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ABSTRACT: With the rapid development of shipping industry, marine vessels frequently suffer from biofouling caused by marine
organisms, making the effective prevention of marine biofouling a critical issue. Traditional antifouling coatings, which utilize
toxic and harmful substances, pose significant risks to marine ecosystems. Therefore, the development of environmentally sustain-
able antifouling coatings has become imperative. Photocatalytic antifouling coatings, as an eco-friendly alternative, present a prom-
ising solution to these economic, energy, and ecological challenges. This review compares the environmental benefits of photocata-
lytic antifouling coatings to traditional ones, highlighting the underlying mechanisms of marine biofouling. Additionally, it explores
the preparation techniques employed in photocatalytic antifoulant, analyzing the advantages, disadvantages, and potential modifi-
cations for photocatalytic coatings. Based on these insights, the future development of photocatalytic antifouling coatings is dis-
cussed, aiming to provide valuable references for the exploration of more efficient, broad-spectrum, energy-saving, environmentally
friendly, and cost-effective marine antifouling technologies.
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1. Introduction

With the rapid development of the shipping industry, marine vessels are increasingly affected by biofouling caused
by marine organisms such as bacteria, diatoms, barnacles, and shells [1]. These fouling organisms readily attach to the
surfaces of ships, pipelines, aquaculture cages, leading to metal corrosion, shortened service life and heightened safety
risks. Additionally, biofouling increases navigation resistance, which in turn elevates energy consumption, and subse-
quently raises greenhouse gas emissions [2,3]. Furthermore, biofouling can result in biological invasions when non-
native species attach to ship hulls and are transported to new environments, thereby threatening local marine ecosystems
[4]. The economic burden of marine biofouling on the maritime industry is substantial, amounting to an estimated $150
billion annually, highlighting its significant economic, environmental, and safety impacts [5].

Biofouling in the ocean follows a the linear succession model, occurring in three main stages (Figure 1) [6]. Initially,
organic matters such as polysaccharides and proteins rapidly deposit on equipment surfaces through physical adsorption
mechanisms (like van der Waals forces, Brownian motion, electrostatic attraction, etc.), forming a conditioning film.
Within 24 h, bacteria, diatoms, and other microorganisms adhere to this film, utilizing macromolecular nutrients and
secreting extracellular polymers (e.g., hyperg lycans, glycoproteins, lipids) to create a biofilm. Subsequently, larger
fouling organisms such as algae, hydrozoa, and barnacles attach to the biofilm within a few weeks, forming complex
biological communities [7,8]. The extent of marine fouling depends on factors such as the duration and cruising speed
of ships, seasonal variations, and water characteristics in different regions [9]. However, biofouling does not always
occur in this strict sequence, as some marine species (e.g., zoospores of Ulva linza, cyprids of Amphibalanus amphitrite)
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may simultaneously attach to equipment surfaces [10,11]. While the fouling pattern is consistent across regions, the
dominant species generally differ [5].
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Figure 1. Schematic diagram of the biological fouling process.

To mitigate marine biofouling, antifouling coatings are commonly employed as an effective preventive measure.
Traditional antifouling coatings include dissolving, contact, diffusion types. Regardless of the type, traditional antifoul-
ing coatings often lead to marine environmental pollution and ecological damage. It is attributed to the biocides typically
used to kill fouling organisms, which can also harm non-target marine species, affect their reproductive systems, and,
in severe cases, lead to population extinction. To address the ecological risks and microbial resistance associated with
traditional antifouling coatings, novel antifouling coatings have been developed, including fouling release coatings,
photocatalytic antifouling materials, natural antifouling agents derived from biomimetic strategies, micro/nano structure
antifouling materials and hydrogel antifouling coatings [12]. These non-toxic antifouling technologies emphasize the
principle that “prevention is better than cure” and need to be evaluated for both acute and chronic ecotoxicity [13].

Recently, photocatalytic antifouling technology has emerged as a promising solution to marine biofouling, offering
adaptability to complex marine environments and reducing environmental pollution. Titanium dioxide (TiO.), a well-
studied photocatalyst for over a century, has been extensively researched for its bactericidal effects on viruses, bacteria,
and algae since the 1970s [14]. TiO, is favored for antifouling applications due to its strong photocatalytic activity, low
cost, and stable chemical properties [15]. Current research focuses on optimizing the physicochemical properties of
TiO; through various modification methods to enhance its catalytic activity and visible light utilization efficiency, in-
cluding broadening the absorption wavelength range [16], improving light energy utilization efficiency [17] and pro-
moting photogenerated carrier separation [ 18]. By integrating multiple modification processes, the antifouling capabil-
ities of photocatalytic coatings can be significantly enhanced, reducing the reliance on chemical reagents and leveraging
solar energy to lower overall energy consumption [19].

While most literature on marine antifouling focuses on the development of new polymers, comprehensive reviews
of photocatalytic antifouling agents are relatively scarce. This review aims to summarize the preparation and modifica-
tion of photocatalytic antifouling agents and explore strategies for enhancing their photocatalytic activity. Additionally,
the mechanisms and future development of photocatalytic antifouling coatings will be discussed, providing insights into
potential advancements in efficient, broad-spectrum, energy-saving, environmentally friendly, and cost-effective ma-
rine antifouling technologies.

2. Fundamentals of Photocatalytic Antifouling
2.1. Mechanism of Traditional Antifouling

The development of antifouling coatings has spanned centuries [20]. In the era of wooden ships, the hulls were
protected from biofouling by covering them with metals such as lead and copper or by coating them with hot asphalt,
tar, and grease [21]. By the 17th century, antifouling technology had advanced to using rosin loaded with cuprous oxide
or insecticides to release toxic substances into seawater, effectively killing or repelling marine biofoulings. In the latter
half of the 20th century, tributyltin (TBT) self-polishing antifouling coatings became widely used for their effectiveness.
These coatings continuously released organotin compounds when exposed to seawater, providing robust antifouling
protection for up to five years [9,22]. However, TBT poses significant environmental hazards. Once introduced into the
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marine ecosystem, it degrades slowly through microbial and photolytic processes. It bioaccumulates in marine organ-
isms such as gastropods, bivalves, and fish. Additionally, it also easily adsorbs onto suspended particles due to its
hydrophobic properties, eventually settling into sediments where it degrades over several years to decades [23,24]. TBT
is considered one of the most dangerous chemical ever released into the environment by human beings, affecting the
growth, development, and reproduction of marine organisms and posing serious threats to human health [25]. Due to
its high persistence and non-selective toxicity, TBT is recognized as one of the most harmful pollutants to marine
ecosystem. Consequently, the International Maritime Organization (IMO) bans the production of TBT-containing anti-
fouling coatings in 2003 and bans their use globally in 2008 [26,27]. However, residual TBT remains in marine envi-
ronments, continuing to negatively impact biological communities [28]. Following the prohibition of TBT, copper (Cu)
re-emerges as a widely used and effective antifouling agent. Copper compounds in antifouling paints oxidize to Cu>" in
the oxygen-rich seawater, providing antiseptic and bactericidal properties. However, their effectiveness is relatively
short-lived, necessitating frequent cleaning and repainting of ships and equipment [29]. Once released, Cu ions undergo
various processes, including adsorption on solid surfaces, absorption by organisms, precipitation as solids, and com-
plexation with dissolved ligands, all of which affect their formation, mobility, and toxicity [30]. While Cu is an essential
trace element and less toxic than TBT, its accumulation in the ocean can increasingly impact marine ecosystems [31].
Due to the lack of ideal alternatives, Cu-based antifouling coatings are still in use.

Additionally, other compounds such as Irgarol 1051, benzamide, chlorothalonil, dichloroside, diazuron, and zineb
are commonly employed as antifouling agents, although they are also regulated due to their marine hazards [20,32,33].
The prohibition of toxic and harmful fungicides worldwide has promoted the development of antifouling coatings to-
wards sustainable and non-toxic alternatives. Additionally, electrochemical technology has long been used to prevent
the attachment of marine organisms on underwater structures. Gaw et al. developed an electrochemical system with
dual antifouling and antibacterial functions, using short square wave pulses to induce water reduction and inhibit bac-
terial adhesion [34]. This approach introduced a novel concept for electrochemical antifouling. Conductive coatings
incorporating carbon-based additives, modified carbon, and metals have been investigated for various electrochemical
antifouling applications, serving as electrode materials on ship hulls and other marine components to combat biofouling
[35]. Both cathodic [36] and anodic currents [37], as well as alternating currents [38], can be employed in conductive
coating, applying a voltage higher than the water decomposition threshold, which creates pH stress in the surrounding
water layer, thus preventing organism attachment. However, electrolytic antifouling technology has certain limitations,
requiring technical support and regular maintenance to ensure the efficient operation of the electrolytic system. Many
animals and plants in nature have evolved surfaces with excellent antifouling properties. Inspired by these natural anti-
fouling surfaces, efforts have been made to develop coatings that mimic these properties (Figure 2) [39]. Inspired by
the natural antifouling ability observed in certain marine organisms, researchers have explored the use of natural anti-
fouling agents extracted from organisms such as cnidarians, ascidians, sponges, algae, and seagrass, which can effec-
tively inhibit the growth and reproduction of fouling organisms [40]. Darya et al. utilized the bioactive extract of sea
cucumber Stichopus herrmanni as a natural antifouling agent, following by combining this extract with the biopolymer
polycaprolactone/polylactic acid to create an efficient biodegradable self-polishing antifouling coating [41]. Among
nine bioactive extracts from different organs, the ethyl acetate extract from the body wall of sea cucumber had the
highest antifouling activity, including superior antibacterial and anti-barnacle properties, and lower non-target biologi-
cal toxicity. Recently, inspired by unique micro/nano structures on the surface of some animals and plants (such as
whales, sharks, cicadas, lotus leaves, etc.), micro/nanostructured antifouling materials have been debeloped, mainly
utilizing their microscopic structural morphology to inhibit the attachment of fouling organisms without harming the
marine environment [42]. Guan et al. used the “flowering tree” microstructure found on mussel shells to prepare a
biomimetic material, evaluating its resistance to diatoms [43]. This structure effectively prevented diatom attachment
by not providing suitable attachment spaces. Moreover, the mucus secreted by the epidermis of certain fish can hinder
the attachment of fouling organisms or promote their removal [44]. Hydrogels, which are soft and hydrophilic like fish
skin mucus, can reduce the adhesion of proteins and polysaccharides due to their low surface energy, making them
actively studied in marine antifouling. Yang et al. developed a hydrogel antifouling coating based on polyacrylamide-
crosslinked multi-arm polyethylene glycol [45]. This coating, with an epoxy intermediate layer for strong adhesion,
demonstrated excellent antifouling performance against proteins, polysaccharides, algae, and oils, and slowly degraded
in seawater, facilitating the release of contaminants. Drawing inspiration from the Nepenthes pitcher plant, which uses
a smooth, lubricated surface to catch prey, smooth liquid-injected porous surfaces (SLIPS) were created by injecting
lubricants into substrates with micro/nanopores [46]. Inspired by the hagfish, which secretes mucus to evade predators,
Tong et al. developed an intelligent SLIPS marine antifouling coating [47]. This coating featured responsive switching
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lubrication modes and self-healing properties, facilitated by the interaction between azobenzene and a-cyclodextrin. The
smart coating could switch between “enhanced” and “normal” antifouling modes depending on requirements, significantly
extending its service life in marine environments. The material exhibited high efficiency in self-cleaning, and in resisting
proteins, bacteria, and algae.

Multifunctional bioinspired

Toxic heavy metal coatings TBT coatings Bioinspired strategies antifouling strategies
e
Ancient times—1950s 1950s—2003 2003—Today Recent years and future

Figure 2. The development of antifouling coatings.

2.2. Antifouling Mechanism of Photocatalytic Technology

Photocatalysis refers to the process of utilizing solar energy to generate free radicals for the degradation of bacteria
and organic matter through the action of a photocatalyst [48]. Compared to traditional technologies, photocatalytic
antifouling technology selectively targets specific pollutants without releasing toxic substances that could harm other
marine organisms, with the advantages of reusability, long-term stability, and environmental friendliness [49]. When
semiconductor photocatalyst (such as TiO,) are exposed to incident light with energy equal to or greater than their band
gap, electrons in the valence band (VB) absorb energy and transfer into the conduction band (CB), resulting in the
formation of positively charged photogenerated holes (h*) in the VB and negatively charged photogenerated electrons
(e") in the CB (Equation (1)) [50,51]. The h* exhibit strong oxidation capacity, while the e~ exhibit strong reduction
capacity. These carriers react with H,O and O» to produce reactive oxygen species (ROSs), such as hydroxyl radicals
(*OH) and superoxide radical (O,") (Equations (2) and (3)). These ROSs further react as intermediates to produce other
ROS, such as singlet oxygen ('O,), hydrogen peroxide (H20>), and hydroxyl peroxide (*OOH) (Equations (4)—(8))
(Figure 3) [52,53]. It is worth mentioning that *OH and O>" have stronger antibacterial activity than 'O, and H,O.
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Figure 3. Schematic diagram of semiconductor photocatalysis.

ROSs produced by photocatalysis such as h*, O,", '0,, and *OH have short lifespans and require direct contact
with microorganisms to exert their bactericidal effects, while H»O, has a longer lifespans and can act without direct
contact between the photocatalyst and microorganisms [54]. However, H,O, preferentially interacts with microbial
surfaces, which limits its decomposition [55]. These ROSs possess strong oxidation capabilities, enabling them to de-
grade lipids, polysaccharides, proteins, and other macromolecular organic substances rapidly, thereby destroying cell
structures and killing bacteria and other microorganisms [56]. This environmentally friendly and energy-saving tech-
nology utilizes clean and renewable solar energy to address the issue of large-scale fouling biological attachment at the
source, presenting a promising application in marine antifouling [57]. However, it is important to note that water sig-
nificantly attenuates the intensity of ultraviolet light, reducing the effectiveness of the coating with increased depth,
leading to more serious biofouling in less protected deeper structures. In addition, humus, a natural polymer
widelypresent in natural water and its surrounding environment, has a strong adsorption and complexation ability, which
can alter the light absorption intensity of water, thereby affecting the light absorption of photocatalytic antifouling
coatings. Humus competes for light and photons, and may quench ROSs, thus affecting the activity of photocatalyst
[58]. Furthermore, the performance of photocatalytic antifouling coatings is influenced by factors such as season and
latitude [59]. To enhance the photocatalytic activity of these materials, extensive research is required. This includes
addressing the recombination of electron-hole pairs in photocatalysts, expanding the light utilization rate, and improving
the interaction between photocatalysts and reactants [60].

3. Recent Development of Photocatalytic Coatings
3.1. Photocatalytic Agents for Antifouling

Photocatalytic antifouling agents are generally classified into ultraviolet (UV) light-responsive and visible light-
responsive materials. Their key distinction lies in the wavelength range of light they absorb and utilize for energy
conversion. UV-responsive materials primarily harness UV light for photocatalytic reactions, while visible light-re-
sponsive materials are capable of utilizing light energy within the visible spectrum.

3.1.1. UV Light-Responsive Antifouling Materials

Many metal oxides are categorized as UV-responsive materials, with titanium dioxide (TiO) nanocrystals being
extensively studied due to their ability to enhance the wettability and mechanical strength of coated surfaces. This, in
turn, influences the interaction between marine organisms and the antifouling surfaces. TiO: naturally exists in three
crystalline forms, namely rutile, anatase, and brookite. Among these, anatase is the most effective photocatalyst, while
rutile is primarily used as a stabilizer in pigments or polymers [61]. Notably, a mixture of anatase and rutile exhibits
superior photocatalytic performance compared to anatase alone [62]. With a bandgap of 3.2 eV, TiO, demonstrates
excellent chemical stability and antifouling performance under UV light. Hu et al. successfully developed environmen-
tally friendly TiO»/polymer antifouling coatings by dispersing TiO nanoparticles in water-based epoxy-modified tung
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oil resin [15]. These coatings exhibited robust antibacterial activity under both light and dark conditions, with the syn-
ergistic effects of the polymer and TiO; offering protection against Staphylococcus aureus (S. aureus) and Escherichia
coli (E. coli), while inhibiting the growth and adhesion of diatoms (Cyclotella sp.). Similarly, ZnO, which has a bandgap
comparable to TiO, is another traditional photocatalytic agent. Laura et al. used electro-spraying to apply a photoactive
sol-gel ZnO suspension coating to a glass substrate, creating a self-cleaning antibacterial surface [63]. The ZnO coatings
exhibited photoinduced hydrophilicity and bacteriostatic effects, primarily due to photogenerated ROS and bioavailable
Zn?* from ZnO dissolution, remaining effective despite biofilm formation. The electro-sprayed surface achieved a bac-
teriostatic rate exceeding 99.9% against S. aureus. Cerium oxide (CeQ»), a rare earth metal oxide with a band gap of
2.8~3.1 eV, is also an effective UV-responsive material, which is characterized by low toxicity, low cost, large oxygen
storage capacity and good stability. CeO,-based photocatalysts, with their unique cubic fluorite structure, facilitate the
reduction of photogenerated carrier recombination through easy transitions between Ce*" and Ce*" states, leading to
abundant oxygen vacancies [64—66].

It is worth noting that the UV light accounts for only 4% of the total solar energy, while the visible spectrum
comprises 43%, resulting in a low utilization efficiency of solar energy of these UV-responsive materials [67]. Addi-
tionlly, the high recombination rate of photogenerated electron-hole pairs in UV-responsive materials, further limits the
potential applications in photocatalysis.

3.1.2. Visible Light-Responsive Antifouling Materials

It is well known that not all metal oxides are UV light-responsive materials. In particular, copper oxide (CuO),
with its narrow band gap of 1.2~1.5 eV, is regarded as an effective visible light-responsive material for antibacterial
application. CuO is abundant, inexpensive, photochemically stable, and biocompatible, which makes it an effective
photogenerated electron acceptor and reduces recombination tendencies. Nano-sized CuO also exhibits superior hydro-
phobic properties compared to other metal oxides [68,69]. Similarly, Cu,O nanoparticles (NPs) are widely used due to
their high efficiency and broad-spectrum antibacterial properties. Sharma et al. demonstrated that copper-based NPs
effectively kill S. aureus, E. coli, and other microorganisms. Smaller copper-based NPs, with their larger surface area,
provided more interaction sites with microorganisms [70]. The ICso values (the lowest concentration inhibiting 50%
bacterial growth) for copper-based NPs were 200 ug mL ™! for S. aureus and 125 pg mL™" for E. coli. The antibacterial
activity was more effective against Gram-positive bacteria due to their thinner cell walls compared to Gram-negative
bacteria.

Transition metal sulfides exhibit more suitable electronic structures and light response characteristics compared to
large band gap metal oxides. CdS, with a narrow band gap (2.4 eV) and high visible-light activity, has significant redox
potential and exists in cubic sphalerite and hexagonal wurtzite forms, with the metastable cubic phase transforming into
the stable hexagonal phase upon heating [71-73]. Wang et al. prepared layered flower-like Au@CdS-CdS nanoparticles
with a wide UV-VIS absorption range (850 nm), covering the entire visible range (400-760 nm), which significantly
increased capture light [74]. The Au@CdS-CdS heterostructure improved the separation and transfer rate of photogen-
erated carriers, and the hierarchical structure provided more reaction sites.

Graphitic carbon nitride (g-C3Ny) is a two-dimensional layered metal-free semiconductor with a band gap of ap-
proximately 2.7 eV. It is thermally polymerized from nitrogen-rich precursors and is highly stable against acids, bases,
and organic solvents. The g-CsN; is an abundant visible-light responsive photocatalyst, and its surface chemistry can
be modulated at atomic and molecular levels through surface engineering, thereby reducing the photogenetated charge
recombination, and improving the solar energy utilization efficiency [75,76]. Liu et al. prepared porous g-CsNy ultrathin
nanosheets with nitrogen vacancies by hydrochloric acid pretreatment of urea thermal polymerization [77]. These
nanosheets exhibited effective inactivation of S. aureus and E. coli, demonstrating that nitrogen vacancies not only
narrowed the intrinsic band gap of g-Cs;N4 but also introduced new defect states at the edge of the conduction band,
expanding its visible light absorption range and enhancing photocatalytic activity. However, excessive defects might
act as charge recombination centers, potentially lowering the separation efficiency of photogenerated charge carriers.

Bismuth-based photocatalysts, with suitable band gaps (mostly below 3.0 eV) and unique electronic configurations
and layered structures, show excellent performance in photocatalytic antifouling. These include bismuth oxide, and
bimetallic oxides (e.g., Bi2WOs, BiVO4, Bi2M00Og), and bismuth oxyhalide (BiOX, where X = Cl, Br, I) being exten-
sively studied [78,79]. Wu et al. found that the photocatalytic bactericidal activity of BiOBr nanosheets against E. coli
under visible light irradiation depended on the main exposure surface [80]. BiOBr nanosheets with fully exposed {001}
surfaces exhibited better photocatalytic activity than those with {010} surfaces, primarily due to higher photoinduced
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carrier separation and transfer rates and more oxygen vacancies of {001} surfaces. By integrating ZIF-67, the novel
Bi:MoOs/ZIF-67 S-scheme heterojunctions demonstrated high efficiency in visible light-responsive antifouling appli-
cations. When tested in a real marine environment, this photocatalyst showed excellent antifouling performance, sig-
nificantly reducing the adhesion of microorganisms to surfaces [81].

Black phosphorus (BP), a two-dimensional layered non-metallic semiconductor, also exhibits visible light response.
As anovel member of layered materials, BP features a large surface area, a band gap of 0.3~2.0 eV, high charge carrier
mobility, and a long charge carrier diffusion path, making it a promising candidate for photocatalytic applications
[82,83]. Liang et al. developed BP nanosheets doped with dense silver nanoparticles (AgNPs), finding that a lower
concentration of Ag" facilitated the formation of smaller AgNPs (=7 nm) (Figure 4A) [84]. BPNs-AgNPs seriously
damaged the cell wall of E. coli, resulting in significant cytoplasmic leakage and high antibacterial activity, with anti-
bacterial efficiency of 90% (Figure 4B). This BP-Ag nanostructure achieved enhanced antibacterial efficiency through
the synergistic integration of the silver fungicide and the BP skeleton. The increased affinity of the nanosheets for
bacteria promoted the co-inactivation of pathogens, showing excellent bactericidal effects across various bacterial
strains. Additionally, the hybrid structure significantly improved photocatalytic efficiency by producing more efficient
and stronger ROS (Figure 4C).
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Figure 4. (A) TEM characterization of BPNs-AgNPs (7 nm); inset shows the corresponding highresolution TEM (HRTEM) image;
(B) Membrane integrality characterization of (a) untreated E. coli, and treated with (b) BPNs and (c) BPN-AgNP nanohybrids by
SEM, TEM, and fluorescence staining assay. The blue and yellow pseudo colors of SEM images were, respectively, utilized to
mark the E. coli membrane and BPNs/BPN-AgNP nanohybrids according to their edge shape differences. Fluorescence images of
E. coli were visualized by staining with DAPI (blue) and PI (red). Scale bar is 25 um; (C) Schematic illustration of BPNs-AgNPs
under light irradiation [84].

3.1.3. Regulation of Photocatalytic Agents

The aforementioned materials exhibit significant potential in the field of photocatalysis. However, several chal-
lenges hinder their practical application, including limited specific surface areas, low solar energy utilization efficien-
cies, and high recombination rates of photogenerated carriers. These issues pose substantial obstacles to the application
of semiconductors in photodegradation processes. Various methods have been proposed to enhance their performance,
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including morphology control, surface modification and electronic structure regulation [85]. Optimizing the morphol-
ogy of photocatalysts not only enhances light absorption but also promotes the separation and migration of photogen-
erated charges by shortening transport distances. Additionally, it can also increase the specific surface area and enrich
active sites, thereby enhancing surface catalytic reactions and accelerating photocatalytic reaction rates [86]. Xiang et
al. prepared monoclinic BiVO4 with various nanostructures by using different morphology control agents such as eth-
ylenediamine tetraacetic acid, polyethylpyrrolidone, and sodium dodecyl sulfate [87]. Among these, BiVO4 with a
grape-like nanostructure demonstrated the highest photocatalytic bactericidal activity, achieving a sterilization rate of
99.9% within 120 min for Pseudomonas aeruginosa (P. aeruginosa), with h* as the main active species. Similarly, the
photocatalytic and antibacterial properties of multifunctional ZnWQO4 NRs could be improved by controlling their size
and crystallinity by the solvothermal process [88].

Another method to regulate light absorption is through the use of semiconductors with a narrow band gap or noble
metal nanoparticles with surface plasmon resonance for surface modification [89]. The composite of two or more sem-
iconductor materials forms a heterojunction structure, effectively broadening the optical response range of the involved
semiconductors. Xia et al. synthesized a 0D/2D S-scheme heterojunction material by in-situ growth of CeO, quantum
dots on the surface of polymerized carbon nitride nanosheets using a wet chemistry method [90]. In the S-scheme
heterojunction system, two types of photocatalytic semiconductors are involved, namely oxidation type photocatalyst
(OP) with positive valence band position and reduced type photocatalyst (RP) with negative conduction band position.
In the absence of light, electrons from the RP flow into the OP, establishing an internal electric field at the RP-OP
interface that prevents the continuous migration of electrons from the RP to the OP (Figure 5a). Under light irradiation,
the internal electric field drives the photoelectrons in the CB of OP to consume the photogenerated holes in the VB of
RP. Consequently, the CB of the RP and the VB of the OP accumulate photoelectrons and holes with enhanced redox
capacity, resulting in a spatial separation of reduction and oxidation sites (Figure 5b). This S-scheme heterojunction
material achieved a sterilization rate of 88.1% against S. aureus under visible light due to its effective utilization of
photoinduced carriers and the generation of large amounts of active species. Sunida et al. prepared composite metal
oxides containing TiO; and WOs (WO;@Ti0>) using the sol-gel method [91]. These composite metal oxides demon-
strated superior catalytic performance compared to mixed metal oxides prepared by the in-situ polymerization of TiO-
and WOs particles with thiophene. The composite with 10 wt.% WO; (10% WO3@TiO,) exhibited the highest photo-
catalytic activity and is the most effective antifouling coating. In field tests of static immersion in seawater, the substrate
covered with composite binder soaked in seawater for 30 days had the lowest CFU value (1.2 x 10%) and the highest
colony reduction rate (92.94%). Lv et al. synthesized g-C3;N4 nanosheets modified with ZnO nanorods via chemical
etching [92]. The ZnO-CsN, heterostructure enhanced visible light absorption and prolongs the lifespan of photogener-
ated electron-hole pairs. Addressing the limitations of high surface energy and photogenerated electron-hole recombi-
nation significantly contributed to an inhibition rate of 100% against Bacillus subtilis within 8 h. Mao et al. synthesized
a BiOl@CeO,@Ti3;C; terpolymer photocatalyst by combining Ti3;C, with the narrow-band gap semiconductor BiOI and
CeO; [93]. The terpolymer photocatalyst demonstrated the highest photocatalytic antibacterial efficiency against E. coli
and S. aureus (99.76% and 99.89%, respectively). The combined effects of the Schottky junction formed by CeO- and
Ti3C; and the p-n junction formed by CeO: and BiOlI effectively promoted photogenerated electron-hole transfer, in-
creased the production of ROS, and improved bacterial inactivation efficiency.

The unique electronic and optical properties of precious metal NPs enable plasmonic photocatalysts to induce
localized surface plasmonic resonance (LSPR) effects, thereby enhancing the separation of electron-hole pairs (e -h")
and improving absorption properties in the visible light region. When electrons generated by metal-LSPR are in direct
contact with the semiconductor, they can be effectively transferred from the precious metal to the semiconductor under
irradiation. This process, driven by photocurrent under the excitation of the plasma band, depletes electrons in the
plasmonic metal and facilitates redox reactions on the semiconductor surface [66,94]. Zhao et al. successfully prepared
Au/g-C3N4/CeO; plasma heterojunction photocatalyst by forming three-dimensional hollow CeO, mesoporous nano-
spheres on two-dimensional Au/g-C3;N4 nanosheets [95]. Increasing the Au loading on Au/g-CsN4/CeO; surface im-
proved the photocatalytic performance. The LSPR effect of gold nanoparticles could expand the absorption range, im-
prove the light absorption, and increase the electromagnetic field intensity at the metal/semiconductor interface, which
helped generate more carriers, thereby enhancing the photodegradation activity. To address the issues of caking and
photocorrosion in nano-silver and silver halide, which exhibit good plasmonic photocatalytic activity, Sun et al. devel-
oped an Ag@AgCl/g-C3N4 plasma photocatalyst through in-situ implantation and anchoring [96]. This method resulted
in highly dispersed and strongly immobilized plasma heterojunctions, significantly promoting the design of highly sta-
ble plasma heterojunction nanostructured photocatalysts.
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Figure 5. Diagram of (a) the electron transfer between RP and OP photocatalyst contacted in darkness and (b) photogenerated
carrier transfer in the S-scheme heterojunction under illumination [90].

Electronic structure regulation is one of the most important methods for tuning photocatalytic activity, which in-
cludes element doping and oxygen vacancy engineering. Element doping involves introducing other elements into sem-
iconductor, including both metal elements (such as Fe, Cu, Zn, Ni) and non-metal elements (such as C, O, P, S and B).
Introducing doping elements into the semiconductor reduces the band gap width and alters its electronic structure,
thereby expanding the absorbed radiation spectrum to higher wavelengths [97]. This process also provides more active
sites for molecular adsorption and activation [86]. Iftikhar et al. combined Fe-doped CdS nanoparticles with S-doped
g-C3N4 nanocomposites via the co-precipitation method to prepare a low-cost and non-toxic visible-driven photocatalyst
[98]. A distinct heterostructure formed between Fe/CdS and S-doped g-CsNs, establishing a strong connection and
providing numerous active sites for catalytic activity. The results indicated that element doping altered the structural
composition of the original photocatalyst, with 9% Fe@CdS and 50% S-g-C3;N4 exhibiting a synergistic effect in en-
hancing photocatalytic antibacterial efficacy against S. aureus.

Defects play a crucial role in heterogeneous catalytic reactions as they serve not only as active sites for reactant
molecules but also regulate the electronic structure of the semiconductor by introducing additional energy bands be-
tween the CB and VB of the photocatalyst. Oxygen vacancies are often used as deactivation sites for catalysts and
recombination centers for photogenerated carriers. By regulating oxygen vacancies, the oxidation capacity of semicon-
ductor catalysts can be adjusted to control their activity and selectivity during photocatalytic oxidation processes [99].
Zhang et al. prepared Pt-assisted self-modified Bi,WOs composites (Pt/Bi-BWO) with a high concentration of oxygen
vacancies [100]. These oxygen vacancies could activate O, to produce ROS, thereby enhancing visible light absorption.
The photocatalytic reaction rate of Pt/Bi-BWO was 2.88 times higher than that of Bi;WOs, as the oxygen vacancies
reduced the band gap by creating isolation levels below the CB of Bi,WQs. Due to the high oxygen storage capacity of
CeO», controlling its oxygen vacancies was beneficial for the adsorption and reduction of dissolved O».

The effectiveness of photocatalytic agents diminishes significantly under low or no light conditions, underscoring
the need for further research into materials capable of maintaining antifouling performance in such environments. In
response, researchers have explored several strategies to achieve antifouling effects in areas with limited or no light
exposure. One approach involves developing photocatalytic materials that retain functionality under low-light or dark
conditions, such as V,0s/BiVO4 nanocomposites and WOs3, which not only exhibit excellent photocatalytic activity
under visible light but also demonstrate effective contact-based antibacterial properties in the absence of light [101].
Another strategy is to combine photocatalytic materials with compounds known for their antibacterial and algal-inhib-
iting properties, such as indole analogues, capsaicin, and chitosan. These combinations can produce antifouling effects
even in low-light environments. For instance, resins containing indole derivatives exhibit superior antifouling properties
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and higher biological activity compared to pure resins [102]. The incorporation of antifouling resins with photocatalytic
materials can also significantly improve the prevention of bacterial adhesion, even in low-light environments. For ex-
ample, the utilization of degradable green poly-Schiff base resins has enhanced the antimicrobial efficacy of g-C3;Ny-
based photocatalytic antifouling coatings, achieving antimicrobial rates of 99.31% in the dark and 99.87% under visible
light conditions [103]. This dual functionality with the combination of dynamic self-renewal with photocatalytic anti-
bacterial activity provides a promising, eco-friendly strategy for long-term antifouling in marine environments.

3.2. Combination of Resin and Inorganic Coatings with Photocatalytic Agents

Antifouling resins are a critical component of antifouling coatings, serving not only as the substrate and carrier of
antifouling agents but also directly influencing the coating’s performance. They control the release of antifouling agents,
determining key properties such as antifouling effectiveness, environmental impact, and the coating’s longevity. Phys-
ical mixing and chemical bonding are the two main approaches for photocatalytic materials binding to resins, with the
latter being the more commonly employed method [104—-107]. Based on their development, antifouling resins can be
categorized into dissolving resins, diffused resins, self-polishing resins and low surface energy resins. Dissolved and
diffused resins are now rarely used due to their short antifouling lifespan and environmental concerns. In contrast, self-
polishing and low surface energy resin are extensively studied and widely applied due to their excellent properties,
which, when combined with antifouling agents, yield highly effective results.

Acrylic resins, particularly zinc/copper-based acrylics, are known for excellent self-polishing properties and are
frequently used in antifouling coatings. These resins have proven to be the most effective antifouling resins since the
phasing out of organotin resins [102]. Sun et al. developed a composite hydrophobic coating using flower-like ZnO,
water-based acrylic resin, and stearic acid [108]. The resulting coating displayed excellent hydrophobicity, photocata-
lytic degradation under visible light, and high durability in a 3.5 wt.% NaCl solution. Additionally, it exhibited strong
resistance to water, stains, corrosion, and fouling, while also possessing self-cleaning properties. Epoxy resin, a com-
mon thermosetting resin, is recognized for its extensive crosslinking and strong physicochemical interactions with nan-
ofillers. These properties enable it to slow the release of active ingredients from nanocomposites, providing resistance
to fouling [109]. Palanivelu et al. enhanced epoxy coatings with nano-ZnO at various weight percentages, finding that
2.5 wt.% ZnO, uniformly distributed in the epoxy matrix, significantly improved the coating’s barrier properties by
reducing porosity. This nanocomposite coating demonstrated excellent adhesion, impact resistance, and flexibility,
making it ideal for anticorrosion and antifouling applications [110].

Low surface energy resins are designed to resist the attachment of fouling organisms through their superhydropho-
bic or superoleophobic surfaces. Two crucial factors in the development of such coatings are the chemical structure and
the appropriate surface roughness. Functional groups containing fluorine or silicon are typically added to resins to lower
surface energy [111]. He et al. developed a low-surface-energy flexible antifouling coating for marine culture nets by
physically blending a biogenic antibacterial component with methyl phenyl silicone resin. The coating retained the low-
surface-energy properties of silicone resin, exhibiting a contact angle greater than 130° and surface energy below 1.5
mN m ' [107].

Modern photocatalytic antifouling coatings are not limited to the combination of photocatalytic materials and resins
but also involve composites of photocatalytic materials with inorganic coatings, which offer enhanced antifouling prop-
erties. Inorganic coatings extend light absorption into the visible spectrum and improve stability against photocorrosion.
The doping of metal ions onto the surface of semiconductor nanoparticles, combined with the deposition of inorganic
materials, can further enhance photocatalytic activity through interfacial charge transfer and electronic interactions be-
tween the surface layer and the host semiconductor [112]. Metal films enable more efficient light energy utilization and
improve reaction kinetics by leveraging their optical and electronic properties alongside the highly active surface of
photocatalysts. Additionally, metal films act as protective layers, reducing photocorrosion during the photocatalytic
process and thereby enhancing the stability and longevity. Subramanian et al. employed electrophoretic deposition to
coat nano-TiO; films with precious metal nanoparticles (Au, Pt, Ir) using tetraoctylammonium bromide (TOAB), which
improved photocurrent generation, created new electron-hole recombination centers, and shifted the apparent flat band
potential [113]. It has been demonstrated that surface modification of semiconductors with metal nanoparticles facili-
tates charge transfer processes at the interface, improving overall photocatalytic efficiency.
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4. Performance Evaluation
4.1. Laboratory Evaluation of Antifouling Performance

Laboratory evaluation of antifouling performance is essential for the successful development of antifouling coat-
ings. The antifouling performance can be investigated through the resistance assessment for biofilm, bacterial, algal and
larval.

Bacteria secrete extracellular polymers, which adhere to the surface of the conditioning membrane and gradually
develop into biofilms. Once mature, biofilms are difficult to remove, making it crucial to eliminate extracellular poly-
mers early on [114]. Photocatalytic antifouling coatings generate a significant amount of ROS, which can lead to poly-
saccharide deterioration and affect extracellular polymeric substances and the entire bacterial cell [115]. In addition,
ROS can penetrate cells through damaged membranes and cause DNA damage [116]. Therefore, the antibacterial prop-
erties of coatings can be assessed by detecting the content of biofilm and DNA. Al-For et al. found that in the presence
of ZnO nanorods coating under illumination, the DNA concentration and biofilm formation were significantly reduced
[117]. The inhibition effect of ZnO nanorods coating on the biofilm formation of marine bacterium Acinetobacter sp.
AZAC was 2.3~3.5 times greater than that of the control.

E. coli and S. aureus, common marine bacteria and pathogens, are primary targets for inhibition in antifouling
coatings. Gao et al. successfully synthesized a new layered TiO,/CdS composite using hydrothermal and thermal injec-
tion methods [18]. TiO,/CdS composites exhibited excellent antibacterial ability under visible light irradiation, achiev-
ing a 99.9% killing rate of E. coli within 10 min. Zhang et al. prepared a new composite material (BisO71/ZFP) consisting
of BisO7I flower-like microspheres and zwitterionic fluorinated polymer (ZFP) [118]. The results demonstrated that the
synergistic hydration photocatalysis enhanced its antifouling performance, with inhibition rates of 99.09% for E. coli
and 99.66% for S. aureus. Other studies have also shown that photocatalytic antifouling agents exhibit strong antibac-
terial activity against Salmonella, Bacillus subtilis, Staphylococcus epidermidis, Proteus vulgaris, Klebsiella pneu-
moniae, Bacillus cereus, and Pseudomonas aeruginosa [119—122].

Currently, many photocatalytic coatings have demonstrated excellent inactivation abilities for harmful algae and
degradation capabilities for algal toxins. In antialgal experiments, researchers frequently choose Microcystis aeruginosa
due to its role in causing algal blooms and producing harmful microcystin toxins [123]. Fan et al. constructed a photo-
catalyst containing C3N4@UIO-66(NH>) heterojunctions, which achieved rapid separation of photogenerated charge
carriers, and significantly enhanced the inhibition of Microcystis aeruginosa (99.9% degradation of chlorophyll a within
180 min) [124]. Sun et al. successfully synthesized Ag:PO4/g-C3N4 photocatalyst, which achieved a 90.22% removal
rate of Microcystis aeruginosa under visible light irradiation for 3 h [125]. ROS attack can destroy algal cell structures,
leading to electrolyte leakage, protein inactivation, weakened photosynthesis, inhibited cell activity, and eventually
algal cell death. Photocatalytic antifouling tests on other algae, such as Tetraselmis sp., Dunaliella tertiolecta, Heter-
osigma akashiwo, and Karenia mikimotoi, also showed significant density reductions [117,126—128].

Larval resistance test of the coating can also evaluate the antifouling performance. Researchers conducted various
modification experiments on different photocatalysts, demonstrating good inhibition against larvae of Bugula neritina,
Aedes aegypti, Micro-Crustacean Ceriodaphnia cornuta, and zebra fish embryos/larvae [117,120,129,130]. Al-For et
al. found that ZnO nanorod coating significantly increased the mortality of Bugula neritina larvae under light conditions,
with a mortality rate 23~25 times higher than the control, and significantly reduced larval settlement rates [117].

4.2. Methods for Evaluating Antifouling Performance

Field testing is a crucial component in predicting the antifouling performance of coatings, including evaluating the
leaching rate of antifouling agents, conducting static immersion tests, performing dynamic tests, and assessing the fric-
tion resistance of the paint film.

4.2.1. Antifouling Agent Leaching Rate Test

To ensure scientific rigor and consistency in antifouling coating testing and evaluation, national and international
standards provide guidance for testing methods. The Chinese national standard GB/T 6824-2008 “Determination of
Copper Ion Leaching Rate in Antifouling Paints in Real Seawater” specifies methods for evaluating the leaching rate
of copper ions from antifouling coatings in real seawater environments. Similarly, ISO 15181-1:2000 and ISO 15181-
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2:2000 are international standards formulated by the International Organization for Standardization (ISO) for determin-
ing the leaching rate of antifouling agents. These standards cover experimental design, sample handling, and analytical
methods, ensuring the comparability and consistency of test results worldwide.

Recent advancements have continuously improved and optimized laboratory testing method for determining the
leaching rate of antifouling agents. For instance, Chang et al. investigated the leaching rate of copper agents under
multi-factor accelerated testing (MFAT) and real seawater testing (RST) to access the antifouling performance [131].
The MFAT method could simulate long-term marine environments in a short time, providing a rapid evaluation of
performance. Additionally, the study demonstrated a good correlation and acceleration effects between MFAT and RST
through the use of Spearman rank correlation coefficient methods (SRCCM) and acceleration factor methods (AFM).
However, laboratory accelerated tests may not fully replicate all variables present in the real marine environment, such
as biological attachment and natural climate changes, which can potentially affect the accuracy of test results. The
leaching efficiency of the antifouling agent determines its antifouling effect. Lagerstrom et al. investigated the release
rates of copper and zinc from antifouling coatings under varying salinity environments and their subsequent antifouling
effects [132]. Exposure tests conducted at four different salinity gradient locations along the Swedish coast revealed
that copper release rates increased with salinity, while zinc release rates were more influenced by coating type and its
zinc content. All tested antifouling coatings demonstrated effective prevention of hard fouling organisms, such as bar-
nacles, across various salinity conditions. The study recommended using low-copper-content antifouling coatings in
freshwater areas to reduce environmental copper emissions without compromising antifouling effectiveness. The
strengths included extensive testing across salinity gradients, field exposure tests, and comparisons among multiple
coatings. However, future research should focus on long-term impacts, multi-environment testing, and the biological
effects of these coatings.

4.2.2. Static Test with Floating Raft Hanging Boards

The static test simulates the performance of antifouling coatings on stationary ships in ports. This test can be
conducted according to the Chinese standard GB/T5370-2007, “Test Method for Antifouling Paint Samples in Shallow
Sea Immersion.” Similar standard methods are specified in the United States (ASTM D3623) and Japan (JIS K630-74).
The antifouling performance is evaluated based on the type and extent of fouling organisms, with different scores as-
signed accordingly. In recent years, extensive research has been conducted in this field. Wang et al. explored modifica-
tion strategies for silicone-based antifouling coatings, with static antifouling performance as a key indicator to evolute
the quality of antifouling coating [133]. The study proposed strategies such as using inorganic nanofillers, surface treat-
ments, introducing amphiphilic polymers and controllable degradable coatings, and employing multiple hydrogen bonds,
metal coordination bonds, and dynamic covalent bonds. Similarly, Jiang et al. evaluated the antifouling performance of
CuO@TiO, composite photocatalytic coatings in marine environments [ 134]. The coating effectively prevented marine
fouling and maintained high photocatalytic activity under UV light. The port floating raft hanging board test, which
closely simulates actual marine environments, can realistically assess the antifouling performance and stability of pre-
pared photocatalytic coating. However, the antifouling performance of the coating is highly dependent on the UV light
source, and its effectiveness may decrease under insufficient light conditions. Additionally, static tests cannot fully
simulate the performance in dynamic marine environments, necessitating further validation with dynamic tests.

4.2.3. Dynamic Test

Static tests experience slow water flow, leading to the accumulation of soap layers and bacterial slime on the
antifouling coating surface, which are not easily washed away by seawater. This results in the buildup of antifouling
agents on the paint film. However, ships often move at high speeds, washing away these layers and accelerating the
leaching of antifouling agents from the coating film. To better simulate these conditions, dynamic tests are typically
employed. This method simulates ship speed by continuously rotating samples in seawater, combined with raft immer-
sion during the marine growth season. The Chinese national standard GB/T 7789-2007, “Marine Antifouling Paint
Antifouling Performance Dynamic Test Method” details the implementation steps and conditions for dynamic testing.
Similarly, the U.S. standard ASTM D4939-1989 “Standard Test Method for Fouling and Hydrolysis Resistance of
Antifouling Paints in Natural Seawater” provides a framework for dynamic testing. Due to annual differences in marine
hydrology and biological growth, dynamic tests can only relatively measure the antifouling performance and estimate
the antifouling cycle. Dynamic tests also have been employed in the laboratory evaluation of antifouling performance.
Clara Arboleda-Baena et al. studied the impact of environmental factor changes on the performance of self-polishing
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antifouling coatings in dynamic tests [135]. The effects of parameters such as temperature, pH, and NaCl concentration
on coating performance were explored through dynamic simulation and experimental data. The coatings were more
sensitive to changes in temperature and pH, with less impact from NaCl concentration changes.

4.2.4. Friction Resistance Assessment

Beyond the antifouling performance of coatings, the roughness of the paint film surface and its impact on friction
resistance are also critical considerations. Antifouling coatings must have excellent antifouling performance while re-
ducing drag to lower energy consumption. In China, the friction resistance of antifouling coatings is typically measured
according to GB/T 7791-2014 “Test Method for Antifouling and Drag Reduction Performance”. Similarly, the U.S.
ASTM D4939-1989, “Standard Test Method for Fouling and Hydrolysis Resistance of Antifouling Paints in Natural
Seawater”, provides a framework for evaluating the friction resistance of antifouling paints under both dynamic and
static conditions. By simulating the movement of ships in real marine environments, this standard effectively assesses
the long-term performance and durability of antifouling paints. Dobretsov et al. investigated biofilm formation and
friction resistance changes in different antifouling coatings in marine environments [ 136]. The performance of the coat-
ings was assessed by exposing coated samples to natural marine environments and measuring their friction resistance
at various time points. Significant increases in friction resistance were found after prolonged exposure, with notable
differences among the coatings. Swain utilized a flow channel testing system to examine the hydrodynamic resistance
changes of different antifouling coatings after biofilm accumulation [137]. The performances of the coatings after bio-
film accumulation were evaluated by measuring the friction resistance on the coating surfaces. The different coatings
showed varying resistance changes after biofilm accumulation, with Intersleek 700 and Hempasil X3 coatings signifi-
cantly reducing biofilm attachment. Holm et al. measured the hydrodynamic resistance of antifouling coatings after
biofilm accumulation using a rotating disk apparatus [138]. The friction resistance of experimental antifouling coatings
was evaluated by measuring the torque on the rotating disk after biofilm accumulation. Different coatings had varying
degrees of resistance increase after biofilm accumulation, with antifouling coatings exhibiting the smallest resistance
change, while release coatings showed larger changes. The study highlighted that accumulated biofilm significantly
increased friction resistance, and residual resistance increase persisted even after biofilm removal.

4.3. Environmental Impact and Safety of Photocatalytic Coatings

The marine environmental benefits encompass the advantages gained from utilizing and modifying the marine
environment, including the enhancement of marine ecosystems, rational use of marine resources, waste reduction and
treatment, and decreased energy consumption. Improvements in these areas not only elevate human quality of life but
also contribute to maintaining ecological balance and promoting the sustainable development of oceans. Photocatalytic
antifouling coatings are particularly promising in this regard due to their environmental friendliness and high efficiency
[139]. Photocatalytic coatings effectively reduce the reliance on chemical substances, mitigating their environmental
impact and lessening the overall environmental burden. Given the complexity of marine environments, these coatings
demonstrate broad applicability and durability, achieving a notable balance between antibacterial efficacy, environmen-
tal protection, efficiency, low drug resistance, and broad-spectrum antibacterial properties.

To understand the long-term impacts of nanomaterials and antifouling coatings on marine ecosystems, standardized
ecotoxicology testing methods and innovative experimental designs are essential. Heinlaan et al. investigated the tox-
icity of nano ZnO, CuO, and TiO» to bacteria (Vibrio fischeri) and crustaceans (Daphnia magna and Thamnocephalus
platyurus) [140]. Utilizing a combination of traditional ecotoxicology methods and metal-specific recombinant biosen-
sors, the study differentiated between the toxicity effects of the metal oxides and the dissolved metal ions. TiO: suspen-
sions were non-toxic even at high concentrations (20 g L"), while all Zn formulations exhibited high toxicity. The
toxicity of Cu compounds varied significantly, with nano CuO being more toxic than bulk CuO and CuSOs. The toxicity
of Zn and Cu was primarily due to the dissolved metal ions. Jarvis et al. explored the toxicity of ZnO on the copepod
Acartia tonsa via phytoplankton ingestion, finding that ZnO inhibited the growth of the phytoplankton Thalassiosira
weissflogii in a dose-dependent manner, leading to zinc accumulation in algal cells [141]. This exposure reduced the
survival and reproductive rates of the copepods. Miller et al. examined the toxicity of metal nanomaterials to phyto-
plankton and evaluated the ability of photosynthetic efficiency to predict toxicity effects [142]. Metal nanomaterials
(Zn0O, Ag, CeO,, CuO) adversely affected the population growth rate of the phytoplankton Isochrysis galbana, with
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photosynthetic efficiency (quantum yield of photosystem II) serving as a good indicator of toxicity effects at the popu-
lation level. Although high-throughput screening methods can assess numerous cellular and physiological functions,
they lack predictive power for population-level effects.

Compared to traditional antifouling coatings, photocatalytic antifouling coatings offer significant environmental
benefits and hold promise for widespread application due to their high environmental performance. However, to avoid
repeating past mistakes with substances like TBT, it is crucial to develop more efficient photocatalytic coatings and
conduct comprehensive environmental risk assessments. The economic costs, application complexities, durability, and
resource utilization of each improvement option must be weighed against their potential benefits.

5. Conclusions and Perspectives

Since the ban on tributyltin-based antifouling coatings in 2003, the search for environmentally friendly alternatives
has intensified. Developing and designing new photocatalytic antifouling agents that respond to visible light and are
environmentally friendly is of great practical significance for effectively utilizing solar energy and minimizing the harm
of antifouling materials to the environment and human health. Photocatalytic coating, activated by visible light, generate
strong oxidizing substances that effectively degrade environmental organic matter and exhibit excellent bactericidal
performance. This technology significantly delays marine pollution and fouling. Commercial marine coatings based on
photocatalysts have the following features: (1) Light energy from the sun or artificial sources is converted into chemical
energy, producing water vapor and multiple ROS on the coating surface to kill fouling organisms; (2) Light excitation
induces several reactions on the coating surface; (3) Light stimulation creates a self-cleaning effect on the coating
surface; (4) The coatings are transparent and suitable for various surfaces.

Substantial progress has been made in evaluating the antifouling properties of photocatalytic coatings. Improved
test schemes, new materials, and advanced characterization techniques have enhanced their antifouling properties and
reduced their environmental impact. However, coatings degrade over time due to aging and wear, posing significant
economic and ecological concerns. While theoretically promising for environmentally friendly marine antifouling, pho-
tocatalytic coatings are highly dependent on light. Their performance diminishes significantly under low or no light
conditions, highlighting the need for further research into materials that maintain antifouling performance in weak or
dark light. It is necessary to study the application prospect of photocatalytic ship antifouling technology, especially to
develop dual-function photoactivated antifouling materials that can work in the absence of light.

Photocatalytic antifouling materials have applications beyond ship antifouling, where they help reduce navigation
resistance and fuel consumption caused by biofouling. These materials are also used in seawater desalination equipment
to prevent microbial pollution and biofilm formation. Furthermore, in marine sensor protection, photocatalytic materials
prevent the attachment of marine organisms, ensuring the accuracy and stability of sensor readings. In the development
of marine resources, such as offshore oil platforms and subsea pipelines, photocatalytic antifouling technology plays a
crucial role in preventing the accumulation of marine organisms, reducing maintenance costs, and mitigating the risk
of equipment damage. However, the efficiency of photocatalysis technology is influenced by various factors such as
light intensity, seawater salinity, temperature, pH, and catalyst type, leading to unstable treatment efficiency and occa-
sionally poor treatment outcomes. Practical applications of photocatalytic materials still face significant challenges in
terms of catalyst support, activity preservation, and long-term antifouling. Further research and exploration are required
to address these challenges. Additionally, the lack of large-scale industrialization and high practical performance ne-
cessitates future research to focus on developing and utilizing innovative materials and methods to improve the dura-
bility, effectiveness, and sustainability of antifouling coatings. Strengthening the recovery and reuse of catalyst tech-
nology is also crucial for reducing treatment costs.
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