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Abstract: China is a significant global producer and consumer of pesticides and antibiotics, with their
excessive use leading to substantial water pollution that poses challenges for subsequent treatment.
Photocatalytic degradation, leveraging renewable solar energy, presents an effective approach for
decomposing organic pollutants and reducing residual contaminant levels in water bodies. This
approach represents one effective way for addressing environmental challenges. This paper classifies
representative photocatalytic materials by structural design and degradation principles including
MOFs (Metal-Organic Frameworks), metal- and nonmetal-doped, mesoporous material-loaded,
carbon quantum dot-modified, floatation-based, and heterojunction photocatalysts. We also discuss
research on degradation pathways and reaction mechanisms for antibiotics. Of particular impor-
tance are several key factors influencing degradation efficiency, which are summarized within this
work. These include the separation and charge transfer rate of catalyst surface carriers, and the
wide-spectrum response capabilities of photocatalysts, as well as persulfate activation efficiency.
Furthermore, emphasis is placed on the significant role played by intrinsic driving forces such as
built-in electric fields within catalytic systems. Moreover, this paper introduces several promising
composite-structure photocatalytic technologies from both composite-structure perspectives (e.g.,
Aerogel-based composites) and composite-method perspectives (e.g., the molecularly imprinted
synthesis method). We also discuss their latest development status, along with future prospects,
presenting valuable insights for pollutant degradation targets. This work aims to facilitate the design
of efficient photocatalytic materials, while providing valuable theoretical references for environmental
governance technologies.

Keywords: tetracycline antibiotics; photocatalysis; novel composite photocatalyst; degradation
mechanism

1. Introduction

Over the past few decades, rapid industrial activities have raised significant concerns
regarding environmental pollution, water scarcity, and climate change. Emerging pollutants
in water resources exhibit varying degrees of toxic effects on human, animal, and plant
life. A substantial portion of industrial wastewater is discharged into the environment
without adequate treatment. This untreated wastewater often contains pollutants such as
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Licensee MDPI Basel. Switzerland.  Pharmaceuticals, dyes, personal care products, and pesticides. These contaminants pose

serious direct or indirect risks to both human health and the environment [1].

Recent years have seen antibiotics emerge as a new category of organic pollutants in
natural water environments. This issue has gained significant interest [2]. As drugs for
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excreted into the environment in the form of parent structures or metabolites through
urine or feces [3]. At the same time as drugs that inhibit the growth of microorganisms,
antibiotics in the natural aquatic environment have toxic effects on certain organisms, thus
affecting their normal growth or reproduction [4]. The widespread use of antibiotics has
led to the accumulation of antibiotic-resistant bacteria (ARB) and antibiotic-resistant genes
(ARGsS) in the environment, posing a potential threat to ecosystems and human health [5].
Consequently, the extensive use of antibiotics can facilitate their entry into the environment
through direct or indirect pathways, resulting in environmental pollution and posing risks
to the health of biological organisms.

Tetracyclines (TCs) are a class of broad-spectrum antibiotics produced by actino-
mycetes, which are inexpensive and are currently one of the most widely used and densely
used types of antibiotics in the world. Studies have shown that TCs can enter the envi-
ronment through a variety of pathways, including medical care, aquaculture, and animal
husbandry, inducing the production and spread of TC-resistant genes [6]. At the same
time, data show that TCs can produce toxic effects on non-target organisms, pose poten-
tial hazards to aquatic organisms in the environment, and can even enter the food chain
through the enrichment of aquatic animals, which in turn affects human health [7]. Cur-
rently, antibiotic resistance has been classified as a global threat to human health by the
WHO [8]. Therefore, it is necessary to develop advanced sustainable technologies to purify
antibiotics in water resources [9]. Over the past decades, a number of approaches have
been used to address the problem of antibiotic residues in wastewater [10,11]. In recent
years, tetracycline antibiotics have been frequently detected in water bodies. In particular,
oxytetracycline (OTC) and chlortetracycline (CTC), are commonly found in aquatic envi-
ronments. Their presence in wastewater treatment plants is influenced by local climate,
population density, wastewater volume, and antibiotic usage. Conventional treatment
methods remove only 36-79% of TCs [12], leaving residues that inhibit aquatic organism
growth and may accumulate in the food chain, posing health risks such as joint disease,
kidney problems, endocrine disruption, and mutagenicity [13]. In soils and sediments,
TCs, primarily OTC, are present in concentrations ranging from ng/kg to mg/kg [14].
Tetracycline contamination from manure and fertilizers releases antibiotics into soil, along
with transformation products (TPs) like 4-epi-tetracycline and dehydrotetracycline [15].
Exceeding a threshold of 100 ug-kg—1, as recommended by the Veterinary International
Conference on Harmonization (VICH), can cause irreversible ecological harm, impacting
the growth, reproduction, and survival of aquatic species, especially fish, crustaceans,
and plankton. This can lead to reproductive suppression, altered behaviors, and reduced
population sustainability, while fostering antibiotic-resistant bacteria, further disturbing
microbial ecosystems and exacerbating resistance issues.

Major removal methods for tetracycline-contaminated wastewater include physic-
ochemical and biological processes. Physicochemical techniques, such as coagulation-
sedimentation, membrane separation, and adsorption, achieve only 50% to 60% removal
efficiency without altering the chemical structure of TCs [16]. Membrane technologies,
particularly nanofiltration and reverse osmosis are promising [17]. Ozone can oxidize
tetracycline, with higher efficiency under acidic conditions, but still faces challenges in
degradation efficiency and mineralization rates. Electrochemical oxidation generates hy-
droxyl radicals (-OH) for degradation, but is limited by high energy consumption and toxic
intermediates [18]. Photo-Fenton combines photolysis and the Fenton reaction to produce
reactive hydroxyl radicals, effectively degrading TCs into smaller molecules or mineralizing
it into CO, and water. This method is environmentally friendly and cost-effective, but
its success relies on the efficiency of photocatalysts, highlighting the need for improved
catalytic materials.

Photocatalytic degradation technology is an efficient, environmentally friendly, and
cost-effective degradation method. It uses solar irradiation as energy and employs the
strong redox properties of electron-hole pairs in photocatalysts for degradation. This pro-
cess can degrade typical antibiotics, such as tetracycline, into carbon dioxide and water,
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without the need for additional oxidants or reductants, effectively addressing the spread of
antibiotic resistance [19]. However, traditional photocatalytic systems greatly depend on
the band structure and surface structure of the catalyst. Issues such as slow separation of
electron-hole pairs and limited active surface sites lead to subpar performance [20]. Despite
significant efforts, most research remains confined to conventional single-component pho-
tocatalysts and composite photocatalysts. The fast photogenerated carrier-complexation
rate, limited light-trapping range, low charge-transfer efficiency and low radical-generation
efficiency of single-component photocatalysts have severely limited their application in
water treatment [21,22].

However, current research primarily focuses on specific types of photocatalysts
for the degradation of particular pollutants. There remains a lack of comprehensive
summaries regarding the variety of novel photocatalysts and their mechanisms for
degrading tetracycline. Only a few studies thoroughly cover emerging photocatalytic
materials and their applications in some typical antibiotics. However, this information
is crucial to affirm their practical superiority and effectiveness as photocatalysts for
photodegradation. Therefore, reviewing the latest advancements and mechanisms of
novel photocatalysts in the catalytic oxidation process of tetracycline, a typical antibiotic
pollutant, becomes particularly significant.

This review offers a thorough analysis of recent progress in the photocatalytic degrada-
tion of TCs. Initially, it categorizes photocatalysts based on type, element composition, and
structure, clarifying their relationship with performance. It provides a concise overview of
various photocatalytic principles and their fundamental applications in tetracycline antibi-
otic degradation. Subsequently, it delves into six distinct types of photocatalytic materials
that can be seen in Figure 1 below, assessing their effectiveness against these antibiotics.
The review also summarizes the degradation pathways and mechanisms involved, while
highlighting critical factors that influence degradation efficiency. Finally, it explores the
future potentials of photocatalytic technology, considering the current research landscape
and application trends of emerging materials. The review on the photocatalytic degra-
dation of tetracycline antibiotics aims to offer theoretical insights and practical direction
to advance environmental treatment technologies, addressing the growing challenges of
environmental pollution.
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Figure 1. Different types of photocatalytic materials for tetracycline antibiotic degradation in
this review.
2. Photocatalytic Materials for Tetracycline Antibiotic Degradation

In order to improve the photocatalytic efficiency, researchers have recently focused on
the composite modification of single-component photocatalysts to enhance their catalytic
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performance by expanding the light absorption range, improving the photogenerated
carrier-separation efficiency, and increasing the number of active sites, as well as enhancing
the redox ability [23]. Liu et al. synthesized MOF-BiOCl S-type heterojunction composites
in situ by the halogenation technique [24]. Li et al. synthesized Sulfur-doped algal graphite
carbon nitride photocatalysts by microwave [25]. Zhang et al. successfully prepared ul-
trathin nanosheet photocatalysts (FCNN-X) with enhanced multi-electron transfer and
molecular oxygen activation by interspersing FeOOH QDs and CQDs in g-C3Ny4 based on
the principle of dual-quantum-dot co-photocatalysts to promote photocatalysis in 0D /2D
heterojunction photocatalysts [26]. To enhance the efficiency of photocatalytic degrada-
tion of tetracycline, single-component photocatalytic materials can be modified through
methods such as elemental doping, morphological optimization, and in situ growth, etc.
Furthermore, improving photoelectron transfer, enhancing visible light absorption, and
increasing specific surface area can elevate the availability of active reaction sites, thereby
promoting overall photocatalytic performance. The photocatalysts are categorized in detail,
as follows.

2.1. Metal-Organic Framework (MOF)-Based Photocatalysts

MOFs are a class of novel materials characterized by a porous network structure,
formed by metal ions acting as nodes and organic ligands serving as linkers [27]. In gen-
eral, photocatalytic reactions involve the excitation of a photocatalyst by light, resulting
in the generation of photoinduced charge carriers that subsequently participate in redox
reactions [28]. Currently, there are generally two theories to explain the mechanism of MOF
photocatalysis [29]. (1) Photo-induced charge separation occurs when metal clusters and
photoactive ligands absorb incident light. This absorption excites electrons from the valence
band (VB) to the conduction band (CB), generating free electrons in the CB. Simultaneously,
free holes are created in the VB. These photo-generated electron holes migrate to the surface
of the photocatalyst, where they actively participate in redox reactions. (2) The highest oc-
cupied molecular orbital-the lowest unoccupied molecular orbital (HOMO-LUMO) theory
and ligand charge-transfer mechanisms in MOF-based photocatalysts reveal that the metal
clusters in MOFs, similar to isolated semiconductor quantum dots, can accept electrons
from organic ligands, which serve as connectors. Due to the presence of multiple catalytic
sites, traditional semiconductor theories alone cannot fully explain MOF photocatalysis.
Various charge transfer pathways, such as ligand-to-ligand charge transfer (LLCT), ligand-
to-metal charge transfer (LMCT), metal-to-metal-to-ligand charge transfer (MMLCT), and
metal-to-ligand charge transfer (MLCT) and facilitate photoexcitation. In LMCT, electrons
transfer from the ligand’s HOMO to the metal’s LUMO, enhancing charge separation and
photocurrent density, ultimately improving the catalytic efficiency of MOFs [30]. In recent
years, Metal-Organic Frameworks (MOFs) have raised significant interest from researchers
in the field of photocatalysis, due to their high specific surface area, tunable porosity,
and unsaturated active sites [31,32]. Wang et al. synthesized a Bi;»O17Cl, photocatalyst
through the hydrolysis of bismuth-based metal organic framework (Bi-BTC) precursors
under visible light, resulting in nanosheets with superior photocatalytic activity for tetra-
cycline hydrochloride degradation compared to conventional materials [33]. A controlled
self-assembly hydrothermal method effectively coupled crystalline Fe/Mn-MOF with CdS
particles, enhancing the distribution of CdS on the MOF surface [34]. This integration
not only increased the number of active sites, but also improved the migration efficiency
of photogenerated carriers, thereby enhancing photocatalytic performance. Additionally,
Xu et al. developed BiOCl-based photocatalysts with a double Z-scheme heterojunction
structure, utilizing Bi-MOF as a template, which showed remarkable degradation efficiency
for tetracycline under simulated sunlight [35]. MOFs also emerge as promising hosts. They
enable the design and synthesis of efficient photocatalysts featuring heteroatomic metal
nodes, through the incorporation of iron components [36]. Fe-MOFs are considered as
highly promising photo-Fenton photocatalysts, due to their excellent visible-light trapping
ability and highly dispersed iron active sites. Chen et al. proposed that three iron-based
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MOFs (MIL-53, MIL-88B, and MIL-101) and their annealed derivatives (collectively referred
to as Fe-MIL) with the same composition possessed the ability to thermally catalyze the
TC degradation, with the best sample showing a degradation efficiency of 94.22% of TCs
within 60 min at 70 °C [37].

At the same time, the flexibility of MOFs in structure and chemical properties facilitates
their modification [38]. They can be synthesized under controlled conditions, exhibiting
good specificity and selectivity. In recent years, novel S-type heterojunction structures
have significantly mitigated the issue of carrier recombination, while maintaining a high
oxidation-reduction potential, thereby enhancing the performance of photocatalysts. An
S-type heterojunction typically consists of an oxidation photocatalyst (OP) characterized by
a higher valence band (VB) energy and a lower Fermi level (Ef), combined with a reduction
photocatalyst (RP) that possesses a lower conduction band (CB) energy and a higher Fermi
level (E¢). There is an “S”-shaped charge carrier transfer path with photo-generated carriers
at the interface, and it has a high oxidation-reduction capacity. By combining these two
features to construct MOF-based S-type heterojunction photocatalysts, not only can the
excellent properties of MOFs be maintained, but the S-type charge transfer path can also
be realized [39,40]. Luo et al. synthesized the MOF-545/AgsPO,4 photocatalyst by the
solvothermal method, which has stronger light response and charge separation ability than
the single AgsPOy catalyst [41]. Table 1 provides a summary of recent studies conducted
over the past two years on the degradation of TCs and TCH in aquatic environments using
(MOF)-based photocatalysts.

Table 1. Degradation of TCs and TCH by Metal-Organic Framework (MOF)-based photocatalysts.

Band-Gap Degradation Condition D dati
Pollutants Materials Energy Time/mi Catalyst Concentration of I;ngi ei; é;n Ref.
(eV) mefmin Dosage Pollutants (mg/L)
TCs Biy,017Cpp 2.20 60 20 mg 20 92.2% [36]
TCH Bi/CeO, (BC-1000) 2.99 90 15 mg 10 91.89% [42]
TCs BaTig g5 Zrg 1503 /MOF-5 2.86 150 200 mg/L 10 95% [43]
ZIF-67embedded Bentonite/alginate o »
TCs beads (ZIF-AB 2.5) - 60 500 mg/L 25 99.8% [44]
TCs AI'M?L/I\I/\[/[V‘\’%)/ WS, 3.26 75 300 mg/L 30 97.93% [45]
TCs CQD@UiO-66-NH, /PSF - - 500 mg/L 20 100% [46]
TCs Cu@UIO-66-NH, /ZnIn,Sy - 120 20 mg 20/40 92.6% [47]
TCs Ni/ Mn'MOF('IZ/f‘C/(C:i?@C%O‘* (4:4) - 70 50 mg 40 99.2% [48]
TCs NH,-ML-101 (FeZ* /Fe?*)-0.2 2.27 90 25mg 20 94% [49]
TCH FeMn-PBA@MXene-0.30 3.36 120 200 mg 30 93.41% [50]

2.2. Element-Doped Photocatalysts

Element doping can modulate the optical and electrical properties of semiconduc-
tors as well as their band structure, and is regarded as an effective strategy for enhancing
the light absorption and charge carrier transport capabilities of photocatalysts [51].
Dopants can reduce the bandgap energy of titanium dioxide by introducing additional
states within the bandgap, enhancing visible light absorption. Various dopants (metals,
non-metals, and their combinations) can alter the morphology and optical/electrical
properties of semiconductor particles, thereby improving their photocatalytic activity un-
der visible light [47]. Commonly used dopants in photocatalysis include Al [52], Fe [53],
Mn [54], Mo [55] and Ce [56], or doping semiconductors (e.g., TiO, [52], CeO; [56] and
g-C3Ny [55]). An Al-doped TiO; photocatalyst was synthesized via an evaporation-
induced process, resulting in a black TiO; that exhibited extended light absorption and
abundant oxygen vacancies after reduction. This photocatalyst demonstrated notable
degradation of tetracycline hydrochloride [52]. Similarly, a hollow microsphere structure
of Fe-doped TiO, was developed for efficient photocatalytic-Fenton degradation under
visible light, enhancing light absorption and reducing electron-hole recombination [53].
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Additionally, manganese zinc ferrite photocatalysts with spin polarization effects showed
improved TC removal when subjected to an external magnetic field [54]. A mechanical
activation treatment followed by calcination was used to create a MoO,/Mo-doped
g-C3Ny Schottky heterojunction composite, which exhibited exceptional photocatalytic
efficiency and structural stability for tetracycline degradation [55]. A Ce-doped CdIn,Sy
photocatalyst was synthesized using a modified co-precipitation method. The decom-
position products of CeO, are present in the supernatant as Ce(Ill) ions, significantly
enhancing the specific surface area of the photocatalyst and increasing the availability of
active sites for reactant interaction [56]. Table 2 provides a summary of recent studies
conducted over the past two years on the degradation of antibiotic pollutants in aquatic
environments using element-doped composite photocatalysts.

Table 2. Degradation of TCs and TCH by element-doped composite photocatalysts.

Degradation Condition

Pollutants Materials Band-Gap Catalyst Concentration of Degfa‘d ation Ref.
Energy (V) Time/min Dosa}g,e Pollutants (mg/L) Efficiency
TCH Ce/BiaWOg 1.61 40 600 mg/L 35 90.40% [57]
TCs Ce-Fe/CaWOQy, 2.10 120 500 mg/L 10 98.4% [58]
TCs Mn-Fe/CN-50 1.80 50 400 mg/L 20 99% [59]
TCH Ce5-CdS/N-rGO20 - 90 500 mg/L 20 94.5% [60]
TCs Mn-FeOOH/CNNS - 50 300 mg/L 20 99.7% [61]
TCs Cu/Bi 0,5 - 30 30 mg 30 90.4% [62]
TCs Co/BiVO4-Vo 2.28 10 200 mg/L 20 92.3% [63]
TCH Yby .4 /BiOBr 2.95 100 200 mg/L 20 89.38% [64]
TCH La/FeTiO3 247 120 - 20 91.38% [65]
TCs Bi0A05Lao'95 Cug‘l F€0‘903 2.39 60 100 mg 40 94.6% [66]

Doping photocatalysts with metal ions can introduce intermediate energy levels within
the material, resulting in a narrower bandgap and an expanded range of light absorption.
Furthermore, the strong electron-capturing capability of metal ions facilitates the accu-
mulation of photo-generated electrons in their vicinity, thereby enhancing the separation
efficiency of electron—-hole pairs and significantly improving photocatalytic activity [67].
Qu et al. synthesized a visible-light-responsive composite photocatalyst, the K-doped
g-C3N4/BiOBr [68]. Photocurrent and electrochemical experimental results demonstrate
that the incorporation of K effectively reduces the bandgap of the g-C3Ny/BiOBr composite
material and enhances the separation efficiency of photogenerated charge carriers, leading
to efficient degradation of tetracycline hydrochloride (TCH).

In comparison to metal ions, non-metal ions are less prone to forming complex centers
and do not deplete light-induced charges, thereby enhancing photocatalytic activity more
effectively [69]. To enhance absorption in the visible region, a viable approach is to mod-
erately narrow the bandgap by introducing localized electronic energy levels within the
forbidden band. Common methods include lattice gap doping and substitutional doping
of oxygen atoms with non-metallic elements. Frequently used dopants include N, S, C, B, P
and F. Nitrogen doping is particularly prevalent, due to its diverse sources and effective
bandgap optimization [70]. Tao et al. developed a nitrogen-doped reduced TiO, porous
photocatalyst using atmospheric plasma spraying (APS) technology combined with geo-
metric concepts, achieving synthesis in just 15 min. The narrower band-gap values enable
more effective utilization of visible and near-infrared light, decreasing the recombination
rate of photogenerated electrons and holes, and facilitating the photocatalytic reaction [71].

2.3. Mesoporous Material-Loaded Photocatalysts

Mesoporous materials (with pore sizes ranging from 2 to 50 nm) are increasingly recog-
nized as highly promising carriers for the immobilization of photocatalysts, owing to their
distinctive porous architecture. This structure confers several advantages over non-porous
supports, including the mitigation of catalyst agglomeration and an enhancement in charge
transfer rates, both of which significantly improve catalytic efficiency. Furthermore, the
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mesoporous framework and interconnected pore channels facilitate the uniform dispersion
of granular photocatalysts across their surfaces or within their pores. This effectively
addresses the challenge posed by agglomeration in single-component photocatalysts that
hinders light absorption at active sites. Consequently, this configuration allows for opti-
mal interaction between the catalyst and substrate, thereby enhancing mass-transfer and
diffusion processes critical for efficient photocatalytic activity [72].

Currently, commonly used mesoporous materials include mesoporous carbon-based
materials, metal oxides, and MOFs [73-75]. Maliheh et al. employed SiO; clusters as
templates to synthesize mesoporous graphitic carbon nitride nanoclusters (NCMCN),
which exhibited exceptional photocatalytic performance, achieving complete degrada-
tion of TC solution within 30 min [76]. Tang et al. constructed a 2D/2D CeO/BiOCl
S-type photocatalyst consisting of mesoporous CeO and BiOCI nanosheets (NSs) [77],
which exhibited excellent photocatalytic activity for four antibiotics, TCs, chlortetracycline
(CTC), doxycycline (DOC), and oxytetracycline (OTC). A simple method for synthesizing a
ternary nanocomposite comprising strontium oxide-modified mesoporous graphitic carbon
nitride supported on titanium dioxide (SrO-mpg-CN/TiO;) has been developed. This
nanocomposite demonstrates significant efficiency as a heterojunction photocatalyst for the
degradation of tetracycline antibiotics [78]. The doping of rare-earth elements is capable of
modifying the crystal lattice structure, generating defects, facilitating the in situ creation
of oxygen holes within the crystal, augmenting the bandgap, and expanding the light
absorption range from localized areas to the entire spectrum. Additionally, among various
functional energy materials, mesoporous crystalline framework materials (MCFs) with
pore diameters of 2 to 50 nm and crystallized pore walls are recognized for their signifi-
cant potential in energy applications, due to their exceptional physical properties. MCFs
typically feature a high surface area and accessible mesoporosity for reactants, as well as
semiconductor walls that enable photoelectric conversion. By fine-tuning the pore structure
or other intrinsic characteristics, photocatalytic performance can be notably enhanced [79].
In recent decades, the importance of nanostructures in developing novel high-performance
mesoporous materials has become increasingly evident. Several synthetic methods have
been developed to control the size and morphology of MCFs, including zero-dimensional
particles, one-dimensional nanorods, two-dimensional nanosheets, and three-dimensional
nanospheres. Table 3 provides a summary of recent studies conducted over the past two
years on the degradation of TCs and TCH in aquatic environments using mesoporous
material-loaded photocatalysts.

Table 3. Degradation of TCs and TCH by mesoporous material-loaded photocatalysts.

Band-Gap Degradation Condition b d
. "
Pollutants Materials Energy Time/min Catalyst Concentration of E?égiei;;n Ref.
(eV Dosage Pollutants (mg/L)

M I-doped g-C3Ny4 with o

TCs Sf;opgro"f‘}s dop‘;ﬁf (GgCI\?—Ié. 5“5; 245 150 600 mg/L 10 99.8% [80]
nanoporous-TiO;-encapsulating
TCs macroporous-double-gyroid-structure 2.82 60 - 10 93.6% [81]
photocatalyst (TiO,@DGS)
TCs Tiog5Rqu05027y - 50 20 mg 10 98.7% [82]
TCs B-g-C3N4/SBA-152 2.19 120 10 mg 20 93.74% [83]
TCs MnCo,04/TiO, 213 60 160 mg/L 20 100% [84]
HCOF-Ph@g—C3N4
- % 5
TCs (HCg-30% b) 14 30 mg 30 100% [85]
porous molybdenum graphene aerogel _ o

TCs (PMGA) 120 500 mg/L 5 97% [86]
TCH CsPbBrs@HZIF-8 - 40 15mg 10 94% 187]

(the hierarchically porous ZIF-8)
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Table 3. Cont.
Band-Gap Degradation Condition Degradation
Pollutants Materials Energy Catalyst Concentration of ici Ref.
. . Effi
(eV) Time/min Dosage Pollutants (mg/L) crency
1-CN@BCO 9
TCs (CN:BO/BCO=1:1) 2.56 40 200 mg/L 20 98.1% [88]
TCs LDH-5n0,-WO; 3.69 120 - 20 95.5% [89]

(LDH, Layered double hydroxides)

2 SBA-15 is a kind of mesoporous molecular sieve. ® 30% is the mass fraction of g-C3Nj.

However, several elements remain unaddressed. Key drawbacks include low thermal
stability, leading to unexpected collapse at high temperatures, and a fragile framework that
cannot withstand significant strains. Fewer than 30 metal elements can form mesoporous
crystalline frameworks (MCFs), most relying on aggregation mechanisms for structure
formation. Only a small fraction of these can effectively assemble with templates to produce
well-defined MCFs.

2.4. Carbon Quantum Dot Photocatalyst

In recent decades, fluorescent quantum dots have gained significant attention for their
tunable optoelectronic properties [90]. They can be categorized into polymer dots (PDs),
graphene quantum dots (GQDs), and carbon quantum dots (CQDs). Among these, CQDs
are ideal alternatives to traditional quantum dots, due to their non-toxic carbon sources
and simple synthesis methods, addressing environmental concerns. CQDs inherit the
superior upconversion photoluminescence and stability of conventional quantum dots,
while offering excellent chemical stability and water solubility. Their outstanding electronic
properties and biocompatibility enable applications in biological imaging, chemical sensing,
optoelectronics, and photocatalysis.

Zhang et al. developed a nitrogen-doped carbon quantum dot (N-CQD)-modified oxy-
gen vacancy CuFe,O4/nitrogen vacancy g-CsNy (CFOv/NvCN) composite material [91].
Carbon quantum dots efficiently connect two semiconductors, enabling swift transport
of electron-hole pairs. This promotes rapid movement of photogenerated carriers and
facilitates efficient degradation of TCs in a short time-frame. Gandharve Kumar et al.
presented a highly efficient approach for the photocatalytic degradation of tetracycline and
ciprofloxacin in aqueous media, utilizing an optimized nanocomposite of silicon-doped
carbon quantum dots (1.051CQDs) decorated on bismuth molybdate (Bi,M0Oy) as a solar
photocatalyst. This photocatalyst is synthesized through a hydrothermal method [92]. In
addition, novel composite photocatalysts modified with carbon quantum dots (CQDs)
effectively combine the advantages of multiple photocatalytic materials, thereby enhancing
degradation efficiency and enabling the comprehensive optimization of photocatalytic per-
formance. An organic/inorganic ternary S-scheme system consisting of carbon quantum
dots (CQDs), tetra(4-carboxyphenyl) porphyrin (TCPP), and BiOBr (BOB) microspheres
(TCPP/CQDs/BOB) was ingeniously constructed [93]. In this design system, ternary or
multicomposite systems utilizing carbon quantum dots as intermediates are created. These
designs typically integrate organic and inorganic components smartly, creating a robust
internal electric field at the interface. This configuration facilitates the swift transfer of
photogenerated electrons, leading to the efficient degradation of TCs. This characteristic
simplifies effective interface interaction with g-CsNy-based materials. Hu introduced a
novel approach involving “in situ composites modified by chlorine-doped CQDs” [94]. In
the metal-free g-C3Ny-based photocatalyst system, carbon quantum dots facilitate in situ
growth, while the doped nonmetals and g-C3N4 engage in an in situ coupling reaction.
This interaction yields a conjugate that demonstrates enhanced photocatalytic degradation
performance and hydrogen production efficiency, compared to the individual components.

Recent studies have focused on the green synthesis of CQDs using eco-friendly re-
sources such as rice husk, lemon peel, coal tar pitch, peach juice, and sugarcane juice.
Nayoon Choi et al. incorporated CQDs derived from citric acid and lemon juice into
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TiO, nanocomposites, achieving a TC removal rate of 91.5% after 120 min of visible light
irradiation [95]. Similarly, Ajaypal Kaur et al. used rice straw as a carbon precursor to
synthesize CQDs for photocatalytic applications [96]. They prepared CQD nanocompos-
ites with titanium-substituted and magnesium-substituted strontium ferrite nanoparticles
(Srp.4TigaMgp2FerOy 4) via ultrasonic treatment; the 2:1 ratio CQD-Sr 4Tip 4Mgp 2FerO4 4
exhibited remarkable photocatalytic and antibacterial activity, with tetracycline hydrochlo-
ride degradation efficiencies between 97.1% and 99.0% under visible light. Table 4 provides
a summary of recent studies conducted over the past two years on the degradation of TCs
and TCH in aquatic environments using a carbon quantum dot photocatalyst.

Table 4. Degradation of TCs and TCH by carbon quantum dot photocatalyst.

Degradation Condition

. Band-Gap . Degradation
Pollutants Materials . . Catalyst Concentration of e Ref.
Energy (V) Time/min Dosa}g,e Pollutants (mg/L) Efficiency

TCs CQDs/Cu,0 2.04 100 100 mg 10 92.49% [97]

TCs g-C3N,/CQD/FegNi,BTC @ 2.44 90 2500 mg/L 30 98.28% [98]

TCs Ag3POy4/g-C3Ny /FeNi-BTC 2 /CQD 2.56 60 400 mg/L 30 98.4% [99]
TCH BiOBr/g-C3N,; /CQDs - 50 1000 mg /L 10 99.63% [100]
TCs NCDs/BiOBr/AgBr - 60 40 mg 20 94% [101]
TCs P(1.0)-CQD/Ni-MOL(nickel 2.23 120 30mg 100 98.98% [102]

metal-organic layer)

TCs CQDS/BiVOy - 30 500 mg/L 10 92.3% [103]
TCs N-CQDs/TiO, 2.85 120 200 mg/L 10 97.7% [104]
TCs CQDs/FeOx 1.40 320 2000 mg/L 20 98.21% [105]
TCH CA (carbon aerogel)/BiOCl 3.16 120 200 mg/L 20 100% [106]

2 BTC, Benzene-1,3,5-tricarboxylic acid.

2.5. Floatation-Based Photocatalysts

Conventional photocatalysts are predominantly in powder form, and require constant
stirring during use to prevent sedimentation in aqueous environments. As the water depth
increases, the permissible light intensity markedly decreases, which adversely impacts pho-
tocatalytic efficiency and escalates energy production costs. In addition, conventional pho-
tocatalysts encounter challenges related to incomplete solid-liquid separation, complicating
recovery processes. Therefore, floatable photocatalysts have emerged. The photocatalytic
process operates at the water surface as illustrated in Figure 2, effectively capturing light
without the risk of sinking. The robust interactions between floating carriers and surfactant-
like nanoparticles enhance both reusability and stability. Floating photocatalysts can be
categorized into two types: the support-type and self-floating photocatalysts. Support-type
photocatalysts integrate a carrier with a catalyst to facilitate effective light absorption while
ensuring stable flotation on the water’s surface. In contrast, self-floating photocatalysts do
not require an external carrier; they achieve buoyancy through the formation of numerous
closed pores or hollow structures within their framework.

The operational environment requires high stability and continuous performance from
photocatalyst carriers. Expanded perlite (EP), with its chemical stability, homogeneity,
and large specific surface area, is an excellent support choice. The SiO;, in the carrier
forms strong Ti-O-Si bonds with TiO, and other active components. However, untreated
expanded perlite’s thin walls and fragility, coupled with high water absorption, can lead
to delamination and reduced performance. Developing self-floating functional materials
via in situ growth treatments enhances catalyst adhesion to the modified expanded perlite
support, thereby improving stability and efficiency. Chen et al. developed a floating
photocatalyst by utilizing melamine as the precursor for g-C3Ny4 and expanded perlite as
the support [107]. Liu et al. developed a buoyant expanded perlite (EP) modified with
hpolydopamine (PDA) as a carrier and used a room-temperature stirring method to grow
MIL-88A (Fe) in situ on its surface, resulting in the large-scale production of floating MIL-
88A (Fe)@EP (M@EP) photocatalysts [108]. In situ modification enhanced the loading rate
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of the original photocatalysts, establishing a robust interface between the photocatalyst and
expanded perlite.

Figure 2. Mechanism of degradation of TCs by self-floating photocatalyst.

By developing self-floating photocatalysts, the effective capture probability of light in
the photocatalytic redox cycle can be significantly enhanced. This advancement facilitates
the oxidation of pollutants and the reduction of CO;,, leading to a marked increase in
hydrogen evolution rates. Such findings offer valuable insights for designing cost-effective,
clean, and efficient floating photocatalysts. Wang et al. integrated ZnSnO3 quantum dots
(ZSO QDs) into bismaleimide-co-vinylbenzene porous microspheres (PBMs) to create a
polymer composite microreactor with an S-scheme heterojunction [109]. The antibiotic
pollutants were efficiently subjected to catalytic oxidation and degradation under light
exposure, resulting in the reduction of generated CO, to high-value carbon monoxide (CO).
Zhang et al. developed a self-floating wood evaporator for photothermal evaporation and
catalytic degradation by functionalizing lightwood with carbon nanotubes (CNTs) and
manganese dioxide (MnO,) nanoflowers using solar-thermal conversion materials [110].
The unique wetting properties of the dry lightwood substrate enable the formation of
a non-wetting internal structure and precise water channels, ensuring effective water
supply, thermal localization, sufficient mass transfer, and high buoyancy. Table 5 provides
a summary of recent studies conducted over the past two years on the degradation of TCs
and TCH in aquatic environments using floatation-based photocatalysts.

Table 5. Degradation of TCs and TCH by floatation-based photocatalysts.

Degradation Condition

. Band-Gap : Degradation
Pollutants Materials Energy €V)  Time/min Catalyst ((:)(;r;’coeltllltxrt:trll(t)sn Efficiency Ref
Dosage (mg/L)

TCH -C3Ny on polyurethane foam - 120 30 mg/L 5 96.8% [111]
TCs BiOCl/BiOBr@FACs (fly ash cenospheres) 2.98 60 1000 mg/L 30 86.1% [112]
TCs V-BiOIO; /FTCN gﬁgasec)ale tubular carbon ) 60 400 mg/L 10 89% [13]
TCs CuO-MoS; /C3Ny-expanded graphite - 60 330 mg/L 50 99% [114]
TCs Bi-Bi; O,CO3-ZnBi; Oy 3.05 180 875 mg/L 10 97.5% [115]

Self- o

TCH suspending aluminum-plastic supported TiO, B 240 2000 mg/L. 30 93.6% [i1el
TCs FeMo3Oy /g-C3Ny4/EP (expanded perlite) 2.05 60 1330 mg/L 25 98% [117]
TCH FeOOH/EPE(expandable golyethylene) - 14 350 mg 20 96.76% [118]
TCs PS@TiO, /Bi, O3 3.53 60 200 mg/L 50 88.4% [119]
TCs FeMo3Oy /C3Ny4-EP (expanded perlite) - 30 1000 mg/L 50 97.8% [120]

Future research may focus on integrating photocatalysis and electrophotocatalysis in
this floating system to enhance treatment and monitoring capabilities for pharmaceutical
wastewater. The floating photocatalyst absorbs solar energy from the water’s surface to
degrade organic pollutants, while electrocatalytic processes ensure complete mineraliza-
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tion. Continuous monitoring of electrical current allows real-time assessment of chemical
concentrations in the water, facilitating timely adjustments for optimization.

2.6. Heterojunction Photocatalysts

In photocatalytic reactions, light excites electrons in the valence band (VB) of a
semiconductor photocatalyst, promoting them to the conduction band (CB) and gener-
ating electron—hole pairs. These pairs are then separated and migrate to the surface,
where oxidation-reduction reactions occur. Finally, fractional charge carriers recom-
bine at the interface [121]. Thus, effective light absorption is essential for enhancing
photocatalytic efficiency.

To improve visible-light-responsive photocatalysts, it is crucial to accelerate the gen-
eration and transport of photogenerated charge carriers while delaying their recombina-
tion [122]. Single-component semiconductor photocatalysts often struggle to achieve both
broad light absorption and efficient charge separation, leading to inadequate performance
for practical applications [123]. Heterojunction photocatalysts offer a promising solution
by combining the strengths of different components. They consist of interfaces between
semiconductors with varying bandgap structures, and can be classified into four types:
Type I, Type 1I, Z-type, and S-type heterojunctions and as shown in Figure 3 below.
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Figure 3. (a) Type-I heterojunction photocatalysts. (b) Type-II heterojunction photocatalysts.
(c) Z-scheme heterojunction and (d) S-scheme heterojunction.

2.6.1. Type-I and Type-II Heterojunction Photocatalysts

In Type I heterojunction photocatalytic systems, the CB level of semiconductor A is
higher than that of semiconductor B, while its VB position is lower [124]. This configuration
leads to the accumulation of photo-generated charge carriers in the VB and CB of semicon-
ductor B under illumination, resulting in ineffective electron-hole separation and a high
recombination rate, which impairs photocatalytic efficiency. Type II heterojunction photo-
catalysts were developed to overcome this limitation. In these systems, both the VB and
CB levels of semiconductor A are above those of semiconductor B. When illuminated with
light equal to or greater than the bandgap energy of semiconductor B, electrons are excited
into the empty CB, while leaving holes in the VB. The holes migrate to semiconductor A as
photo-generated electrons move toward semiconductor B. This simultaneous migration re-
duces recombination rates and extends electron lifetimes, thereby enhancing photocatalytic
efficiency. Among Type II heterojunctions, the p-n heterojunction demonstrates the most
enhanced performance. Under illumination, both P-type and N-type materials are photoex-
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cited, generating charge carriers. When these semiconductors come into close contact, an
internal electric field forms at the interface due to the difference in their Fermi energy (EF)
levels. This leads to the migration of electrons from the P-type to the N-type semiconductor,
effectively separating the electron-hole pairs and thereby improving the photocatalytic
activity of the material [125]. A p-n heterojunction, NiFeO/ZnInS was synthesized by
Wang et al. to enhance carrier migration [126]. Yu et al. synthesized copper oxide/calcium
tungsten oxide (CuO/CaWO) composites via a straightforward hydrothermal method [127].
The formation of the p-n heterojunction facilitates the generation of holes and electrons
at the interface between two distinct semiconductor catalytic materials, resulting in the
establishment of a built-in electric field within the composite catalyst. This configuration
exhibits enhanced electroactivity compared to individual semiconductor catalysts, thereby
accelerating the disintegration of TCs.

2.6.2. Z-Scheme Heterojunction Photocatalysts

The Z-type heterojunction facilitates the recombination of electrons and holes gen-
erated in two low-energy semiconductors. It first combines holes with lower oxidation-
reduction potential from semiconductors A and B with electrons, while retaining those
with higher potentials [128]. Photogenerated holes accumulate at the VB of SC-A and
electrons at the CB of SC-B, enabling distinct oxidation and reduction reactions within this
system. This structure effectively enhances electron-hole pair separation while preserving
the catalyst’s strong oxidizing and reducing capabilities.

However, this system has limitations. Traditional Z-scheme photocatalysts require
liquid phases, and most liquid-phase redox media are unstable and prone to deactivation,
which reduces photocatalytic efficiency. Therefore, materials with good electrical conduc-
tivity are essential. Otherwise, electron transfer pathways may be hindered, halting the
photocatalytic reaction.

Noble metals are excellent electronic mediators in solid-state Z-type photocatalysts.
Ma et al. synthesized a hierarchical flower-like Z-type heterojunction using microwave-
assisted methods with metallic silver as a charge transfer bridge [129]. The optimized
photocatalyst exhibited impressive photocatalytic performance under visible light, sig-
nificantly surpassing the efficacy of pure Ag/AgBr. In parallel, Lu et al. successfully
fabricated an Agl/PCN-224 (APN-x composite material) Z-type heterojunction via in situ
precipitation [130]. However, the use of noble metals as co-catalysts not only has a limited
scope of application, but also increases the cost of the catalyst. To overcome the limitations
of heterojunction morphology, it is crucial to develop a more universal approach for the
future. This advancement will facilitate the creation of non-noble metal catalysts for CO,
reduction and H,O oxidation, thereby enhancing spatial separation on semiconductor
surfaces and promoting efficient photocatalytic degradation of TCs.

Moreover, coupling Z-scheme photocatalysts with other types of photocatalysts rep-
resents an effective strategy for optimizing photocatalytic performance [131]. A novel
CuAl,O4/MoS, /BaFe,019 (CAO/MS/BFO) magnetic photocatalyst was designed to couple
both Type I and Z-scheme heterojunctions [132]. Zhou et al. prepared a novel Z-type +
[I-type ternary heterojunction nanocomposite by one-step solvothermal method using g-C3Ny,
FeS and FeO as raw materials. The enhanced light-absorption capacity, spatially efficient
carrier separation, and increased electron transfer pathways within the Z-Scheme + Type
IT composite system significantly contributed to the improved photocatalytic degradation
efficiency. Degradation efficiency under optimal conditions is almost three times higher than
pure g-C3Ny [133]. In the long run, the photocatalytic fuel cell (PFC) system represents a
novel approach for environmental remediation, leveraging the unique benefits of composite
photocatalysts that integrate diverse heterojunction structures. By strategically positioning
each component on appropriate electrodes and systematically optimizing the energy band
alignment between the cathode and anode, this system enhances electron transfer between
electrodes. This arrangement not only boosts the synergistic photocatalytic effects of both
electrodes, but also significantly improves the degradation efficiency of TCs.



Catalysts 2024, 14, 762

13 of 31

2.6.3. S-Scheme Heterojunction Photocatalysts

Currently, the majority of photocatalysts are limited to utilizing ultraviolet (UV)
and visible light for photocatalytic reactions, often overlooking the potential of near-
infrared (NIR) radiation. NIR constitutes over 50% of solar radiation, but has been
largely disregarded due to its lower photon energy. Nevertheless, NIR can enhance the
temperature of the reaction system through photothermal effects, thereby facilitating
photocatalytic processes [134].

The effective utilization of near-infrared light to enhance solar energy-conversion
efficiency and photocatalytic performance is of significant importance. The S-type hetero-
junction has emerged as a promising solution, by improving the separation efficiency of
photogenerated charge carriers and enhancing the redox capabilities of electrons (e™) and
holes (h*). This S-type heterojunction comprises a reduction photocatalyst (RP) with a
higher CB level and Fermi level, alongside an oxidation photocatalyst (OP) characterized
by a lower VB level and Fermi level. Upon contact, electrons migrate from RP to OP due
to the difference in their Fermi levels, resulting in the formation of an internal electric
field (IEF) at their interface that induces band bending. This IEF effectively prevents the
recombination of photogenerated electrons in the conduction band of OP with holes in
the valence band of RP, while retaining strong redox-active charge carriers. Additionally,
incorporating narrower-bandgap semiconductors can broaden the light absorption range
while maintaining efficient charge separation, thus enhancing photocatalytic efficiency.

Due to these advantages, S-type heterojunctions have been widely applied in vari-
ous photocatalytic processes [135]. A robust MnFeO/ZIF-8 S-scheme heterojunction was
synthesized using an eco-friendly green approach [136]. Additionally, hydroxyl (-OH)
radicals were identified as the primary oxidants driving the photocatalytic degradation
process. Wang et al. developed an innovative S-type heterojunction composed of biochar/g-
C3N4/BiOBr (BCN/BiOBr) [137], which demonstrated efficient tetracycline degradation.
Moreover, the S-type heterojunction is an outstanding option for photoanodes in emerging
photoelectrochemical technologies, such as the Fenton process combined with photocataly-
sis. This configuration facilitates effective separation of electron-hole pairs, enhancing the
redox capacity through mechanisms involving internal electric fields, band edge bending,
and Coulomb interactions. For instance, Sun et al. developed a photoelectrocatalytic system
featuring an S-type MgO/g-C3N4 photoanode paired with a modified carbon felt (MCF)
cathode [138]. This heterojunction, composed of both organic and inorganic semiconduc-
tors, maximizes the benefits of each material, expanding light absorption and mitigating
the rapid recombination of photogenerated electron-hole pairs typical of single semicon-
ductor systems. Additionally, the nonmetallic semiconductor serves as an electron donor,
thereby reducing the leaching of toxic metal ions. Table 6 shows their recent applications
for degrading pesticides and pharmaceutical pollutants over the past two years.

Table 6. Degradation of TCs and TCH by S-Scheme heterojunction photocatalysts.

Band-Gap Magnitude Degradation Conditions
. Semiconductor Degradation
Pollutants Materials eV) Heterojunction Time  Catalyst Col:l(;lel:tt:ar;iton Efficiency Ref.
A B (eV) (min) Dosage (mg/L)

TCs ) In, O3 /TiO, 2.84 32 2.48 180 500 mg/L 20 98% [139]
OXYEngaCC)YCh“e CdMoO4/CdO 36 21 - 90 50 mg 40 9538%  [140]
TCs ZnO/Zn3(POy)> 3.23 3.03 3.10 90 50 mg 20 97% [141]
TCH SnS, /TiO, 2.21 3.00 2.73 90 1.5 cm? 10 93.4% [142]
TCs InVOy/ZnIn,Sy 2.00 2.30 - 45 600 mg/L 50 90.69% [143]
TCs (BiO),CO5/BiOCl 3.02 3.17 3.05 60 50 mg 10 95.3% [144]
TCs g-C3Ny/Mn; Feq 9Oy 2.75 2.03 - 90 500 mg/L 40 94.7% [145]
TCs Bi40512 /Bi3464M00.3606'55 2.27 241 - 60 200 mg/L 10 91% []46]
TCH In, O3 /BigOs5Bry 2.63 2.57 - 100 35mg 20 92.4% [147]
TCs Cu-MOF/ZnWOy 2.7 3.0 1.25 60 20 mg 20 98% [148]
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3. Catalytic Oxidation of Tetracycline Antibiotics by Photocatalytic Materials and
Their Derivatives

3.1. Mechanism of Catalytic Oxidation of Tetracycline Antibiotics

The main mechanism of antibiotic photocatalytic degradation can be summarized as
the generation of active species (H*, .0%2~, -OH) and the degradation of antibiotic TCs [149].
The specific photocatalytic mechanism is shown in the Figure 4 below. The process is
often accompanied by the simultaneous occurrence of oxidation and reduction reactions.
Specifically, when photons with energy greater than the bandgap of the photocatalyst
strike its surface, electrons in the valence band (VB) are excited to the conduction band
(CB), generating an equal number of positively charged holes (h*) in the VB (Equation
(1)). These holes migrate to the surface, and if the standard oxidation-reduction potential
exceeds +1.99 eV (Eo(-OH/OH™)) and 2.27eV (Eq(H,O/-OH)) [150], h* can be captured by
H,O, producing highly oxidative -OH radicals. Additionally, depending on medium pH
(Equation (2)), hydroxyl radicals (-OH) are generated during H,O/OH™ oxidation [151].
Both OH™ and -OH serve as highly reactive oxidants in photocatalytic processes.
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Figure 4. Mechanism of catalytic oxidation of antibiotics.

When the standard oxidation-reduction potential of CB is below —0.33 eV (Eq(O,/ .0%)
= —0.33 eV) [150], photo-excited electrons migrating to the semiconductor surface typ-
ically react with adsorbed O,, generating free radicals such as superoxide anion -O?~
(Equation (3)). These radicals, including OH™ and -OH, can then migrate to the cata-
lyst surface and engage in oxidation-reduction reactions with antibiotics, promoting the
degradation of tetracyclines (TCs) [152] (Equation (4)).

Photocatalyst + hv — photocatalyst + h*+ e~ (1)

H,O/OH™ +h™ — -OH+ H* ()

e +0, — -0?~ 3)

Antibiotics +reactive species (h* + e~ + -OH + ~OZ*) — intermediates — CO, + H,O 4)

However, photocatalytic processes typically necessitate continuous external light
illumination to drive photoredox reactions, which significantly limits their applicability in
dark environments. And it is crucial to study the mechanism of TCs degradation under
unnatural light conditions [153].

Under UV light irradiation, heterojunction photocatalysts typically generate an in-
trinsic electric field at the interface between semiconductors. Wei et al. investigated the
tetracycline degradation efficiency of oxygen-doped g-C3N,/BiOCI (S-scheme) heterojunc-
tions under UV light [154]. Density functional theory (DFT) calculations and ultraviolet
photoelectron spectroscopy (UPS) jointly revealed a unique chemical environment and
electronic structure between OCN and BiOC], formed due to the built-in electric field,
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which facilitated enhanced charge migration for photogenerated currents. Xu et al. suc-
cessfully synthesized BiOCl/OVs-BiPO, heterojunction photocatalysts in situ by treating
BiPOy4 with dilute hydrochloric acid (HCl) under hydrothermal conditions [155]. Systematic
characterization showed that the surface oxygen vacancies (OVs) and the interface electric
field at the heterojunction accelerated the separation and migration of photogenerated
carriers, while the surface OVs provided more active sites for adsorption and reaction.
Wang et al. prepared a series of highly active and stable visible-light-responsive photo-
catalysts via solvothermal methods [156]. UV photoelectron spectroscopy (UPS), X-ray
photoelectron spectroscopy (XPS), and electron spin resonance (ESR) measurements con-
firmed the formation of a Z-scheme heterojunction between Niln,S4 and UiO-66. The
synergistic effects of the built-in electric field, energy band bending, and Coulomb interac-
tions at the Z-scheme interface facilitated the suppression of photogenerated electron-hole
recombination, significantly enhancing photocatalytic activity.

However, the photocatalytic mechanisms vary, depending on the material’s efficiency
in utilizing light. An ideal photocatalyst should simultaneously maintain broad light
absorption across the solar radiation spectrum (requiring a narrow bandgap) and strong
redox capability (requiring a wide bandgap). Common wide-bandgap semiconductors
typically absorb light within the UV region, where UV light with wavelengths shorter than
420 nm accounts for only about 4% of solar energy. Therefore, investigating the optimal
degradation mechanism of efficient wide-bandgap photocatalysts under UV light and
the efficient utilization of broad-spectrum light for tetracycline degradation by narrow-
bandgap photocatalysts becomes particularly important [157]. Zhao et al. overcame the
weak UV response issue caused by the wide bandgap of Bi;O,COs3 by surface modification
with g-C3N4, which improved its photocatalytic activity [158]. Transient photocurrent
measurements revealed an increase in photogenerated carriers, and photoluminescence
(PL) spectra indicated that surface modification with g-C3Ny suppressed the recombination
of photogenerated electrons and holes, significantly improving carrier separation efficiency.
Zhou et al. synthesized nitrogen-deficient g-C3Njy using formic acid-assisted pyrolysis,
with formic acid used to modify the top atoms and effectively reduce the bandgap [159].
Photochemical experiments confirmed that -O,~ and 10, free radicals dominated the
photocatalytic degradation process.

Moreover, photocatalytic processes require continuous external light illumination
to drive photoredox reactions, which severely hinders their application in dark environ-
ments. In the absence of light at night, photocatalytic systems based on free radicals for
the degradation of refractory organic pollutants in aquatic environments tend to enter a
dormant state. Therefore, A 24 h photocatalyst, CCN@SMSED, was synthesized through
the in situ growth of cyanide-deficient g-C3N, on Sr;MgSi,O7:Eu®*, Dy>* using a sim-
ple calcination method [160]. The generated free radicals (-O,~ and -OH) and non-free
radicals (h* and 'O,) are key factors for the photocatalyst’s excellent degradation of tetra-
cycline under both light and dark conditions. The main degradation pathways for TCs
include demethylation, ring-opening, deamination, and dehydration. Fu et al. synthesized
Ti3Cy /TiO, / Ag persistent photocatalysts and further improved the dark reactivity using
peroxomonosulfate (PMS) [161]. Shi et al. reported the synthesis of honeycombed S-doped
g-CN-NiCoO catalysts via a one-step in situ growth method. These catalysts activated
peroxymonosulfate (PMS), facilitating rapid degradation of high-concentration pollutants
in both light and dark conditions [162]. In summary, materials that enable continuous
photocatalytic degradation of TCs exhibit remarkable electron storage capacity, allowing
them to retain additional excitation charges while generating photogenerated electron-hole
pairs under light irradiation. This stored charge can subsequently be released to facilitate
sustained catalytic oxidation during dark reactions after light exposure, thereby ensuring
uninterrupted photocatalytic activity throughout the day.
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3.2. Strategies for Optimising Photocatalyst Degradation of Tetracycline Antibiotics
3.2.1. Separation and Charge Transfer Rates of Catalyst Surface Carriers

For most semiconductor photocatalysts, the recombination rate of surface-generated
electron-hole pairs is very fast (10712 to 101! s), while interfacial charge transfer occurs
more slowly (10’7 to 10~ s). Thus, charge capture, transfer, and surface reactions are
crucial steps that determine the rate of photocatalytic degradation [163]. Inhibiting surface
charge recombination and facilitating charge transfer to active sites are effective strategies
for enhancing charge carrier dynamics and improving photocatalytic hydrogen production
efficiency. Ma et al. synthesized ultra-thin BiVO, nanoplates (4-5 nm), providing abundant
active sites for photocatalytic reactions and reducing the migration distance of photogen-
erated charge carriers [164]. By growing Au nanoparticles and Cu,O nanolayers in situ
on BiVOy,, multiple charge transport pathways were created, enhancing carrier separa-
tion and transport efficiency, which improved tetracycline degradation performance. The
BiVO4-Au-CuyO nanoplates exhibited superior catalytic activity (degradation rates were
4.3 times higher than BiVO, alone), as well as 1.6 and 2.3 times higher than those observed
for BiVO4-Au and BiVO,4-Cu,O ultra-thin nanoplates, respectively. The localized surface
plasmon resonance (LSPR) effect from Au nanoparticles also contributed to this enhance-
ment. Capture experiments and electron paramagnetic resonance (EPR) confirmed that
holes (h*) and hydroxyl radicals (-OH) were the main active species during photocatalysis.

The built-in electric field (IEF) plays a crucial role in semiconductor heterojunctions,
serving not only as an intrinsic driving force that enhances the efficiency of charge carrier
separation but also inducing the diffusion and migration of charge carriers at the interface
between the catalyst and its substrate. Currently, most research on IEF provides only
qualitative evidence for its existence; however, our understanding of its various distribution
forms—from the interface to the molecular scale—including independent, series, and
parallel configurations, as well as how geometric shape and arrangement influence charge
carrier transport and interactions, remains limited. Chen et al. demonstrated that the
anisotropic built-in electric fields induced by different crystal facets serve as an effective
driving force for charge separation in photocatalytic materials [165]. By manipulating
the anisotropy of exposed surfaces—referred to as “surface engineering strategies”—the
efficiency of charge separation can be enhanced, facilitating spatial segregation of electrons
and holes across distinct facets of the photocatalyst particles. Fermi-level calculations
indicated that these Co;.4S nanosheets function as electron “pumps,” enabling spontaneous
charge transfer to multiple Co304 nanowires and establishing a multi-parallel built-in
electric field (MPBIEF). This electric field is distributed parallel to the plane of Co;_4S,
leading to an asymmetric distribution of surface charges at the interface with Co30Oy,
thereby creating localized “electron reservoirs.” Such a distinctive architecture promotes
directed asymmetric diffusion motion of charge carriers under illumination conditions,
ultimately achieving efficient separation and migration of these carriers.

3.2.2. Broad-Spectrum Response Characteristics

In the context of photocatalysis, a fundamental contradiction exists between strong
redox capabilities and broad spectral responsiveness. For wide-bandgap photocatalysts,
achieving robust reduction or oxidation abilities inevitably results in light absorption limi-
tations, which consequently diminish their photocatalytic activity. Therefore, it is crucial to
ingeniously design the light absorption intensity of these photocatalysts while maintaining
their inherent strong redox properties [166]. Recently, monomers featuring triazine struc-
tures, porphyrins or phenolic functional groups such as 2,4,6-trimethoxybenzoquinone
have been employed in the synthesis of covalent organic frameworks (COFs) to enhance
charge separation efficiency. However, the majority of COFs exhibit a narrow absorption
range, typically between 200 nm and 550 nm, which results in reduced photocatalytic
efficiency. Fang et al. selected Py(1,3,6,8-tetrakis(4-aminophenyl)pyrene) molecules with
conjugated electrons as the electron donor units and TpDPP(5,5’ -(2,5-bis(2-ethylhexyl)—3,6-
dioxo-2,3,5,6-tetrahydropyrrolo [3,4-c]pyrrole-1,4-diyl)bis(thiophene-2-carbaldehyde) as
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the electron acceptor, to synthesize novel TpDPP-Py COFs featuring a large m-conjugated
system [167]. They observed that thiophene functional groups were precisely incorporated
into the electron acceptor units of the TpDPP-Py COFs, which not only significantly ex-
tended the spectral absorption range from 200 nm to 900 nm (covering ultraviolet, visible,
and near-infrared light) but also imparted dual-photon and triple-photon absorption effects,
thereby greatly enhancing sunlight utilization efficiency.

In addition to requiring a narrow bandgap for effective solar light absorption, the
thermodynamic criteria for water splitting demand precise alignment of the conduction
and valence bands. This alignment is essential to ensure that photon-generated charge
carriers possess sufficient energy to drive subsequent catalytic reactions, particularly given
the significant overpotential associated with water oxidation. Currently reported photo-
catalysts absorbing wavelengths above 600 nm are primarily non-metal-doped materials,
such as nitrogen (N) and sulfur (S), which are prone to self-corrosion from oxidation by
photo-generated holes under illumination. Thus, designing novel oxide semiconductor
materials with broad-spectrum absorption and structural stability presents considerable
challenges in this field. Tao et al. examined the outer electronic structure of bismuth in
bismuth-based semiconductors, focusing on the influence of crystal structure and orbital
hybridization on band modulation [168]. They investigated bismuth chromate materials
with varied chemical compositions and crystal structures. Through optimized synthesis
conditions, they synthesized a novel triclinic phase of bismuth chromate (BipCrOg). Optical
absorption studies indicated that the bandwidth of triclinic Bi;CrOg is approximately 1.86
eV, with an absorption edge exceeding 650 nm; additionally, the valence band position
meets thermodynamic criteria for both proton reduction and water oxidation. Zhou et al.
synthesized InGaN/GaN nanowires (NWs) on silicon substrates using molecular-beam
epitaxy (MBE), and subsequently loaded Rh/Cr,O3 core/shell and Co30O4 nanoparticles
as co-photocatalysts via in situ photodeposition [169]. The results indicate that the In-
GaN/GaN NWs exhibit high crystallinity, growing along the [002] direction, with GaN
serving as a capping layer to support the InGaN structure. The distribution of indium
within the InGaN/GaN NWs induces variations in the bandgap, thereby facilitating broad-
band light absorption.

3.2.3. Efficient Activation of Persulfates

AOPs based on persulfates, including peroxymonosulfate (PMS) and peroxydisulfate
(PDS), are effective for degrading organic pollutants. These compounds possess strong
oxidizing abilities (Ey of 1.96 V for PDS and 1.75 V for PMS), a wide pH range, favorable
selectivity, and long half-lives, making them attractive alternatives in water treatment
and soil remediation. However, PMS and PDS typically require activation to generate
free radicals or reactive oxygen species (ROS) for effective pollutant degradation. Carbon
nanotubes (CNTs) have shown excellent performance in activating persulfates as versatile
carbon nanomaterials [170-172].

Zhao et al. developed a copper doping strategy that enhances the dispersion of
B-O-Cu sites and graphitic nitrogen in boron and nitrogen co-doped carbon nanotubes,
facilitating the activation of peroxymonosulfate (PMS) for TC degradation [173]. The
substantial improvement in degradation efficiency is attributed to B-O-Cu sites promoting
Cu(I)/Cu(Il) redox cycling and graphitic nitrogen enhancing electron transfer with PMS.
Additionally, transition-metal photocatalysts like Cu, Ag, Co, Mn, and Fe are effective
in activating PMS to generate sulfate radicals (SO4%7). Chen et al. synthesized a novel
Fe-Mn bimetallic catalyst using Mn-doped «-Fe;O3 precursors via a one-step hydrothermal
method, activating persulfate (PMS) for TC degradation [174]. Density-of-states analysis
revealed that the electronic spin characteristics of FMDS-3 brought its peak closer to the
Fermi level, promoting PMS adsorption on the catalyst surface.

Metal-free g-C3Ny effectively integrates photocatalytic technology with persulfate (PS)
activation, creating a complementary advanced oxidation process. This environmentally
friendly and chemically stable material is promising for PS activation under light. However,
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its inherent limitations render it nearly inactive in the dark. Thus, there is significant
interest in enhancing the oxidative degradation efficiency of this system while reducing
energy consumption, by developing dual-function metal-free g-C3Ny4 photocatalysts that
can activate PS both photochemically and non-photochemically. Tan et al. [175] enhanced
g-C3Ny through oxygen doping, significantly improving its non-photochemical and photo-
catalytic activation capabilities. This was achieved by optimizing the electronic structure of
oxygen-doped g-C3N4(OCN), increasing PMS adsorption capacity, enhancing light capture
ability, and lowering the energy barrier for PMS activation. Density functional theory (DFT)
calculations revealed that PMS exhibited higher adsorption energy and Bader charge on
OCN compared to g-C3Ny, indicating that it is more easily adsorbed, dissociated, and
activated on OCN.

4. Novel Technologies Under Development
4.1. Novel Composite Structures of Photocatalysts
4.1.1. Aerogel-Based Photocatalysts

Aerogels are three-dimensional nanoparticle-assembled materials characterized by low
density, high porosity, and a large specific-surface area. These properties confer significant
application potential in areas such as thermal insulation, photocatalysis, and drug delivery.
With advancements in synthesis techniques, the role of aerogel materials in photocatalysis
has evolved from initial physical adsorption to encompass applications in environmental
remediation and photochemical reactions related to clean energy [176].

Yuan [176] utilized the sol-gel method with titanium tetraisopropoxide and zinc ac-
etate to prepare Zn,Ti3Og aerogel precursors via CO, supercritical drying. By adjusting
the heat-treatment temperature, they synthesized Zn,TizOg aerogel photocatalysts. Qiu
et al. synthesized a novel lightweight multifunctional C/TiO,@rGO aerogel via one-step in
situ oxidation of MXene [177]. Its unique three-dimensional porous structure and precise
component regulation result in an exceptionally low density, excellent electromagnetic
wave attenuation and favorable impedance matching. Zhang et al. obtained delignified
wood aerogels (DWAs) from natural wood (NW) by the acetic acid-hydrogen peroxide
method using poplar wood as raw material, and further produced aldolylated wood aero-
gels (DAWAs) with satisfactory porosity, high specific-surface area and abundant aldehyde
functional groups [178]. In summary, the porous structure of aerogels enhances the physical
adsorption and transport of tetracycline molecules, optimizing the utilization of photogen-
erated charge carriers. The high specific-surface area of aerogels provides abundant active
sites, significantly improving photocatalytic degradation efficiency. Notably, aerogels with
unique three-dimensional porous structures possess more precise component regulation
systems, resulting in extremely low density, excellent electromagnetic wave attenuation,
and good impedance matching.

4.1.2. Hollow Spherical-Shell Photocatalysts

Hollow nanostructures offer a number of advantages over conventional bulk materials
in photocatalyst design, including effective light scattering and absorption, shortening
of charge migration distances and the enabling of directional charge separation, and the
provision of a large number of reaction sites on the shell surface [179]. Liu et al. syn-
thesized g-C3N4/MoS,-V-3 (CN/MS-V-3) exhibiting remarkable photocatalytic efficiency,
by integrating g-C3Ny4 with a hollow structured MoS; (MoS,-V) [180]. This combination
significantly enhanced visible light absorption and carrier separation efficiency, thereby
promoting the photocatalytic degradation of TCs. Additionally, Cu** ions adsorbed on
the surface of CN/MS-V-3 were reduced to Cu* within the photocatalytic system, facilitat-
ing increased carrier migration and enhancing reactive oxygen species (ROS) generation
through the transfer processes involving Cu?* /Cu* and Mo*" /Mo®*. Notably, this design
ingeniously leverages the electron transport characteristics of co-existing heavy metals, pre-
senting an effective strategy for addressing co-contamination issues arising from antibiotics
and heavy metals.
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Despite the impressive capabilities of photocatalytic systems, there is a notable gap in
developing high-oxidation materials for persistent pollutant remediation. Tin oxide (SnO)
has a higher oxidation potential than titanium dioxide (TiO;) and shows better stability
under complex environmental conditions, making it a promising candidate. However,
its wide bandgap limits its photocatalytic activity, preventing it from fully realizing its
potential. Luo et al. modified copper-doped tin oxide hollow spheres derived from egg
yolk shells (YS-(5)CSO) using a metal-glycolate-assisted metal-organic framework, creating
a multi-layered structure with a large surface area [181]. This design enhances photon
capture through multiple re-expansion/scattering effects and improves charge dissociation
by minimizing ion diffusion pathways. The YS-(5)CSO shell was then combined with
MnCoO nanoparticles (Np-MCO@YS-(5)CSO) to form an S-type heterojunction.

Specially structured photocatalysts can enhance reactive sites and improve the separa-
tion of photogenerated electron-hole pairs. Wu et al. developed a novel Ag,S/BisNbOgCl
photocatalyst via electrostatic interactions under ammonia conditions [182]. This catalyst
features a “cookie”-like morphology with a strong interface, forming a Type II hetero-
junction that prevents photo-induced recombination. Electrons migrate from Ag,S to
BisNbOgCl, avoiding the reduction of Ag™ to metallic silver and stabilizing the catalyst.
Sun et al. synthesized BipsCoOyy silicate nanoplates with a thickness of approximately 1.4
nm, demonstrating sunlight spectrum absorption exceeding 900 nm [183]. The prominent
exposure of the (400) plane creates a strong internal electric field that enhances charge
separation and balances the generation of holes and superoxide radicals. The optimized
morphology increases surface area for redox reactions and light harvesting, improving
photodegradation performance for pollutants. Li et al. synthesized an iron photocatalyst
using a coordination iron metal-organic framework precursor [184]. This method produced
a bird’s nest-structured photocatalyst composed of stacked nanoplatelets, increasing the
surface area by 3.6 times. The FMO-NSs also included smaller nanoparticles and quantum
dot satellites, enhancing charge separation. Photodegradation rates for TCH and oxytetra-
cycline hydrochloride (OTCH) exceeded 90%, with most pollutants fully mineralized and
demonstrating excellent reusability.

4.2. Novel Synthetic Methods of Photocatalysts
4.2.1. Molecularly Imprinted Photocatalysts

In recent years, researchers have focused on developing multifunctional materials for
degrading persistent pollutants [185]. The demand for improved degradation efficiency in
advanced oxidation processes (AOPs) has spurred interest in targeted catalytic materials
made through molecular imprinting technology (MIP). The surface molecular imprinting
(SMIP) process involves three steps: (1) forming non-covalent interactions between the
target pollutant and functional monomers; (2) generating free radicals to polymerize
crosslinkers, creating a selective imprinted layer on the catalyst; and (3) binding this
layer to substrates, resulting in a novel catalyst with specific affinity for pollutants. These
photocatalysts can effectively target and degrade persistent pollutants in water treatment
by enriching them and activating free radicals for efficient degradation [186]. Lu et al.
developed an imprinted non-metal S-type heterojunction photocatalytic membrane (IM-
NSH-PM) using imprinting modification and dopamine adhesion methods [187]. This
membrane demonstrated a high flux of 2548.6 L m~2h~'bar~!, excellent self-cleaning
properties, and remarkable stability. The imprinting process created cavities that matched
TC’s three-dimensional structure, enhancing its selective adsorption and degradation.

The -OH radicals produced by photocatalytic reactions lack selectivity for specific
target molecules, allowing them to attack organic material in wastewater. In real systems,
where target pollutants coexist with high concentrations of low-toxicity substances, pho-
tocatalysts tend to remove higher concentrations, due to this lack of precision. Therefore,
there is an urgent need for a photocatalyst that can selectively recognize and degrade
target molecules. Fu et al. synthesized a TC-imprinted photocatalyst (TMIP) by a sur-
face molecular-imprinting technique using NH-MIL-101 (Fe) as a carrier [188]. The TMIP
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showed higher selectivity and adsorption capacity for TCs, with an adsorption capac-
ity of up to 57.5 mg/g. Li et al. prepared 3D/1D magnetic molecularly imprinted fiber
Fe;0,@Ti0, /TC-TiO, /SiO, photocatalysts by electrostatic spinning with a large specific-
surface area of 132.4 m? /g [189]. The prepared photocatalysts exhibited a high selectivity
coefficient of « = 737.38, and 100% removal of TCs was achieved in only 20 min. Based
on the existing molecularly imprinted photocatalyst fabrication process, more molecularly
imprinted-based photocatalysts with targeted high-degradation efficiency can be further
explored in the future.

4.2.2. Biomimetic Photocatalysts

Structural control and defect engineering effectively enhance photocatalyst perfor-
mance. Designing biomimetic structures that mimic natural biological architectures is a
promising approach to further improve efficiency. This involves using unique biological
entities—such as plant cells, tissues, microorganisms, and small molecules—as templates
for synthesizing photocatalytic materials. By combining the features of these biological sys-
tems with semiconductor properties, the resulting biomimetic materials achieve enhanced
structures, increased surface area, and higher porosity, leading to greater contact areas and
active sites that significantly boost photocatalytic performance. Yuan et al. drew inspiration
from the surface structures of natural leaves and plant transpiration to develop a gel film
composed of copper alginate, carbon nanotubes, and copper sulfide-graphene oxide [190].
This photo-driven gel film exhibits specific adsorption properties for water evaporation,
utilizing solar energy to facilitate the evaporation of water from contaminated surface
sources, thereby enabling the extraction of tetracycline antibiotics for detection purposes.
When integrated with a biomimetic adsorption detection chip designed for this application,
it allows for in situ monitoring of tetracycline antibiotics in aquatic environments. Inspired
by natural photosynthesis, Liu et al. synthesized a novel Z-type heterojunction photocata-
lyst, BiOBr/RGO/TCPP, by mimicking the multifunctional components of chloroplasts and
the layered interconnected heterostructures [191]. The inbuilt electric field in the layered
structure of BiOBr and interconnected RGO nanosheets formed a multi-channel electron
and energy-transport chain. The final removal efficiency reached about 90%. Miquel Ortiz
et al. developed efficient onion-shaped photocatalysts using pollen as a core template via a
scalable electrochemical method, maintaining the structural integrity of sunflower pollen.
The resulting multilayer structure increased surface area, enhancing light harvesting and
pollutant adsorption [192]. Spent photocatalysts could be recovered as biological particles
from pollen, meeting biofuel standards for low ash (<7%), low moisture (<8%), and high
calorific value (~22.1 & 0.3 MJ kg~ !). This indicates strong potential for green recycling
applications. Future research may focus on advanced biomimetic photocatalysts and ex-
tending templating methods to synthesize metal-organic frameworks (MOFs) and carbon
aerogels from biomass-derived sources.

5. Conclusions and Prospects

This paper presents a comprehensive review of the photocatalytic degradation of
tetracycline antibiotics. It provides a detailed classification and overview of currently
popular novel photocatalytic materials. Based on the seven types of photocatalytic materi-
als synthesized as reviewed in the paper, including MOFs, metal- and nonmetal-doped,
mesoporous material-loaded, carbon quantum dot modified, floatation-based, and hetero-
junction photocatalysts, these photocatalysts exhibit characteristics such as abundant active
sites, broad light-absorption ranges, high efficiency in photogenerated carrier separation,
and strong redox capabilities. The degradation mechanism of tetracycline antibiotics by
these photocatalysts is elucidated. Additionally, an analytical discussion is provided re-
garding three critical factors that influence both the degradation efficiency and performance
of the photocatalysts. Finally, recent advancements in new types of photocatalyst materials
and innovative synthesis methods are selectively presented. A comparative analysis of the
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tetracycline degradation performance of the photocatalytic materials mentioned in Table 7
was conducted.

Table 7. A comparative analysis of the TC degradation performance of the photocatalytic materials.

Licht Initial TC Degradation Reaction
Types 8 Preparation Method Concentration  Efficiency Time Side Products Ref.

Source o .

(mg/L) (%) (min)
Z—type. . Vis light Hydrothermal + grinding ~ 10.94 95.63 150 Small-molecule minerals ~ [193]
heterojunction
magnetic basis Vis light pyrolysis 10.00 95.30 300 Magnetic recyclable [194]
Mxene Vis light Ultrasound Assist 35 98.36 124 None [195]
core-shell L0 I
structure Vis light epitaxial growth 50 92.9 100 None [196]
a facile one-pot
MOF-based uv solvent—-thermal 10 95 150 None [43]
precipitation

Element doping Vis light sol—gel 20 97.5 120 None [197]
Mesoporous - . . Lower-oxidation-
material-loaded Vis light sequential deposition 10 94 40 capacity minerals [87]
Carbon quantum Full-
dgt on quantu spectrum hydrothermal 20 100 120 None [106]

irradiation
Floatation-based uv 3D printing dgglgn + 30 93.6 240 None [116]
photocatalysts surface deposition
Aerogel-based Vis light one-step in situ B 9.5 90 None [177]
photocatalysts preparation
Molecularly surface
imprinted Vis light molecular-imprinting 50 99 20 None [188]
photocatalysts technology

Biomass ash (effective
Biomimetic - a novel electrochemical peroxymonosulphate
photocatalysts Vis light synthesis method % >99 %0 activators for TC [192]
mineralization.

Metal-Organic Frameworks (MOFs) have demonstrated significant potential in pho-
tocatalysis, due to their high surface area, tunable porosity, and unsaturated active sites.
Recent advancements, such as the integration of metal components (e.g., iron) and the de-
velopment of S-type heterojunctions, have further enhanced their photocatalytic efficiency
by reducing carrier recombination and improving oxidation-reduction capacities. These
innovations have led to superior performance in the degradation of organic pollutants, mak-
ing MOF-based photocatalysts, particularly those with S-type heterojunctions, a promising
solution for environmental remediation under visible light. Future research could focus on
increasing their multifunctionality, enhancing photoresponsiveness, improving catalytic
efficiency, and ensuring long-term stability, with an emphasis on expanding their spectral
response to enhance visible and near-infrared light absorption.

Element doping, both metal (e.g., Al, Fe, Mn) and non-metal (e.g., N, S), has been
proven to improve photocatalytic performance by narrowing the bandgap, enhancing
visible light absorption, and promoting charge carrier transport. Doped materials exhibit
extended light-absorption spectra, optimized charge separation, and improved degradation
of pollutants like tetracycline. The future direction could focus on optimizing doping
types and concentrations to further enhance photocatalytic efficiency, stability, and green
synthesis methods for long-term applications in environmental remediation.

Mesoporous materials (2-50 nm pore size), such as carbon-based materials, metal
oxides, and MOFs, are increasingly recognized for their ability to enhance catalytic efficiency
by reducing agglomeration and improving charge transfer. However, challenges such as
low thermal stability remain, and future research could focus on optimizing pore structures
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and enhancing material stability. Additionally, the development of carbon quantum dots
(CQDs) derived from renewable sources like rice husk will focus on improving synthesis
methods, thermal stability, and light absorption.

Floating photocatalysts, including both support-type and self-floating designs, offer
enhanced stability and efficient light absorption. Research should also focus on integrat-
ing photocatalysis with electrophotocatalysis and optimizing real-time monitoring for
enhanced pharmaceutical-wastewater treatment.

Type II and S-scheme heterojunctions, in particular, reduce recombination and
expand light absorption, while Z-scheme systems separate oxidation and reduction
reactions. Integrating materials like noble metals or narrow-bandgap semiconductors
further boosts performance for pollutant degradation and energy conversion. Future
research on heterojunction photocatalysts could focus more on the photocatalytic effects
of ultraviolet and near-infrared light, expanding the spectral response range to enhance
photocatalytic efficiency.

From the perspective of the catalyst itself, a strategic design optimization addressing
the three critical factors influencing performance—specifically, minimizing the bandgap
of the photocatalyst, mitigating surface charge recombination, enhancing carrier trans-
fer dynamics, improving spectral absorption capacity and facilitating efficient persulfate
activation—can substantially enhance photocatalytic performance. This targeted method-
ology is expected to significantly elevate the efficiency of photocatalytic degradation pro-
cesses. From the perspective of the intrinsic characteristics of degradable target pollutants,
a comprehensive structural analysis of tetracycline antibiotics—one of the representative
contaminants discussed in this study—is warranted. This analysis should encompass their
initial molecular structure, intermediate species formed during degradation processes,
and final degradation products. Additionally, real-time monitoring of these reactions will
facilitate the design of tailored photocatalyst morphologies that align with the distinct
structural features observed at various reaction stages.

It is feasible to develop targeted recognition elements with high specificity through in
situ growth on the surfaces of photocatalysts. This approach aims to enhance selectivity
within actual aquatic environments and promote more effective degradation. Capitalizing
on built-in electric fields as an intrinsic driving force for enhancing charge-carrier separation
efficiency is essential. By addressing the electronegative properties inherent to antibiotic
molecules and modulating surface anisotropy to alter surface electronegativity via crystal
plane engineering, one can generate robust internal electric fields that hinder rapid charge
recombination. This enables efficient spatial separation of electrons and holes across dif-
ferent facets of photocatalytic particles. In addition, within the overarching framework of
green energy cycles aligned with national “dual carbon” initiatives, strategies aimed at
reducing solubility rates for active components in photocatalysts while increasing their
reusability are critical. Minimizing environmental toxicity associated with nanoscale photo-
catalytic composites constitutes an effective response to national sustainability objectives.

While current research have demonstrated the effectiveness of photocatalytic tech-
nology in the degradation of tetracycline, there is still a lack of information regarding
whether the degradation products meet regulatory standards for safe discharge into the
environment. Future studies should focus on quantifying the chemical properties and
biological toxicity of tetracycline degradation products to assess their environmental risks
and guide safe discharge practices.
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