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ABSTRACT

With the development of society, industry, agriculture, and other production

activities are changing with each passing day. The primary mode of trans-

portation in international trade is by ship. Due to the complex environment and

biodiversity of the sea, ship surfaces are often corroded due to microorganisms,

algae, shellfish, and other factors. The hydraulic conditions during the operation

of the ship are also affected, increasing energy consumption. Thus, ships need to

stop regularly for surface cleaning to prevent greater losses, but there are eco-

nomic losses and human and material resource consumption that occur during

these shutdown periods. To better solve the problem of corrosion, ship surfaces

can be treated by antifouling coatings. This review discusses current popular

and new marine antifouling coatings from the aspects of biofouling: microbial

biofouling, conditioned film biofouling, algae attachment biofouling, shellfish

attachment biofouling, and marine environmental impacts. This review also

discusses the characteristics, formation mechanisms, and preparation processes

of nanocomposite coatings, amphiphilic antifouling coatings, photocatalytic

coatings, self-healing antifouling coatings, and self-polishing coatings. The new

marine antifouling coatings are compared with traditional coatings in terms of

hydraulic properties, such as water contact angle and antifouling performance.

Introduction

The ocean occupies approximately 71% of the total

area of Earth. For social and economic development,

the transportation industry is indispensable, and

ocean transportation is an essential component of the

transportation industry. The ocean covers a large

area, and the current understanding of the ocean is

not complete. Through further exploration of the

ocean, we found that the energy contained in the
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ocean is vast, so research on the ocean is currently a

popular topic [1–4].

Due to the vast ocean area, shipping has become

one of the important methods of international trade.

For the current marine transportation industry, the

formation of ship biofouling during marine trans-

portation is confounding. Due to the complexity of

the marine environment and the variety of organisms

in the ocean, ships traveling in the ocean for a long

time will inevitably be affected. For example, the hull

surface is made of metal. If it is not protected, it is

easy for the water in the ocean to form an electrolytic

cell, which will cause corrosion [5, 6]. There are many

kinds of organisms in the ocean, including microor-

ganisms. Many organisms will attach to metal sur-

faces due to their physiological structures and grow

in large areas on hull surfaces over time. Microor-

ganisms, such as fungi, protozoa, and viruses, easily

form biofilms in large areas after adhering to hull

surfaces, thus causing the erosion of hull surfaces.

Moreover, due to this biological attachment, the hull

weight and surface roughness change, affecting fuel

consumption during operation and causing consid-

erable financial losses [5–8].

To deal with such problems, hull surfaces can be

cleaned regularly, but due to the high frequency of

cleaning, the labour and physical costs during the

cleaning period are high, and the ship cannot work

during the cleaning period, so the financial losses are

enormous. To reduce marine biofouling, one of the

important methods is employing antifouling coat-

ings, which were developed in ancient times. [9, 10]

Traditional marine antifouling coatings include

chemically toxic antifouling coatings and foul-

ing/foul-release antifouling coatings.

Since the release of tributyltin (TBT) severely

impacts the marine environment and endangers the

survival of marine organisms, marine coatings with

TBT and cuprous oxide as raw materials are prohib-

ited [11–14]. Traditional marine antifouling coatings

have indeed solved some of the problems encoun-

tered by ships during marine operation. However,

their performance has not yet been optimized, and

some traditional coatings have specific impacts on the

environment [4, 9, 10]. Traditional antifouling or

Figure 1 Schematic diagram

of new marine antifouling

coatings and the formation of

biofouling.
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anticorrosion coatings with a single function cannot

meet the current requirements [15].

To compensate for the shortcomings of traditional

coatings, research on new marine coatings, such as

new nanocomposite antifouling coatings, amphi-

philic antifouling coatings, photocatalytic antifouling

coatings, self-healing antifouling coatings, and self-

polishing antifouling coatings, has gradually

increased in recent years. The new marine antifouling

coatings are an improvement on traditional coatings

in terms of resisting different sources of biofouling

formation in the sea. By selecting environmentally

friendly raw materials or modifying the raw materi-

als while improving the antifouling ability of the

coating itself, some functional combinations can be

facilitated to increase film suitability for the complex

environment of the ocean and prevent pollution

[16–20].

Through this review, first, we will analyse the

causes of some biofouling, such as microbial bio-

fouling, biofilm, algae attachment biofouling, shell-

fish biofouling, and marine environment biofouling

[9, 21], as shown in Fig. 2. Second, we discuss the

impacts of new marine antifouling coatings, such as

nanocomposite coatings, on improving the

hydrophobic capacity and the impacts of amphiphilic

coatings on improving the microbial attachment

capacity. Third, we discuss the impacts of photocat-

alytic coatings on improving the degradation ability

of organic pollutants, the recovery ability of self-

healing coatings with respect to damaged coatings

and the use of self-polishing coatings for the removal

of corrosion. We also explore the characterization of

the water contact angle (WCA), the comparison of the

hull surface before and after coating, and the detec-

tion of the content of pollutants [22–26].

Compared with traditional coatings, new marine

antifouling coatings have better hydraulic properties,

which yield better economic benefits [10, 22]. The

new marine antifouling coatings also have more post-

damage functionalities, such as self-cleaning and self-

healing abilities. In addition to their antifouling

ability, the new marine antifouling coatings are

developed with respect to the impact of the coating

on the marine environment because the components

of some traditional antifouling coatings were found

to affect the original marine ecological environment.

Hence, more research on environmentally friendly

coatings is desired [17–19]. This review will further

explore these aspects.

Figure 2 Marine biofouling

attached to the hull surface

(reprinted with permission, ref.

[5], copyright 2019, Springer

Nature).
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Formation of marine biofouling

The primary sources of hull surface contamination

include microbial contamination, the formation of a

conditioned film, the adhesion of macroalgae, the

adhesion of shellfish, and the corrosion of hull sur-

faces caused by harsh ocean conditions.

Formation of microbial fouling

The growth of marine microorganisms in the ocean

requires seawater, and these microorganisms can

continue to live in an environment with poor nutri-

tion and deplorable ecological conditions, including

eukaryotic microorganisms (fungi, protozoa),

prokaryotic microorganisms (marine bacteria, marine

actinomycetes, marine cyanobacteria), and acellular

organisms (viruses).

One study found that microorganisms in the ocean

can corrode or accelerate the corrosion of metals

[5–8, 27]. A majority of the damage to the external

surfaces of ships is caused by microbial corrosion,

which accounts for up to 20% of the total damage

[28]. Microbial biofouling is mainly due to the for-

mation of biofilms on the ship surface by a combi-

nation of anaerobic sulfate-reducing bacteria (SRB)

and aerobic iron-oxidizing bacteria (IOB). For exam-

ple, Fig. 3 shows that planktonic microorganisms

adhere to the biofilm surface and become fixed

microorganisms [29–31]. The metabolism of fixed

microorganisms forms a stable biofilm, which

accelerates corrosion [32]. With the passage of time,

microbial erosion on the ship surface becomes

increasingly serious, resulting in corrosion

biofouling.

Conditioning film

After organic matter dissolves in the ocean, a film can

form on the surface of a ship, which is a conditioned

film. Conditioned films affect bacterial adsorption

onto ship surfaces and are mainly composed of gly-

coproteins, humic acids, proteins, aromatic amino

acids, carbohydrates, uronic acids, and unspecified

macromolecules [33–36]. The adhesion of the condi-

tional membrane mainly depends on van der Waals

forces, electrostatic forces, and hydrogen bonds.

Within 24 h after formation, bacteria, diatoms, and

other microorganisms will attach to the regulating

membrane. Floating bacteria will resist the surface of

the regulating membrane and secrete new extracel-

lular polymers (EPS), improving the adhesion of the

regulating membrane, thus forming microfouling

composed of water, organic matter and extracellular

secretions. This process is irreversible. Subsequent

microfouling provides nutrition and a suitable envi-

ronment for large fouling organisms, which will lead

to the attachment of large fouling organisms to the

hull, thus accelerating the corrosion of the hull sur-

face. This process takes only 1–2 months, and the

resulting macro-biofouling will last many years. In

addition, the conditional membrane will also affect

Figure 3 Formation process of biofilm and Mic (reprinted with permission, ref. [27], copyright 2019, Elsevier).
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surface tension and hydrophobicity. After strength-

ening the adsorption of bacteria, the increase in the

number of bacteria will also accelerate the corrosion

of the ship’s surface, resulting in biofouling

[16, 34–36].

Formation of algae attachment biofouling

There are abundant algae in the ocean. In addition to

the algae initially suspended on the ocean surface,

some algae in the depths of the ocean detach and float

to the sea surface due to aging, collision, friction, and

other reasons. When the ship passes, because the

algae can adhere to the dirt-free surface, the algae

will adhere to the surface of the ship. This algae can

reproduce rapidly on a large scale in a short time, and

the aforementioned conditioned film also provides

favourable conditions for the attachment and repro-

duction of algae, and the algal growth will continue

to expand over time [16, 37]. The attachment of algae

will accelerate the local corrosion rate of the ship’s

surface. As an invasive organism, a large number of

algal attachments will not only increase the ship’s

weight but also roughen the ship’s surface, seriously

affecting the hydraulic conditions of the ship during

operation. In addition, some decayed algae are easily

brought into other sea areas by attachment to the

surfaces of ships or propellers and invade other sea

areas. The eutrophication caused by algal growth has

an inevitable impact on the marine water body itself

as well as fish and other organisms living in the

ocean, resulting in a different type of biofouling of

the marine environment [6, 7, 38].

Formation of shellfish attachment
biofouling

There are a large number of shellfish in the ocean.

The mucus produced by shellfish (e.g. mussels and

barnacles) can help them firmly adhere to the hull

surface, and because of their rapid growth rate,

shellfish can cover most of the hull surface in a short

time [32, 39, 40]. A study found that when the shell-

fish attached to a ship surface, they were thickly

covered with surface dirt since their mucus can

adhere to the soil in the water. When the shellfish

coverage reached 75%, the resistance increased by

10–20%. Therefore, it can be found that a large degree

of shellfish attachment will reduce the operating

efficiency of ships and increase energy consumption

during driving [5–8, 16, 41]. In addition, Fig. 4 shows

other hazards. For example, the mucus of shellfish is

acidic, which will directly corrode the hull surface

and reduce the service life of ships. Moreover, if

shellfish attach to the propeller, this will directly

affect the running power of the ship and will increase

the safety hazards of the hull during operation,

resulting in substantial economic losses. Further-

more, in the marine environment, some shellfish

organisms contain toxins. Shellfish can travel on a

boat to reach various sea areas, and their toxicity will

affect the living conditions of organisms in seawater

[41].

Formation of marine environment
biofouling on ship hulls

Ship surface coatings can be eroded by seawater,

rain, and the atmosphere. Due to the high salinity of

marine water bodies, seawater contains a large

number of free chloride ions, which easily form an

electrolytic cell with the metal surface of ship hulls,

improving the corrosion activity of the metal and

easily destroying the original passive film on the

metal surface. Oxygen can attract electrons, and there

is more oxygen above the water surface and less

underwater, so the metal close to the water surface

attracts electrons and becomes cathodic. The under-

water part that loses electrons becomes anodic, which

leads to corrosion. If cracks or gaps form, this will

accelerate the degree of local corrosion and eventu-

ally form rust pits or rust penetrations [2, 3]. The

biofouling of the hull by marine environment is

Figure 4 Impact of biological attachment on vessel operation (reprinted with permission, ref. [16], copyright 2020, MDPI).
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caused by mechanical corrosion, including impact

corrosion, which is caused by liquid turbulence or

impact; cavitation corrosion, whereby high-speed

flowing liquid, due to irregular flow, produces cavi-

tation and produces the ‘‘water hammer effect’’,

which often destroys the protective film on the metal

surface and accelerates corrosion on ship surfaces,

such as those of propellers and pump shafts;

microvibration abrasion corrosion, which is abrasion

caused by the mutual vibration of two adjacent sur-

faces; and stress corrosion cracking, which is the

corrosion damage of metal under the action of tensile

stress and corrosive media, and the occurrence of

intergranular or transgranular cracks in the metal

[2, 3]. In summary, the marine environment will also

damage the structure on the hull surface [42], thereby

reducing the service life of ships.

New marine antifouling coatings

Compared with traditional coatings, the new marine

antifouling coatings have better antifouling effects

and better hydraulic properties and environmental

protection.

Nanocomposite coatings

Nanocomposite coatings combine nanoparticles with

other materials and have other functions as well as

the advantages of nanocoatings.

Characteristics of nanocomposite coatings

Coating materials composed of nanoparticles have

elicit a small size effect, surface effect, quantum size

effect, and macroquantum tunnelling effect. They

have good performance in terms of mechanics and

electricity. Due to the special physical properties of

nanomaterials, nanocomposite coatings are com-

pounded with other materials through nanoparticles

to achieve more functionalities, such as superhy-

drophobicity and self-polishing. Therefore,

nanocomposite coatings have good adhesion between

the coating and the hull, do not easily fall off, and

have multiple functionalities. Their performance can

better overcome corrosion and wear problems,

equipment failure, and life decline [43].

Antifouling mechanism of nanocomposite coatings

Nanomaterials can form a layer of thick film on a

metal surface compared with ordinary coatings due

to their remarkable physical properties [44]. Ordinary

coatings will inevitably have leaves holes exposing

the metal surface, and there will always be seawater

immersion through the holes or cracks of the coating

surface that corrodes the hull. However, nanocom-

posite coatings can be applied without the formation

of holes due to the small ionic radii of nanomaterials

[43, 45–47]. Therefore, using a nanocomposite coating

on the metal surface of a hull can eliminate the

existence of holes. Jin et al. [15] showed that

nanocomposites’ inherent bacterial and photocat-

alytic activities can inhibit bacterial organism growth

and that nanomaterials such as graphene can also

inhibit corrosion due to their barrier and lubricating

effects. In short, nanocomposite coatings can isolate

almost all corrosive substances, such as microorgan-

isms, algae, and shells, so that these cannot contact

the surface of the ship and thus cannot corrode the

surface of the hull [48, 49].

Second, due to the relatively large specific surface

area of nanoparticles, the activation energy of their

ionic surfaces can be increased. On the one hand, it

was found that algae, mussels, and other substances

easily adhere to a base surface with low surface

energy, and improving the surface activity energy

can reduce the adhesion of algae and other sub-

stances [6, 7]. On the other hand, improving the

active energy of the surface protects the adhesion

strength between the hull surface and the coating

[50]. Compared with the van der Waals force and

hydrogen bond adsorption of traditional coatings, the

molecular adsorption and chemical bonding of

nanomaterials are better [43], and nanocomposite

coatings do not easily fall off, which can better pro-

tect the surface of the ship, improve the life of the

coating itself, and improve the service life of the ship

[51, 52].

Preparation of nanocomposite coatings

Nanocomposite coatings play a significant role in

marine antifouling. Selim et al. prepared a light-in-

duced silicone/TiO2 nanocomposite coating [24].

Figure 5a shows the composite mechanism of ZnO

nanorods (NR) with organosilicon (PDMS) to form a

composite coating of organosilicon/ZnO nanorods.

18226 J Mater Sci (2022) 57:18221–18242



The results of XRD and DLS tests are shown in

Fig. 5b. When 5 wt% ZnO was added, the

nanocomposite coating showed the best hydrophobic

properties, with superhydrophobic properties. The

maximum water contact angle (wcas) was 158�, and
the minimum free energy was 11.25 mn/m. The

surface distribution was good, which improved the

ability of the coating to prevent dirt adhesion, and the

resistance towards bacteria and fungi was increased,

which resulted in a good self-cleaning effect.

Gu et al. prepared graphene@cuprous oxide

nanocomposites by an in situ reaction with graphene

oxide, CuSO4, NaOH, and L-ascorbic acid as raw

materials (rGO@Cu2O). The rGO@Cu2O

nanocomposites were evenly distributed, and the size

of Cu2O nanoparticles adsorbed on graphene sheets

was quite uniform (2.3 nm). rGO@Cu2O was com-

pounded with acrylic resin and prepared with a

functional surface rGO@Cu2O/acrylic resin marine

antifouling coating [23]. Gu tested it and found that

the WCA of the coating was as high as 113�, and the

average adhesion was 3.69 MPa. After a whole

exposed panel was immersed in seawater, marine

organisms grew in large numbers within 90 days,

and the rGO@Cu2O coating surface was almost free

from marine biofouling within 365 days. This study

showed that rGO@Cu2O in situ syntheses are a

potential tin-free alternative for inhibiting biofouling,

Figure 5 a Superhydrophobic and self-cleaning behaviour of the

prepared PDMS/ZnO (0.5 wt%) NR composite preventing the

mechanism of dirt adhesion. b XRD analysis and DLS test of ZnO

NRs. The illustration shows the droplet shape on the prepared

superhydrophobic ZnO NRS composite (reprinted with

permission, ref. [24], copyright 2018, Elsevier).
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and the rGO@Cu2O/acrylic resin marine antifouling

coating has good performance in terms of

hydrophobicity and self-cleaning [23].

Mohamed S. Selim et al. prepared superhy-

drophobic polydimethylsiloxane/Ag@SiO2 core–

shell nanocomposites as antifouling coating materials

[24]. An average size of 60 nm was facilitated by a

simple solvothermal method and an improved Stö-

BER method to produce Ag@SiO2 core–shell nano-

spheres with controllable shell thickness. Through

solution casting technology, Ag@SiO2, the core–shell

nanofiller, was inserted into the surface of silicone

composites. A simple hydrosilylation curing mecha-

nism was used to cure the surface coating. Nano-

fillers with different concentrations were mixed into a

silicone (PDMS) matrix to study the structure–prop-

erty relationship. Water contact angle (WCA) and

surface free energy measurements, atomic force

microscopy, and scanning electron microscopy were

used to study the surface self-cleaning properties of

the nanocomposites. The well-distributed organosil-

icon/Ag@SiO2 (0.5 wt%) core–shell nanocomposites

showed good hydrophobicity and self-cleaning, with

a WCA of 156� and surface free energy (SFE) of

11.15 Mn/m [24].

The WCA of the nanocomposite antifouling coating

after compounding different substances with nano-

materials showed that it has good performance in

terms of hydrophobicity and antifouling and has

good research prospects in the future.

Amphiphilic antifouling coatings

An amphiphilic antifouling coating is a coating that

has the two characteristics of hydrophilicity and

hydrophobicity through its synergistic effect, allow-

ing control of pollutant attachment.

Characteristics of amphiphilic antifouling coatings

Amphiphilic antifouling coatings are characterized

by hydrophilicity and hydrophobicity. Hydrophobic

films, such as PDMS films, can reduce the adhesion of

hydrophilic polymers due to their low surface energy

[53]. However, these films will be attached by dia-

toms, which easily form biofilms on the surface with

other bacteria or microalgae [54]. Once the biofilm is

formed, it will provide favourable conditions for the

production of barnacles, bryozoans, and other large-

scale biofouling [55]. Hydrophilic films form a

hydrated layer that strongly binds water molecules to

the surface so that other molecules and dirt organ-

isms cannot adhere [15], which has good effects on

reducing the adhesion of diatoms and inhibiting the

adsorption of proteins [56]. However, the disadvan-

tage is that the inorganic material is covered, and the

extended immersion time will affect the antifouling

properties of the hydrophilic film [15]. Therefore, a

combination of hydrophilicity and hydrophobicity,

through synergistic effects, for controlling the gen-

eration and release of biofouling has become the

focus of research.

Antifouling mechanism of amphiphilic antifouling

coatings

Previously, the synthesis of amphiphilic materials

was mainly studied by combining polyethylene gly-

col (PEG) and hyperbranched fluoropolymer (HBFP).

The hyperbranched fluoropolymer (HBFP)-poly(-

ethylene glycol) (PEG) coating found by Gudipati

et al. [55] and Krishnan et al. mixed a surface-active

fluoropolymer with PEG [57], and it was found that

the surface had increased biofouling resistance to

diatoms. However, it has been found that PEG

materials are prone to oxidation and are not entirely

suitable for the marine environment [58, 59]. At

present, more studies use amphiphilic polymer

molecules as new raw materials. For example, Lin

et al. used amphiphilic polymers coated with

hydrophobic inorganic nanoparticles as hydrophobic

side chains, in which charged groups connect (gen-

erally –COO-) water-soluble hydrophilic main chains

and can also connect functional molecules to

hydrophobic side chains [60]. Moreover, M. Barretta

introduced hydrophobic groups through a solgel

reaction containing fluoroalkyl silane (FTSi) to form a

new amphiphilic material [61]. Zhang et al. [62] used

atom transfer radical polymerization (ATRP) to

compound sulfobetaine meth-acrylate (SBMA) and

carboxyl betaine methacrylate (CBMA) to produce

ultralow dirt polymer brushes. Compared with the

original PEG, the amphiphilic polymers of these

methods show better hydration, have the same

antifouling ability towards diatoms and proteins, and

yield better antifouling effects in the marine

environment.
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Preparation of amphiphilic antifouling coatings

Great attention has been given to research on

amphiphilic antifouling coatings. Taking Florian

Koshitzk’s research as an example, a small amount of

amphoteric carboxyl betaine methacrylate (CBMA)

was mixed with hydrophobic ethylene glycol dicy-

clopentadiene ether acrylate (DCPEA) to synthesize a

group of new copolymers with different

amphiphilicities. When only 5 wt% CBMA was

added, it was enough to form a hydrophilic interface

quickly, thereby significantly reducing the amount of

dirt. With the increase in CBMA, the water antennae

decreased, indicating that the hydrophilic character-

istics were displayed and relatively uniform.

Through dynamic microfluidic determination, it was

found that the number of diatoms decreased greatly,

indicating that the antifouling ability was greatly

improved [63]. The importance of hydrophobic bases

was proposed, which facilitates more methods for

subsequent research.

Lu et al. prepared two biobased hydrophilic gel

coatings with excellent antifouling and mechanical

properties [64]. The coatings were produced by

forming hydrophobic and hydrophilic interpenetrat-

ing polymer networks (IPNs) in situ. Biobased epoxy

monomers containing siloxane chains were synthe-

sized from bioeugenol and further cross-linked by

isophorone diamine (IPDA) to produce hydrophobic

biobased epoxy networks. Moreover, a mercapto-

containing hydrophilic polymer (PNIPAM-SH) was

synthesized and mixed with silver trifluo-

romethanesulfonate to form a hydrophilic nanosilver

(AgNP) hydrogel network, which penetrated into the

biological epoxy network. The hydrophobic part of

the silicone-containing epoxy resin improved the

tensile strength and adhesion, which is conducive to

the mechanical properties of the coating to achieve

excellent antifouling performance. Figure 6 shows

Figure 6 Antifouling mechanism of two biobased hydrophilic gel coatings (reprinted with permission, ref. [64], copyright 2021, Elsevier).
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the antifouling mechanism of this layer. The hydro-

philic hydrogel part cross-linked by hydrophilic

polymers and nanosilver (AgNPs) had excellent

antifouling performance and could resist proteins,

bacteria, algae, and other marine organisms. The

antifouling performance of the coating was evaluated

by the adhesion of protein (BSA-FITC), bacteria

(E. coli and Bacillus subtilis), and algae. The results

showed that the two biobased hydrophilic gel coat-

ings gave the surface a better ability to reduce the

adhesion biofouling of proteins, bacteria, and

microorganisms [64]. In addition, Lu et al. conducted

a field test in the East China Sea for more than a

month and evaluated the amphiphilic coating’s

overall antifouling and mechanical properties. The

biobased hydrophilic gel coating was found to be

intact, with almost no marine organisms attached.

This work provides a new strategy for the manufac-

ture of biobased and high-performance antifouling

coatings.

Guo et al. synthesized a novel amphiphilic poly-

mer by combining hydrophilic polyvinylpyrrolidone

(PVP) with hydrophobic tetrafluoroethylene perfluo-

roxy ether copolymer perfluoroalkoxy (PFA) and

polydimethylsiloxane (PDMS) [65]. Amphiphilic

marine antifouling coatings of hydrophilic

polyvinylpyrrolidone and hydrophobic fluorosilicone

block copolymers with high antifouling performance

were prepared by mixing an amphiphilic copolymer

(PVP-PFA-PDMS) into a crosslinked PDMS matrix.

The coating combined the resistance to the settling of

biological dirt attributed to hydrophilic PVP seg-

ments with the reduced adhesion strength attributed

to the low surface energy of the fluorine-silicon seg-

ments. Compared to the original PDMS coating, PVP

migrated to the surface after three days in water,

showing excellent antifouling performance by

reducing bacterial adhesion by 98.1%, marine single-

cell Navicula Parva diatom adhesion by 98.5%, and

barnacle adhesion by 84.3% [65]. In addition, due to

the long-term stability of PVP, the coating exhibited

higher and more durable resistance to biological dirt

adhesion. The nontoxic antifouling coating devel-

oped in this paper has the potential to be applied in

various marine industrial facilities.

Research on the functionalization of new
marine antifouling coatings

To deal with the complex environment, new marine

antifouling coatings need to have better characteris-

tics, so their functionality is receiving increasing

attention.

Photocatalytic antifouling coatings

Photocatalytic coatings use a photocatalyst in the

material to decompose the organic matter attached to

the hull surface, mainly through the photocatalytic

efficiency and utilization rate of the photocatalyst.

Mechanism of photocatalytic coatings

Photocatalysis, as an advanced oxidation technology,

is based on the redox ability of semiconductor pho-

tocatalysts under light conditions, which can stimu-

late the generation of active oxidation substances to

decompose or transform pollutants [66–70] and can

decompose organic matter into H2O and CO2. Pre-

vious photocatalytic coatings were mainly based on

titanium oxide (TiO2) and zinc oxide (ZnO), which

showed good chemical stability and antifouling per-

formance under ultraviolet conditions. However, it

was found that the visible-light utilization of these

coatings was low [71]. Currently, research on photo-

catalytic coatings mainly focuses on improving their

photocatalytic activity and utilization rate of visible

light [72, 73]. Li et al. used silver oxide coating by

stone-grinding nitrogen carbide to form a Ag2O/g–

C3N4 special-shaped structure with an improved

photocatalytic activity [74]. Liu et al. synthesized a

dynamic photocatalytic coating of ZnIn2S4 with high

visible-light utilization by a relatively simple

hydrothermal method [75]. Zhu et al. synthesized

multifunctional GO/TiO2 photocatalytic thin films by

combining UV treatment with vacuum filtration to

reduce photocatalyst separation and reduce the

damage by membrane biofouling [76]. Therefore, as

an efficient, safe, and environmentally friendly tech-

nology, photocatalysis also plays an essential role in

marine biofouling prevention and has excellent

prospects.
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Preparation process

Taking the photocatalytic antifouling coating based

on carbon nitride and dynamic acrylate borofluori-

nated polymer prepared by Zhang et al. as an

example, a series of environmentally friendly carbon

nitride (C3N4) photocatalytic coatings (CNPs) were

prepared by mixing C3N4 into self-polishing acrylate

boron-fluorinated polymer (ABFP) through ultra-

sonic dispersion [77]. Figure 7 shows the antifouling

mechanism of the CNP coating, indicating that the

layered structure of CNPs has an improved utiliza-

tion rate of visible light. When C3N4 was incorpo-

rated at 3–7 wt%, the antibacterial rates of

Escherichia coli and Staphylococcus aureus reached

98.10% and 96.94%, respectively. In addition, chemi-

cal oxygen demand (COD) was tested, and it was

found that the COD value of the CNP film with C3N4

was significantly reduced, indicating that the organic

pollutants released during driving were significantly

reduced. In addition to the dynamic surface of the

CNP itself, the diphenylborides in the ABFP structure

also inhibited the adhesion of dirt and could self-strip

dirt organisms as the ship moved [77]. In summary,

as a new environmentally friendly antifouling coat-

ing, the photocatalytic thin film inspires more ideas

for our follow-up research.

Zhu et al. found that Ag2WO4 is an effective pho-

tocatalytic material and bacteriostatic agent.

However, due to its lack of optical stability and low

quantum yield, its application scope is limited, and

further development of this material is needed. A

study was performed in which a new type of com-

posite antifouling coating was prepared by modify-

ing PEVE with a g-C3N4/Ag2WO4 composite catalyst

[78]. PEVE has a high C–F bond content and excellent

weather resistance, acid and alkali resistance, corro-

sion resistance, and durability [78–80]. The experi-

mental results showed that due to the narrow band

gap of g-C3N4, the multiple junctions formed by

g-C3N4 and Ag2WO4 showed good photocatalytic

activity, and the modified coating showed excellent

antibacterial ability and cyclic stability under visible

light. The construction of a stepped heterojunction

between g-C3N4 and Ag2WO4 inhibited the recom-

bination of photoelectron–hole pairs in the photo-

catalyst, which not only improved the photocatalytic

activity of Ag2WO4 but also increased the stability of

Ag2WO4 under light. Moreover, the presence of

g-C3N4 contributed to the formation of b(b)-Ag2WO4.

The g-C3N4/Ag2WO4 composite catalyst significantly

improved the antibacterial ability of the composite

coating. The stepped heterojunction formed by

g-C3N4 and Ag2WO4 improved the electron transfer

efficiency. It reduced the photocorrosion of Ag2WO4

[81, 82]. Zhu also soaked the coating in seawater with

a fixed concentration of E. coli in this experiment and

found that a 7CN/Ag2WO4 film composed of 7 wt%

Figure 7 Antifouling

mechanism of CNP

photocatalytic coatings

(reproduced with permission,

ref. [77], copyright 2020,

ROYAL SOCIETY OF

CHEMISTRY).
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C3N4 had the best bacteriostatic performance, and its

bactericidal efficiency reached over 90% after 1 h of

illumination. Therefore, the photocatalytic film pre-

pared by Zhu et al. achieved good antifouling per-

formance and corrosion resistance [78].

Self-healing antifouling coatings

A self-healing coating refers to a coating that can

quickly recover after damage through the nature of

its internal structure. At present, four generations of

these coatings have been developed.

Mechanism of self-healing coatings

In recent years, research on self-healing antifouling

coatings has also increased steadily. Self-healing

performance refers to the existence of factors such as

hydrogen bonds and van der Waals forces between

the internal structure molecules of the coating after

the coating is damaged [83–87], making the original

large molecular gap formed by the damage lesser so

that the outer surface of the overall coating is restored

to an undamaged state. Most of these coating are

microcapsule coatings [83, 88, 89], and their self-re-

pair and thermal stability require trigger conditions,

including mechanical induction, ion concentration,

triggering groups, and other aspects [90, 91]. As

shown in Fig. 8, four generations of self-healing

coatings have been developed thus far, with one to

three generations showing defects in terms of time

dependence, excitation conditions, and repair effi-

ciency [92–94, 96]. For the fourth generation, Wong

et al. proposed fluid materials (lubricants) with no

trigger and a high repair rate that improved the

overall performance of lubricants injected into the

surface by improving the stability of the fluid coating

on a flat substrate [95].

Preparation process

As a type of intelligent anti-corrosion coating, self-

healing coatings have been developed into fourth-

generation coatings. In the study of Wu et al., carbon

nanotubes (CNTs) were added to a fluid matrix of

epoxy resin (EP) or silicone oil (Oil), and perfluo-

rooctane trethoxysilane (PTES) was added to pre-

modify the CNTs, as shown in Fig. 9. A stable and

fast self-healing coating was obtained on the metal

matrix [96]. As a filler, CNTs can increase the fluid’s

viscosity and the adhesion between the fluid and the

matrix. The special physical structure of CNTs can

make them bounce back after being scratched. PTES

can resist water infiltration in highly corrosive envi-

ronments. This study proposed that when 0.56 wt%

CNT and 0.12 wt% PTE were added to EP, the

external 0.12 wt% PTE (denoted as EP/F@CNT2) had

better self-healing ability and corrosion resistance.

The antifouling mechanism shown in Fig. 9e, f was

the same as expected [96]. This CNT-thickened liquid

coating, as a self-healing coating, showed a high self-

healing efficiency (recovery in tens of seconds) and

high corrosion resistance, inspiring more ideas for

our subsequent research.

Zhang et al. designed a smooth organic gel coating

(OG) using a,x-aminopropyl terminal polydimethyl-

siloxane (APT-PDMS) and isophorone diisocyanate

(IPDI) as raw materials and injected silicone oil into

polydimethylsiloxane polyurea (PDMS-PUa) [97].

The self-healing properties of the polymer coating

were attributed to the hydrogen bond breaking and

reforming by the urea group between PDMS-PUa.

Moreover, the self-generation of the lubricating oil

layer was attributed to silicone oil infiltration into the

damaged area through PDMS-PUa. The prepared OG

had a lower water slip angle (\ 10�). After 48 h of

Figure 8 Development of self-healing materials from generation

1 to generation 4 (reprinted with permission, ref. [96], copyright

2021, Elsevier).
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contact at room temperature, the broken coating

could self-repair, and the self-repair efficiency

increased with increasing temperature. Compared

with bare glass (BG) and PDMS-PUa, the coating

showed excellent antifouling performance in both

static and dynamic environments after immersion in

a culture medium inoculated with bacteria [97].

He et al. successfully prepared gallium-based liq-

uid metal (GLM) nanodroplets modified by zwitte-

rionic polymer (polyethylenimine-quaternized

derivative, PEI)-based antifouling agents through

ultrasound and Michael addition. The nanodroplets

were added to a polydimethylsiloxane coating

(PDMS) as a functional filler. A self-healing poly-

dimethylsiloxane antifouling coating based on

amphoteric ion polyethylene imine gallium func-

tional nanodroplets was prepared [98]. Due to the

synergistic bactericidal activity of Ga3? from GLM

nanodroplets and quaternary ammonium groups

from amphoteric polymer PEIs, the PEI-functional-

ized GLM nanodroplets showed good antibacterial

performance. The synergistic antibacterial perfor-

mance of the PEI-GLM nanodroplets and the strong

surface hydration of the zwitterionic polymer PEIs

improved the antifouling performance of the filler.

Subsequently, by cross-sectional observation, the

prepared PEI-modified GLM nanodroplets showed

good dispersion in the PDMS coating, which also

ensured that the PEIS-GLM@PDMS coating had a

satisfactory antifouling effect (more than 90% bacteria

Figure 9 Self-healing ability of fluid coating, a self-healing

ability of EP/F@CNT in air, b microscopic self-healing ability of

Oil/CNT2 in air, c, d self-healing ability of Oil/CNT2 in 1 M HCl

solution and 1 M NaOH solution, e OCP of the composite coating

during self-healing (immersion in 3.5 wt% NaCl solution), and f

self-healing mechanism of scratched surface. (reproduced with

permission, ref. [96], copyright 2021, Elsevier).
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and more than 70% microalgae removal). In addition,

the PDMS coating was endowed with self-healing

properties through the exposed GLM that initiated

polymerization under the impact of external water

flow, the cross-linking of unreacted vinyl in PDMS,

and the PEI-modified GLM nanodroplets [98]. In

conclusion, the film prepared by He et al. had suit-

able antifouling and self-healing abilities, which also

inspires ideas for our subsequent research.

Self-polishing antifouling coatings

A self-polishing coating can be self-polished in the

process of ship operation through the removal of the

attached biofouling, which exposes the new coating

surface.

Mechanism of self-polishing coatings

A self-polishing coating (SPC) is a new type of mar-

ine antifouling coating, and its principle is that the

coating can be self-polished after seawater scouring

during ship operation to expose the new coating

surface[99]. The antifouling ability and smoothness of

self-polishing coatings are the same as those of the

new coating. In addition to strengthening the

antifouling ability, the smooth surface also provides

better hydraulic properties, thus reducing the resis-

tance encountered by the ship in the process of

operation and reducing energy consumption [12–14].

The early self-polishing coatings were mostly com-

posed of organic tin (such as tributyltin, TBT) and

cuprous oxide, showing good self-polishing perfor-

mance. Later, it was found that in this process, the

coating releases toxic substances containing tin into

the water, seriously affecting the marine environment

[99–104]. Therefore, in recent years, new tin-free self-

polishing coatings have been developed with

improved antifouling and self-polishing properties

that are more environmentally friendly

[13, 14, 99–101].

Preparation process

The environmental friendliness of self-polishing

coatings has always been a concern. In recent years,

we have studied many materials (such as poly-

urethane) for replacing banned tributyltin (TBT). Tian

et al. prepared a Cu/Ti composite self-polishing

antifouling coating with a micron-scale Cu/Ti

alternating-layer structure by plasma spraying

mechanically mixed Cu/Ti powder [12]. The coating

was designed to control the release of Cu ions by

electrodissolving Cu laminates from Cu/Ti micro-

galvanic cells in an aqueous solution. The results

showed that the significant antifouling efficiency of

the Cu/Ti coating on bacterial survival and adhesion

was as high as 100%. The Cu/Ti microgalvanic cells

were formed in situ in the Cu/Ti coating and are

responsible for the release of Cu ions. The continuous

dissolution of Cu laminate leads to the formation of

microchannels near the surface of the Ti laminate so

that the reaction zone will extend to the adjacent

bottom layer. The fresh Cu/Ti laminate will be

exposed to seawater to continue the new galvanic

reaction, which helps to control the slow release of

Cu ions and the effect of self-polishing. Therefore,

Cu/Ti coatings can achieve an environmentally

friendly antifouling ability and an approximately

200% longer antifouling life than traditional organic

antifouling coatings. On the other hand, compared

with traditional organic antifouling coatings, Cu/Ti

composite coatings show higher mechanical dura-

bility because of their strong adhesion, excellent

mechanical properties and low wear rate. The afore-

mentioned laminated Cu/Ti coating showed good

antifouling and self-polishing performance, the

coating efficiency was higher, and the coating life was

longer [12]. The durable self-polishing antifouling

Cu/Ti coating designed by the micron Cu/Ti lami-

nated microstructure prepared by Tian et al. inspires

many new ideas for the durability and environmental

friendliness of new marine antifouling coatings.

Dai et al. prepared zinc-polyurethane (ZnX-PU)

copolymer coatings in their study [105]. Figure 10

shows the corresponding preparation process.

Through this preparation process, zinc ions existed in

the form of polymerized salt, which can exchange

with sodium ions in seawater, thus making zinc-

polyurethane copolymer soluble in water and

washed away by seawater. Figure 11a shows that the

self-polishing rate of the coating can be controlled by

the amount of 2,2-bis(hydroxymethyl)propionic acid

(DMPA). The antifouling performance of the coating

is mainly determined by the amount of 4,5-dichloro-

N-octyl-4-isothiazoline-3-ketone (DCOIT) released in

the coating. According to Fig. 11b, the release amount

of DCOIT tended to be stable after the coating was

soaked in seawater for 30 days, ensuring a good

antifouling ability. In addition, it is observed from
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Fig. 12 that the zinc-polyurethane copolymer was

well preserved within 12 months, which facilitates

the prevention of marine biofouling. In addition,

compared with traditional polyurethane, in which

the main chain can only degrade, the new poly-

urethane can achieve side chain degradation through

carboxyl groups to obtain better mechanical proper-

ties and polishing performance [105].

Conclusions

This review summarizes the formation of biofouling

in the marine environment and the perspective of

new marine antifouling coatings. To reduce fouling

on ship surfaces, the characteristics, mechanisms, and

preparation processes of nanocomposite antifouling

coatings, amphiphilic antifouling coatings, photocat-

alytic antifouling coatings, self-healing antifouling

coatings, and self-polishing antifouling coatings are

introduced. Compared with traditional coatings, new

marine antifouling coatings are improved in all

Figure 10 ZnX-PU synthesis scheme (reproduced with permission, ref. [105], copyright 2021, Springer Nature).
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aspects, showing better antifouling and anticorrosion

capabilities. In the early 1980s, since TBT was found

to cause irreversible harm to the ocean, it is forbidden

to use TBT in antifouling coatings, which also focuses

attention on the impacts of antifouling coatings on

the environment. Therefore, most new marine

antifouling coatings are receiving more attention

because they are environmentally friendly. However,

the influence of substances released by some new

marine antifouling coatings in seawater on water

bodies remains to be studied, and there is still room

for improvement in the synthesis processes and

subsequent performance of the coatings, which

inspires the following new ideas for our subsequent

research:

(1) The study of substances released from coatings

after immersion, whether coatings will release sub-

stances that affect the environment, preventing sec-

ondary pollution to water bodies, and strictly

preventing the occurrence of TBT events. (2) The

study of the photoinduced organosilicon/TiO2

nanocomposite coating prepared by Selim et al.,

which not only has the advantages of being a

nanocoating but also is superhydrophobic. Also, the

study of functional combinations of the composites in

nanocoatings. (3) Research on photocatalytic coatings

that mainly focuses on the utilization of visible light,

Figure 11 a Self-polishing rate of ZnX-PU film in artificial seawater, b DCOIT release rate of ZnX-PU antifouling coating (Reproduced

with approval, ref. [105], copyright 2021, Springer Nature).

Figure 12 Typical pictures of galvanized polyurethane PVC board soaked in Xiamen Bay for 12 months: a Zn3-PU, b Zn6-PU, c Zn9-PU,

d Zn12-PU, e Zn15-PU antifouling coatings and f uncoated. (reproduced with permission, ref. [105], copyright 2021, Springer Nature).
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the catalytic efficiency, the utilization of light, and the

stability of photocatalysts. (4) As self-healing and

self-polishing have become popular research topics in

recent years, the study of whether the repair time of

self-healing coatings can be further reduced. PDMS

can be used as the matrix, and other substances can

be added to improve the repair efficiency in subse-

quent studies. Moreover, the study of self-polishing

coatings can be used to further study side chain

degradation, durability, and other aspects. On the

other hand, it is worth noting that the substances

entering water bodies during the self-polishing pro-

cess should not cause secondary pollution to the

water bodies. (5) For environmental protection, all

coating research must focus on protecting the marine

ecological environment while ensuring its antifouling

and anticorrosion performance and functionality. (6)

Further study is needed to optimize hydraulic prop-

erties in terms of reducing loss during operation,

improving fuel efficiency and reducing operating

costs.
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