually increases with increasing irradiation time. This
experimental finding establishes that the generation of 'O,
cannot be ascribed to the *O, " species, thus providing evidence
that 'O, is produced through an energy transfer pathway."

3.5 Photoinduced charge separation and transfer dynamics

To further uncover the charge transfer and separation behaviors
in the Z-scheme, a photoelectrochemical test is conducted, as
shown in Fig. 5. In the meantime, this experimental approach
offers a robust and rigorous means of characterizing the photo-
catalytic behavior of the material. The photoluminescence (PL)
indicates that the rates of recombination of photoinduced elec-
tron-hole pairs in the 4%-CsPbBr;@HZIF-8 heterostructure are
inhibited, as evidenced by the weaker peak compared to those of
CsPbBr; (Fig. 5(a)).””** The time-resolved photoluminescence
(TRPL) is utilized to investigate the Z-scheme CsPbBr;@HZIF-8
heterostructure charge transfer dynamics in detail (Fig. 5(b)). The
technique is widely regarded as a powerful method for revealing
the mechanism of charge transport in semiconductors. By fitting
the decay curves using a model of two exponential functions (as
shown in Table S2, ESI}), the average TRPL lifetimes of CsPbBr;
and CsPbBr;@HZIF-8 are determined to be 40.99 and 28.35 ns,
respectively. Notably, CsPbBrz@HZIF-8 exhibits a shorter average
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lifetime compared to pristine CsPbBr;.** This is attributed to the
electron transfer from the conduction band of HZIF-8 to the
valence band of CsPbBr;, which promotes surface photocatalytic
reactions. To provide evidence of the enhancing charge separation
between HZIF-8 and CsPbBr;, photocurrent response and electro-
chemical impedance spectroscopy (EIS) experimental data are
performed. As presented in Fig. 5(c), the superior photocurrent
density of CsPbBr;@HZIF-8 as compared to CsPbBr;, indicates
more efficient charge separation in CsPbBr;@HZIF-8.*>** Subse-
quently, EIS is conducted to investigate the migration behaviors of
photogenerated carriers (Fig. 5(d)). The formation of a hetero-
junction in CsPbBr;@HZIF-8 is evidenced by the smaller charge
transfer resistance observed in comparison to pure CsPbBr;.*?
The combination of the results obtained, as well as the EPR
results, provides solid evidence for the formation of a Z-scheme
CsPbBr;@HZIF-8 heterostructure.

3.6 TCH degradation pathway

To gain a more thorough insight into the photocatalytic degra-
dation process of HTC induced by the 4%-CsPbBr;@HZIF-8
heterojunction, the intermediates generated during the reac-
tion were analyzed employing high-performance liquid chro-
matography-mass spectrometry (HPLC-MS). Nine distinct
intermediate products (P1-P9) were identified during the visi-
ble light photocatalytic degradation of TCH, exhibiting respec-
tive m/z values of 431(P1), 416 (P2), 298 (P3), 272 (P4), 429 (P5),
348 (P6), 292 (P7),194 (P8) and 174 (P9). The identified inter-
mediates are documented and presented in Fig. S13 and Table
S3 (ESIY). Based on the identified intermediates, two potential
transformation mechanisms for TCH photodegradation were
proposed and depicted in Fig. 6. TCH initially underwent
hydrolysis in the aqueous medium, leading to the generation
of tetracycline. Three primary reaction pathways were identified
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during the photocatalytic process: (1) the cleavage of the
carbon-carbon double bond on the benzene ring, (2) the
modification of hydroxyl groups adjacent to the methyl group
in the cyclohexanone moiety, and (3) the transformation of
dimethylamino groups into amino groups.** Subsequently, the
active species attacked the molecules, leading to the formation
of smaller molecular intermediates through deamination, dec-
arbonylation, dehydroxylation, and ring-opening reactions.
Ultimately, the initial stage TCH is anticipated to undergo
mineralization to H,O, CO, and other inorganic compounds
in the presence of reactive species, thus completing the break-
down of TCH. It was imperative to take into account the
potential toxicities of the by-products generated during the
degradation of TCH. The acute and developmental toxicities
of the degradation products were evaluated using Toxicity
Estimation Software (TEST), employing the quantitative struc-
ture-activity relationship (QSAR) method.*® Fig. 6(b) elucidates
the Daphnia magna LCs, (48 h) outcomes, underscoring a
notable reduction in toxicity of the degraded small molecule
intermediates in comparison to TCH, except for P2. Moreover,
the removal process led to a decrease in developmental toxicity
for the TCH intermediates, with the exceptions being P2 and
P4, as illustrated in Fig. 6(c). From the outcomes of the toxicity
assessment, it is evident that the CsPbBr;@HZIF-8 system is
proficient in efficiently detoxifying the TCH solution. This is
substantiated by the fact that, following photocatalysis, the
majority of intermediates exhibit lower toxicity compared
to TCH.

3.7 Possible photocatalytic mechanism

Based on the comprehensive findings obtained from our
experimental investigations and previous literature, we propose
a plausible mechanism to elucidate the observed enhancement
in photocatalytic activity over a hierarchically porous Z-scheme
CsPbBr;@HZIF-8 heterostructure (Fig. 7). First of all, the
rational design of the hierarchically porous CsPbBr;@HZIF-8
increases the contact area, providing more reaction sites for
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Fig. 7 The possible photocatalytic mechanism of hierarchically porous Z-
scheme CsPbBrs@HZIF-8 heterojunctions.

efficient photocatalytic degradation of target pollutants. Sec-
ondly, according to the Z-scheme heterojunction pattern, the
photoexcited electrons (e™) exhibit a preference for migration
from the Ecp of HZIF-8 to the Eyy of CsPbBr; under visible light
irradiation, while recombination events occur between them.
As a result, the accumulation of e~ on the Ecg of CsPbBr; and
holes (h") on the Eyg of HZIF-8 results in a strong redox ability.
The O, molecules adsorbed on the surface of HZIF-8 combine
with the accumulated e~ to form *0, . The h' in the Eyg of
HZIF-8 participates in the oxidation reaction of H,O to generate
*OH" with strong oxidizing ability. In addition to the genera-
tion of *0, ", a fraction of the photoexcited CsPbBr; undergoes
an intersystem crossing (ISC) process, transitioning from sing-
let excited states to triplet excited states.'> Subsequently, energy
transfer occurs, thus changing the O, electronic spin state (spin
flip) to generate '0,.*® Finally, the resulting *0,” and 'O,
participate in the degradation process of TCH.

4. Conclusions

In summary, a series of hierarchically porous Z-scheme hetero-
junctions composed of CsPbBr; and HZIF-8 are fabricated by a
ship-in-bottle strategy. The hierarchically porous Z-scheme
heterojunction CsPbBr;@HZIF-8 not only facilitates the mass
transfer and enrichment of pollutants but also accelerates the
transfer of carriers between HZIF-8 and CsPbBr;, leading to
enhanced generation of reactive oxygen species. Additionally,
CsPbBr; acts as a photosensitizer for efficient energy transfer,
leading to the generation of 'O, with enhanced resistance to
ion interference. Consequently, the optimized catalyst (4%-
CsPbBr; @HZIF-8) demonstrates the highest visible photocata-
lytic performance in the degradation of TCH (94% in 40 min),
demonstrating consistent efficiency in deionized water, high-
salinity water, and real water matrices. The catalyst also
displays remarkable stability and reusability. Moreover, com-
prehensive investigation and elucidation of the photocatalytic
reaction mechanisms are conducted, including the analysis of
charge carrier transfer behaviors, generation of reactive species,
and identification of degradation intermediate products of
TCH. This work provides new insights into the development
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of advanced photocatalysts for the treatment of pollutants in
high-salinity water.
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