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Abstract: Marine biofouling presents numerous challenges, including increased drag, reduced effi-
ciency, and ecological imbalance. This review presents an overview of recent advances in antifouling
coatings. First, essential preparation techniques such as cold spray, plasma spray, magnetron sputter-
ing, and laser cladding are introduced, including the specific characteristics of each method. Next,
the antifouling performance of Cu-doped and Ag-doped coating is analyzed. Emphasis is placed
on the differences in coating composition, preparation methods, and their effects on antifouling
and anticorrosion properties. The future development of antifouling technologies is also discussed,
emphasizing the creation of multifunctional coatings, the optimization of coating microstructures for
better performance, and the advancement of sustainable materials to minimize environmental impact.

Keywords: marine environment; antifouling coatings; Cu-doped antifouling coating; Ag-doped
antifouling coating

1. Introduction

Marine biofouling refers to the phenomenon where microorganisms, plants, and ani-
mals in the ocean attach to the surfaces of marine engineering equipment, ships, pipelines,
and other artificial structures [1–11]. Over time, these organisms proliferate and grow on
the surfaces, forming biofilms or biological communities. Marine biofouling causes various
issues [9,12–17], including increased frictional resistance on ships and equipment, reduced
operational efficiency, higher fuel consumption, and increased maintenance costs [9,18,19].
It can also affect the normal functioning of equipment, weaken structural durability, and
raise the risk of malfunctions and accidents. Also, biofouling may spread invasive species,
disrupting the balance of ecosystems and causing environmental problems [20]. As a
result, marine biofouling has become a significant challenge in marine engineering and
ecological protection.

To address marine biofouling, several methods have been developed, including physi-
cal removal [21,22], which involves manually or mechanically cleaning attached organisms;
electrolysis of seawater [23–25], which kills organisms using highly oxidizing substances
generated through electrolysis; and the direct addition of biocides, where chemicals are
added to seawater to inhibit the growth of organisms. Additionally, antifouling coatings
can be applied using specialized coatings to prevent biofouling [14,17,26]. Regarding the
first three methods, physical removal is simple but inefficient and unable to eliminate
microorganisms. Seawater electrolysis consumes a lot of energy and requires high initial
investment costs, making it less viable for long-term applications. While adding biocides is
effective, the chemicals are unstable, pose safety risks, affect environmental compatibility,
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and are inconvenient for moving ships, making dynamic cleaning unfeasible. What sets the
coating method apart from other approaches is its capacity to retain the substrate’s original
characteristics and simultaneously improve its surface performance with the coating. Ad-
justing the coating composition and processing techniques allows for targeted performance
regulation, making it easier to maintain and repair. Therefore, current research focuses on
the development and application of antifouling coatings.

In selecting coating protection methods, it is crucial to consider factors such as per-
formance, service life, long-term adhesion, and cost while optimizing the choice based on
specific application conditions. Marine antifouling coatings predominantly use organic
materials, such as silicone-based and Cu-containing antifouling coatings [27–31]. However,
in more demanding environments, such as deep-sea drilling platforms, submarine cables,
and marine buoys, materials are required not only to have antifouling properties but also
to possess adequate mechanical strength and wear resistance to maintain coating adhesion
over time [32,33]. Therefore, the coating above applications presents certain limitations.

In contrast, metal-based and ceramic coatings [34–39], due to their higher hardness,
better wear resistance, corrosion resistance, and longer service life, exhibit clear advantages.
As a result, developing coatings with improved comprehensive surface properties, matched
with appropriate preparation techniques, has become a key research focus in antifouling
coatings. For example, the research includes the design of coating compositions with Cu as
the primary antibacterial component [39–41], studies on the design and preparation pro-
cesses of multilayer coating structures [42,43], performance studies of coatings with Ag as
the main antibacterial component [44,45], and investigations into the mechanisms of perfor-
mance enhancement for TiO2 ceramic-phase composite-metal-based materials [31,35,46,47],
etc. While much work has been done in this area, a systematic review remains lacking.

In summary, this review summarizes the main preparation techniques for high-surface-
strength antifouling coatings, including cold spraying, plasma spraying, magnetron sput-
tering, and laser cladding. It then analyzes the key components, characteristics, and
antifouling mechanisms of various coatings, such as Cu-doped polymers, Cu-doped metal
coatings, Cu-doped composite coatings, Ag-doped antifouling coatings, and Cu/Ag-co-
doped antifouling coatings. Furthermore, it focuses on the quality of coatings in typical case
studies, including factors such as coating thickness, adhesion, environmental compatibility,
and long-term durability. Finally, the future development of high-strength antifouling
coatings is projected, aiming to provide more effective antifouling solutions for the marine
engineering field.

2. Preparation Technology of Antifouling Coating

In antifouling coating preparation, recent research focuses on depositing materials
with specific properties onto substrates. Advanced techniques are used to enhance an-
tifouling performance, corrosion resistance, and wear resistance. These improvements
help substrates adapt to different marine environments. This chapter will discuss the
process principles, typical applications, and specific research progress of various coating
preparation technologies, including cold spraying, plasma spraying, magnetron sputtering,
and laser cladding. Based on the analysis of multiple technologies’ process advantages and
application status on different materials, suitable preparation technology references are
provided for selecting coatings to improve durability.

2.1. Cold Spray

Cold spray is a coating deposition technology with a working temperature range from
low to several hundred degrees Celsius (typically below 600 ◦C). The process involves
accelerating solid micron-sized powder particles, such as metals or ceramics, to supersonic
speeds using a high-pressure carrier gas like N2 or He. When these high-speed particles
impact the substrate, their substantial kinetic energy causes them to undergo plastic de-
formation and tightly adhere to the substrate, forming a dense coating. Throughout this
process, the particles remain solid rather than melting, thus retaining the material’s original
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properties, such as electrical conductivity and mechanical strength [48–59]. Compared to
traditional thermal spray techniques, cold spray operates at lower temperatures, which
prevents the melting of materials and avoids the oxidation and thermal stress issues caused
by high temperatures.

Cold spray is widely used in the preparation of antifouling coatings. For instance,
Lupoi et al. [60] developed antifouling coatings on organic polymer substrates, Huang
et al. [61] produced Cu/Al2O3 composite coatings, and Ding et al. [62–64] applied Cu/Cu2O
coatings on steel surfaces. Guo et al. [61] utilized cold spraying technology to prepare
Cu/Al2O3 composite antifouling coatings on Q235 steel. The coating system consisted of a
flame-sprayed Al2O3 base layer and a cold-sprayed Cu top layer. The Al2O3 layer acted as
an insulating barrier to prevent galvanic corrosion between the Cu coating and the steel
substrate while ensuring a controlled release of Cu ions to enhance antifouling performance.
The sample size was 10 mm × 10 mm, with the Al2O3 layer thickness approximately
250 µm and the Cu layer thickness approximately 200 µm. In terms of coating uniformity,
cold-sprayed Cu/Al2O3 coatings exhibited a dense and homogeneous structure. The
adhesion strength between the Cu layer and the Al2O3 layer was approximately 10 MPa,
and between the Al2O3 layer and the steel substrate was about 20 MPa, ensuring good
mechanical stability.

Ding et al. [62] utilized cold spray technology to prepare Cu/Cu2O composite coatings
on Q235 steel substrates. The sample size was 150 mm × 150 mm × 3 mm, and the coatings
were composed of varying proportions of copper and cuprous oxide (Cu2O), specifically
0%, 10%, 20%, and 30% Cu2O. In terms of coating uniformity, the Cu/Cu2O coatings
exhibited a dense structure with low porosity. However, as the Cu2O content increased, the
bond strength of the coatings decreased, with 30% Cu2O being the upper feasible limit. For
adhesion, the cold-sprayed coatings demonstrated high adhesion and mechanical stability,
making them suitable for high-velocity water flow environments. Regarding antibacterial
performance, tests using diatoms (Navicula pinna, Navicula rows, and Navicula parva)
showed that the 30% Cu2O coating was the most effective in inhibiting diatom attachment,
achieving a 100% inhibition rate within 72 h. In terms of long-term stability, the coatings
maintained a stable release of copper ions throughout the 30-day seawater immersion test,
ensuring sustained antifouling performance. The galvanic interaction between copper
and Cu2O enhanced the electrochemical dissolution of copper, ensuring a consistent ion
release rate.

Additionally, there are studies on optimizing the process. C. Stenson et al. [65] used
experimental and computational fluid dynamics methods to reveal the effects of cold
spray Cu coating processes on coating quality. The research shows that higher nozzle
inlet pressure improves particle penetration depth and surface coverage, with the optimal
pressure range being 15 to 30 bar. Increasing the pressure beyond this range causes
excessively high particle velocities, leading to substrate surface erosion and a reduced
coating quality. A slower nozzle scanning speed enhances particle penetration depth,
as embedded particles can be further driven into the substrate by subsequent particles.
However, increasing the powder feed rate does not significantly improve penetration depth.
When the feed rate exceeds 45%, increased particle interaction causes some particles to
rebound or accumulate on the substrate surface, limiting further penetration.

The advantage of cold spray technology lies in its low-temperature operation, which
prevents material melting, thus preserving the original properties of the materials, such as
electrical conductivity and mechanical strength. Cold spray has demonstrated significant
potential when applying marine antifouling coatings. However, various process parameters
greatly influence coating quality. For example, an appropriate nozzle inlet pressure range
and a slower spraying speed can enhance particle penetration depth and surface coverage.
However, excessively high pressure or an increased powder feed rate can negatively affect
coating quality, leading to substrate surface erosion or particle rebound. Proper control of
process parameters is crucial for optimizing cold spray coatings.
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Future research can continue to optimize process parameters, improve coating quality,
and develop material combinations better suited to different substrates and protection
requirements.

2.2. Plasma Spraying

Plasma spraying is a coating technology that uses a plasma arc as a heat source.
By creating high-temperature plasma through inert gases between electrodes, powdered
materials are heated to a molten or semi-molten state, and these molten particles are then
propelled onto the substrate surface using high-pressure gas to form a dense coating.
Relying on its high temperature and high-velocity characteristics, the sprayed material
impacts the substrate at an extremely high speed, creating a layer that tightly bonds to the
substrate [66–76]. Plasma spraying technology has been studied in preparing antifouling
coatings [34,35,77–80]. Typical studies include the behavior of Cu-based composite coatings,
TiO2 coatings, etc., in marine pollution prevention.

Tian et al. [79] utilized plasma spraying technology to prepare Cu–Ti composite
coatings on Ti-6Al-4V(TC4) alloy substrates. The sample size was 20 mm in diameter by
2 mm in thickness, and the average thickness of the coatings was approximately 300 µm. In
terms of coating uniformity, the coatings exhibited dense microstructures with well-bonded
Cu and Ti interfaces, along with minimal pores and oxide inclusions. The Cu and Ti
layers were uniformly distributed, contributing to the formation of micro-galvanic cells.
For adhesion, the coatings demonstrated strong interfacial bonding with the substrate,
with an average adhesive strength exceeding 40 megapascals, which was attributed to the
effective filling of substrate pores by Cu droplets during the spraying process. In terms of
long-term stability, immersion tests in artificial seawater showed that the micro-galvanic
structure enabled the uniform release of Cu ions, maintaining high antifouling efficiency
throughout the immersion period. This slow-release mechanism, combined with a self-
polishing effect, ensured that the coatings provided durable and environmentally friendly
antifouling performance.

Researchers have recently studied the combined technology of plasma spraying and
laser surface texturing. Yi et al. [35] prepared TiO2 ceramic coatings through plasma
spraying. They compared the performance of coatings with the highest density of micro-
scale protrusions to those with fewer groove structures. The coating with the protrusion
structure had a larger remelted area, resulting in more anatase TiO2, a phase with high
photocatalytic activity, thereby enhancing the photocatalytic performance of the coating.
After 72 h of diatom settlement experiments, the coating showed the smallest fluorescent
area, demonstrating superior performance in preventing marine organism attachment. The
higher-density microstructure also increased the surface flow velocity, further inhibiting
biofouling attachment. In addition, plasma spraying can be used to create coatings with a
micron-layered structure, which allows for the controlled release of antifouling elements,
thereby extending the coating’s antifouling performance and reducing environmental
pollution, as will be further analyzed in the next section [81].

Due to the extreme temperatures generated by the plasma arc, this technique is
suitable for preparing high-melting-point coating materials, including metals, ceramics,
and composites. Additionally, the dense coating structure, with low porosity, effectively
prevents the penetration of gases or liquids, making it ideal for high-temperature and
highly corrosive environments.

2.3. Magnetron Sputtering

Magnetron sputtering technology is a physical vapor deposition technique com-
monly used for thin film deposition, utilizing radio frequency and direct current power
sources [82–90]. In the magnetron sputtering process, argon gas, an inert gas, is first in-
troduced into the vacuum chamber. Under the electric field applied by the power source
(either direct current or radio frequency), the argon gas becomes ionized, generating posi-
tively charged argon ions. These ions are accelerated by the electric field and collide with
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the target material’s surface at high speeds. At the same time, the magnetron system gener-
ates a magnetic field in the sputtering region, allowing the charged ions to rotate within
the magnetic field. As the ions rotate, their paths are extended, enhancing the ionization
process and increasing sputtering efficiency. Under the combined influence of the electric
and magnetic fields, the argon ions bombard the target surface, ejecting its atoms, and these
atoms travel through the vacuum towards the substrate surface, gradually attaching to it.
As the atoms continue to diffuse, accumulate, and bond together, they eventually form a
thin film on the substrate with the same composition as the target material.

Research on preparing antifouling coatings using magnetron sputtering technology
is ongoing, with coating materials including Cu/graphite-like carbon (GLC) composite
coatings, Ti/(Cu, MoS2) composite coatings, and TiO2 coatings [91–95]. At the same time,
the mechanisms by which magnetron sputtering processes affect coating quality are also
being explored.

Wang et al. [95] studied the process of depositing TiO2 films on 5083 aluminum alloy
substrates. The film thickness increased with higher sputtering power, ranging from
248.7 ± 9.3 nm at 6 kW to 554.7 ± 5 nm at 15 kW. At a low power of 3 kW, the film surface
was relatively smooth, with a roughness value of 2.269 nm, while at a higher power of
8 kW, the roughness increased to 10.612 nm. The higher power promoted grain growth,
resulting in larger surface particles. Increasing the bias voltage enhanced the ion energy,
improving the film’s density and reducing roughness. On the sample with a roughness of
2.269 nm, Escherichia coli (E. coli) density was 217 cells/mm2. In comparison, the bacterial
density increased significantly on the sample with a roughness of 10.612 nm. The ratio
of oxygen to argon significantly influenced the crystalline phase composition of the TiO2
films, with a higher oxygen ratio promoting the formation of more oxide phases, thereby
enhancing the film’s antifouling and anticorrosion properties.

Chen et al. [91] utilized magnetron sputtering technology to prepare CrN-Ag com-
posite coatings on 316 L stainless steel substrates. The coatings were based on a CrN
matrix with varying contents of silver (Ag), specifically 4.96 at.%, 8.06 at.%, 13.18 at.%,
and 18.37 at.%. The sample size was 30 mm × 30 mm × 2 mm, and the coating thickness
ranged from 2.1 to 3.5 µm. In terms of coating uniformity, the CrN-Ag coatings exhibited
dense and uniform structures. However, as the silver content increased, agglomeration of
silver particles was observed, affecting the microstructure of the coatings. For adhesion,
a thin chromium interlayer was introduced during the deposition process to enhance the
bonding between the coating and the substrate, ensuring good adhesion and mechanical
stability. Regarding antibacterial performance, tests against Escherichia coli (E. coli) and
Bacillus subtilis showed that the coating containing 13.18 at.% silver exhibited the best an-
tibacterial effect. The coating achieved a 100% inhibition rate against Bacillus subtilis within
6 h and a 100% inhibition rate against E. coli within 24 h. In terms of long-term stability,
the CrN-Ag coatings demonstrated excellent antifouling performance during a 30-day
immersion test in artificial seawater. The attachments of Chlorella, Nitzschia closterium,
and Phaeodactylum tricornutum were reduced by 45%, 72%, and 64%, respectively. The
coating with 13.18 at.% silver showed the most significant antifouling effect, maintaining
high-efficiency performance over the long term.

Zhang et al. [93] utilized magnetron sputtering technology to prepare Ti/(Cu, MoS2)-
DLC composite coatings on 304 stainless steel substrates. Four types of coatings were
prepared: S1 was a DLC coating containing only MoS2 without Cu; S2 contained 5.3 at.%
Cu and MoS2; S3 contained 7.6 at.% Cu and MoS2; and S4 contained 9.0 at.% Cu and
MoS2. The sample size was 30 mm × 20 mm × 2 mm, with coating thicknesses ranging
from 0.7 µm to 1.6 µm, and the Ti interlayer thickness was approximately 180 nm. In
terms of coating uniformity, all samples exhibited dense and uniform microstructures.
However, increasing the Cu content led to larger surface particles and a gradual increase
in surface roughness, with the roughness of S1 being 2.99 nm, S2 being 4.37 nm, S3 being
7.6 nm, and S4 reaching 10.80 nm. For adhesion performance, the Ti interlayer significantly
enhanced the bonding between the coating and the substrate. As Cu content increased, the
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critical delamination load improved from 7.4 N (S1) to 19.8 N (S4), demonstrating enhanced
mechanical stability.

Magnetron sputtering technology offers considerable flexibility and controllability in
preparing antifouling coatings and has advantages in producing thin films. By adjusting
process parameters such as sputtering power, bias voltage, and gas ratio, the microstructure
and surface characteristics of the coating can be effectively controlled, thus influencing its
antifouling performance. However, the impact mechanisms of different material combina-
tions and process conditions on coating performance require further in-depth study. Future
research could focus on exploring the preparation of new composite materials and multi-
layer coatings and understanding the relationship between process parameters and coating
performance to develop more efficient and environmentally friendly antifouling solutions.

2.4. Laser Cladding

Laser cladding is a technique for surface modification and additive manufacturing that
employs high-density laser beams to fuse powder materials, which then rapidly solidify
on the substrate. This results in a compact layer that metallurgically integrates with the
underlying material [96–104]. In preparing antifouling coatings, research on laser cladding
mainly focuses on fabricating metal-based coatings, such as Cu-Cr, Cu-Mn, Cu-Fe, and
high-entropy alloy coatings [42,105,106].

Ma et al. [42] utilized laser cladding technology to prepare Cu-Fe composite coatings
on steel substrates and evaluated their antifouling performance in marine environments.
The coatings had a thickness of 350 µm, and experiments were conducted with 8%, 12%,
and 16% Cu content. Through rapid cooling, the coatings formed a dense structure,
preventing segregation and porosity, with Cu-rich matrix phases and Fe precipitates uni-
formly distributed. The Fe precipitates appeared as spherical particles with diameters of
500–1000 nanometers. The coatings demonstrated excellent adhesion, which was further
enhanced by the microchannel structures formed through dealloying, improving the me-
chanical bonding between the coatings and the substrate. Tests showed that the Fe12Cu
coating achieved a stable copper ion release rate within 15 days, effectively inhibiting the
attachment of marine organisms. During a 30-day seawater immersion test, the coatings
exhibited outstanding self-polishing performance, reducing the accumulation of corrosion
products and biofouling. The antifouling lifespan of the Fe12Cu coating was predicted to
reach 25 years, significantly exceeding the 3–5 year lifespan of traditional coatings. The
12% Cu content (Fe12Cu coating) was identified as the optimal combination.

Verma et al. [105] utilized laser cladding technology to deposit CoCrFeNi and CoCr-
CuFeNi high-entropy alloy coatings on Indian naval steel (DMR 249A) substrates. The
sample size was 300 mm × 300 mm × 30 mm. The thickness of the CoCrFeNi coating
was approximately 830 µm, while the CoCrCuFeNi coating was approximately 630 µm.
In terms of coating uniformity, both coatings exhibited dense microstructures without
any cracks. The Cu in the CoCrCuFeNi coating segregated as a second FCC phase. For
adhesion, the coatings formed metallurgical bonds with the substrate, ensuring good inter-
facial stability. Regarding antibacterial performance, antibacterial tests using Escherichia
coli (E. coli) showed that the CoCrCuFeNi coating reduced bacterial growth by 88%, sig-
nificantly outperforming both the CoCrFeNi coating and the DMR 249A substrate. This
performance was attributed to the release of Cu ions from the CoCrCuFeNi coating, which
effectively killed bacterial colonies.

Laser cladding technology is gaining attention in preparing antifouling coatings due
to its high precision, controllability, and environmental friendliness. Compared to mag-
netron sputtering, it enables the production of thicker coatings. In the field of antifouling
coating preparation, optimizing laser processing parameters has enabled the refinement
of microchannels within the coating, thereby achieving control over the release rates of
antifouling ions. However, the impact mechanisms of different materials and elemental
distributions on the formation of microchannels and their antifouling effects still require fur-
ther investigation. Future research can focus on developing more complex multi-element
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alloy systems and further exploring the relationship between process parameters and
microstructure control to achieve more efficient and long-lasting antifouling effects.

2.5. Micro-Arc Oxidation

Micro-arc oxidation (MAO) is a technology that forms an oxide ceramic layer on the
surface of metal materials through electrochemical methods [107–115]. By applying high
voltage in the electrolyte, micro-discharges occur on the metal surface, forming an oxide
layer that is wear-resistant, corrosion-resistant, and thermally stable. Zhang et al. [116]
prepared a Cu-doped TiO2 composite coating using MAO, with 10 g/L Na2Cu-EDTA as the
copper ion source, resulting in a dual-layer structure. Based on the characteristics of MAO,
the inner layer, formed under low discharge density and rapid cooling, produced a dense
TiO2 layer, providing adhesion and corrosion resistance, preventing the penetration of
corrosive media. The outer layer, subjected to high-temperature melting and rapid cooling,
developed a porous structure, increasing the surface area and offering channels for the
sustained release of copper ions. The study revealed regional variations in copper content
within the coating: the high-copper-content area, with 4.2 wt% copper, primarily contained
CuO, exhibiting stronger antibacterial performance, while the low-copper-content area,
with 2.3 wt% copper, mainly consisted of Cu2O, with relatively weaker antibacterial effects.
Copper ion release tests indicated that the high-copper-content area had a release rate of
8.1 ppb/cm2, higher than the 3.3 ppb/cm2 of the low-copper-content area. In antibacterial
tests against Staphylococcus aureus, the high-copper-content area showed a higher bacterial
mortality rate, with SEM observations revealing significant bacterial membrane rupture,
whereas only minor deformation was observed in the low-copper-content area.

Micro-arc oxidation and ultrasonic vibration were used by Hu et al. to prepare Cu-
doped titanium dioxide coatings [117]. The introduction of ultrasonic waves enhanced the
incorporation of Cu into the coating, increasing the coating thickness from 8.1–12.8 µm to
13.5–26.2 µm while reducing the porosity from 4.85% to 4.03%. In a 14-day sulfate-reducing
bacteria culture experiment, the untreated titanium surface exhibited a large amount of
bacterial and biofilm attachment, showing poor antifouling performance. In contrast, the
Cu-doped titanium dioxide coating, with a Cu content of 2.13%, significantly reduced
microbial attachment on the surface, and the bacterial cell membranes were ruptured,
demonstrating a marked bactericidal effect. On this coating, bacterial attachment was
decreased by more than 80% compared to untreated titanium, and biofilm coverage was
reduced, showing notable antifouling properties.

MAO has gained widespread attention in the preparation of antifouling coatings due
to its high adhesion, excellent corrosion resistance, and antibacterial properties, along with
its environmentally friendly and easily controllable process. Compared to other surface
modification techniques, MAO coatings feature a thicker and more porous structure, which
not only enhances the surface area of the coating but also provides channels for the sus-
tained release of antibacterial ions or antifouling agents. In the development of antifouling
coatings, optimizing MAO process parameters can further regulate the microstructure of
the pores, enabling precise control over the release rates of antibacterial ions. However,
the mechanisms by which different materials and elemental distributions influence the
formation of microstructures and their antifouling performance require further investiga-
tion. Future research could focus on developing complex multi-element doping systems
and exploring the relationship between process parameters and microstructure control to
achieve more efficient and long-lasting antibacterial and antifouling effects.

2.6. Other Technology

In addition to the techniques above in antifouling coating research, there have also
been studies involving high-velocity oxygen fuel (HVOF), spark plasma sintering (SPS),
and pulsed electrospark deposition (PED).

SPS is an advanced sintering technique that applies pulsed direct current (DC) through
a powder compact while simultaneously applying uniaxial pressure. The rapid heating gen-
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erated by the electric current and the applied pressure allows for fast sintering at relatively
low temperatures, reducing grain growth and preserving the material’s nanostructure. This
process enables the production of high-density, nanocrystalline materials and composite
materials, with improved mechanical properties and uniform microstructures [118–120].
The key advantages of SPS include short processing times, high precision, and the ability
to sinter materials with complex compositions that are challenging for conventional sinter-
ing methods. In studies using traditional casting methods to prepare Al 0.4CoCrFeNiCu
high-entropy alloys [121], it was found that Cu plays a positive role in the antifouling
performance of the coating. Still, Cu segregation reduces the alloy’s corrosion resistance
and strength. Yu et al. [122] used the SPS technique to sinter AlCoCrFeNiCu0.5 alloys
under high pressure (30 MPa) and high temperature (1423 K) in a vacuum environment,
discovering that Cu could dissolve uniformly into the high entropy alloy matrix without
large-scale segregation with other elements. The alloy’s antifouling performance in marine
environments improved; electrochemical impedance increased; and it exhibited higher
yield strength (1203 MPa), fracture strength (2447 MPa), and plastic strain (26.37%). The
results confirmed that the use of SPS can alter the form of Cu in the alloy, thereby improving
the comprehensive properties of the alloy, including antifouling, corrosion resistance, and
mechanical performance.

HVOF is a thermal spray process in which a combustion gas mixture is ignited and
passed through a nozzle at high speeds [123–129]. The combustion produces a high-
temperature, high-pressure gas stream that accelerates the coating particles to supersonic
velocities. Upon impact with the substrate, the molten or semi-molten particles rapidly
solidify, forming a dense, well-adhered coating. The high velocity minimizes the porosity
and oxidation of the coating material, resulting in strong adhesion, excellent mechanical
properties, and corrosion resistance. HVOF coatings are widely used in environments
requiring wear resistance and thermal protection, such as marine equipment and turbine
components. Piola et al. [34] studied the comparison of antifouling performance between
HVOF coatings and traditional atmospheric plasma spraying ceramic coatings in marine
hydraulic applications. The sample size was 25 mm × 50 mm × 6 mm. In terms of coating
uniformity, the HVOF coatings exhibited low porosity and high uniformity, with the dense
structure effectively reducing defects and preventing fouling attachment. For adhesion,
the HVOF coatings formed strong metallurgical bonds with the substrate. In terms of
long-term stability, after 20 weeks of marine exposure experiments, the fouling coverage
of HVOF coatings was lower than that of APS coatings. Mainly in tropical environments,
the fouling coverage of HVOF coatings was below 20%, while that of APS coatings was
close to 90%. The HVOF coatings demonstrated excellent durability throughout the testing
process Additionally, the surface roughness (Ra) of HVOF coatings was low, ranging from
0.06 to 0.10 µm, while the surface roughness of APS coatings was 0.26 µm.

PED is a surface modification technique that enhances materials by depositing elec-
trode material onto a substrate via high-frequency pulsed discharges. It generates localized
high temperatures, transforming the material into plasma that fuses onto the surface. PED
provides process flexibility and precise control over coating thickness and roughness, en-
suring uniform chemical incorporation [130–134]. E.I. Zamulaeva et al. [135] prepared
Ag-doped multicomponent coatings on Grade 4 titanium using PED and ion implanta-
tion techniques. Composite electrodes, with Ag content ranging from 0 to 2.0 at%, were
fabricated through the self-propagating high-temperature synthesis method. The sample
dimensions were 15 mm × 15 mm × 3 mm, with the coatings having an average thickness
of 30 µm. The study revealed that all coatings contained TiC particles, a titanium matrix,
and CaO and MgO oxides. However, as the Ag content increased, the size of TiC particles
decreased, and the Ag particles became more uniformly distributed with higher density. In
coatings with higher Ag content (2.0 at%), the formation of an Ag-Mg solid solution phase
was also observed. Moreover, Ag doping significantly enhanced the antibacterial proper-
ties of the coatings. All Ag-doped coatings exhibited 100% antibacterial activity against
both Gram-positive Staphylococcus aureus and Gram-negative Escherichia coli within 24 h,
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with Ag content between 0.5 and 1 at% being sufficient to achieve effective antibacterial
performance.

A.N. Sheveyko et al. [131] prepared Ag-doped coatings on titanium-based materials
using PED and analyzed the effects of different deposition environments—argon, water,
and air—on the coatings’ performance. The coatings had a thickness of 30 µm, with surface
roughness (Ra) ranging from 3.7 to 6.1 µm. The coating deposited in the argon environment
exhibited the highest hardness, reaching 11 GPa, primarily due to the high TiC phase
content, which enhanced its mechanical properties and wear resistance. Additionally, the
dense structure formed under this environment minimized oxidation reactions, improving
the mechanical stability of the material. In the water environment, oxidation reactions on
the coating surface intensified, resulting in the formation of more oxides. This led to an
increased release rate of Ag+ ions, with a concentration of 480 ppb within five days, which
significantly enhanced antibacterial performance but potentially compromised long-term
structural stability. In contrast, the air environment produced milder oxidation reactions,
with a lower Ag+ ion release concentration of 140 ppb. While the coating under air
conditions maintained better chemical stability, its antibacterial performance was weaker
compared to the water-deposited coating.

Although these technologies hold potential for antifouling coating preparation, they
also have certain limitations. For example, micro-arc oxidation faces challenges in con-
trolling coating thickness and uniformity, HVOF spraying may lead to high-temperature
oxidation, and SPS is costly and requires complex equipment. The long-term stability and
durability of these technologies in marine environments also require further optimization
and validation. Future research can explore optimizing the process parameters of these
technologies to enhance the antifouling performance of the coatings.

Table 1 summarizes the typical research results on the preparation technologies of
antifouling coatings, including the substrate and coating compositions, component dimen-
sions, coating uniformity, adhesion, and antifouling stability. Different deposition tech-
niques demonstrate specific potential in their respective marine antifouling applications.

The primary advantage of cold spray technology lies in its low-temperature operation,
which prevents material melting and retains the material’s original properties, such as
electrical conductivity and mechanical strength. It is suitable for the preparation of heat-
sensitive and easily oxidized metal coatings. This makes it applicable in the field of marine
antifouling equipment for precision components that require protection from thermal
damage, such as sensors and other electronic surfaces. However, since cold spray coatings
do not form metallurgical bonds, their adhesion is generally lower than that of techniques
like laser cladding. For example, as shown in the study by Guo et al. [61], the adhesion
between Cu and the intermediate Al2O3 layer was 10 MPa. The cost of cold spray primarily
depends on the type of substrate and coating materials, followed by the cost of using high-
pressure gases. Compared to energy-intensive and high-manufacturing-cost processes such
as magnetron sputtering and laser cladding, cold spray offers a cost advantage.

Plasma spraying technology can handle high-melting-point metals, ceramics, and com-
posites, producing dense and low-porosity coatings that prevent gas and liquid penetration.
This makes it a suitable choice for equipment components used in high-temperature and
corrosive environments, such as marine and chemical equipment. The cost of plasma spray-
ing is primarily determined by the energy consumption required for high-temperature
operations, equipment maintenance, and the price of the materials used.

Magnetron sputtering technology offers some flexibility and controllability in produc-
ing antifouling coatings, particularly thin film coatings. In the marine antifouling sector, it is
mainly used for depositing thin films on electronic equipment. However, due to the limited
thickness of the films, magnetron sputtering is not suitable for applications requiring wear
resistance. The cost of this technology depends on the price of the sputtering targets and
the complexity of the process control, and it is also influenced by the number and types of
materials used in the coatings. Overall, the cost of magnetron sputtering is higher than that
of cold spray technology.
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Table 1. Summary of deposition methods and their characteristics.

Deposition
Method Materials Dimensions Uniformity Adhesion Stability

Cold spray

Substrate:
Q235 carbon steel

Coating:
Al2O3 base layer with

Cu top layer [61]

Sample size:
10 mm × 10 mm
Layer thickness:
Al2O3: 250 µm;

Cu: 200 µm

Dense,
homogeneous

10 MPa
(Cu to Al2O3);

20 MPa
(Al2O3 to steel)

Stable during
30-day

seawater test

Substrate:
Q235 carbon steel

Coating:
Cu/Cu2O composite
(0%, 10%, 20%, 30%

Cu2O) [62]

Sample size:
150 mm × 150 mm

× 3 mm
Layer thickness:

Varies with Cu2O
content

Low porosity;
uniformity

decreases with
>30% Cu2O

- -

Plasma
spraying

Substrate:
TC4 alloy
Coating:

Cu-Ti composite
coatings [79]

Sample size:
20 mm diameter
Layer thickness:

300 µm

Dense with
minimal pores Exceeds 40 MPa -

Magnetron
sputtering

Substrate:
5083 alloy
Coating:

TiO2 thin films [95]

Sample size:
248–554 nm

Layer thickness:
248–554 nm

- -
Stable during

30-day seawater
test

Substrate:
316L stainless steel

Coating:
CrN-Ag composite

coatings with varying
Ag contents [91]

Sample size:
30 mm × 30 mm ×

2 mm
Layer thickness:

2.1–3.5 µm

Dense but with Ag
particle

agglomeration at
high content

-
Stable during

30-day seawater
test

Laser
cladding

Substrate:
steel substrate

Coating:
Cu-Fe composite (8%,

12%, 16% Cu
content) [42]

Sample size:
300 mm × 300 mm

× 30 mm
Layer thickness:

350 µm

Dense structure
with evenly

distributed phases

Metallurgical
bonding

Antifouling
lifespan of 25 years

Substrate:
DMR 249A steel

Coating: CoCrCuFeNi
high-entropy alloy

Sample size:
300 mm × 300 mm

× 30 mm
Layer thickness:

630–830 µm

- Metallurgical
bonding

Durable coating
for long-term use

Micro-arc
oxidation

Substrate:
titanium
Coating:

Cu-doped TiO2
composite coatings [105]

-
Porous outer layer
with dense inner

structure

High adhesion
through oxide

layer formation
-

Micro-arc oxidation technology in marine antifouling research primarily focuses on the
preparation of porous ceramic layer coatings. With an intermediate layer, it can form good
adhesion with the substrate and is suitable for specific material requirements in equipment
components. The cost of MAO mainly depends on energy consumption and the type of
substrate used, though it generally remains lower compared to other deposition techniques.

Laser cladding technology is characterized by the production of thick coatings with
metallurgical bonding, as shown in the research by Ma et al. [42]. It is suitable for large-
scale components and high-load environments, such as marine engineering equipment. Its
thick coatings provide excellent wear resistance and antifouling performance. However,
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the high cost of laser cladding is mainly determined by equipment maintenance, energy
consumption, and the price of the coating materials used.

3. Progress in Marine Anti-Fouling Coatings

As research into marine anti-fouling coatings advances, different coatings have been
developed and applied, with Cu-doped and Ag-doped coatings standing out due to their
notable antimicrobial properties. Both Cu and Ag exhibit strong antifouling effects by
effectively disrupting the cellular structures of marine organisms, thereby preventing
biofouling. The following sections will delve into recent developments and applications
of Cu-doped and Ag-doped antifouling coatings, aiming to provide a reference for future
studies and practical applications.

3.1. Cu-Doped Antifouling Coating

Cu as an antifouling material can be traced back to the Phoenicians and Carthaginians
in 700 BC when Cu sheathing was used to prevent biofouling and pollution on ship
hulls [136]. By the mid-19th century, the Liverpool dockyards in England began using
Cu sulfate in their antifouling paints [136]. Entering the 20th century, tributyltin (TBT)
became the new standard for antifouling due to its effective properties. However, due
to environmental concerns, many countries began banning its use in the 1980s, and the
International Maritime Organization prohibited TBT paints in 2008 [137,138]. Subsequently,
Cu-based antifouling paints gradually regained attention, among which Cu-doped polymer
coatings, valued for their ease of use and low cost, have seen widespread application.

Under specific working conditions, antifouling coatings must possess a certain surface
strength level. Therefore, metal-based antifouling coatings are also an important research
direction. In the 1990s, Japan’s Nisshin Steel Co. developed three Cu-containing NSS-
AM antibacterial stainless steels [139,140]. The alloys possess corrosion resistance, wear
resistance, and mechanical properties while exhibiting antibacterial performance. Further
investigations by other researchers [141] have also confirmed that adding an appropriate
amount of Cu to stainless steel can produce a bactericidal rate of approximately 99% against
Escherichia coli, Staphylococcus aureus, and yeast.

Additionally, studies have shown that the ε-Cu antibacterial phase is crucial, as it
damages bacterial cell walls and membranes, causing leakage of intracellular fluids. This
disruption of metabolic processes ultimately leads to cell death, providing antibacterial
effects [142–145]. This type of antibacterial stainless steel has been applied in the food
industry and medical devices. Research on Cu-containing metal-based coatings for marine
antifouling has gradually emerged, focusing on Cu-Fe coatings, Cu-Cr coatings, Cu-Ti
coatings, and Cu-containing high-entropy alloy coatings.

3.1.1. Cu-Doped Polymer Coatings

In Cu-doped polymer coatings, the polymer matrix provides specific adhesion and
mechanical properties, and the antifouling effect is achieved by controlling the release of
Cu ions.

Research on the effects of three polyurethane-based antifoulings, International Paint
Trilux 33 (AF), International Paint Micron Extra 2 (CDP), and International Paint Micron 77
(SPC), on the corrosion and biofouling of aluminum substrates revealed that the corrosion
behavior of the coatings influences their antifouling performance [146]. When Cu in the
coatings comes into direct contact with the aluminum substrate, electrochemical corrosion
is induced. Among the tested formulations, CDP and SPC, with higher Cu oxide content,
exhibit faster corrosion rates. CDP contains Cu oxide and zinc oxide as the main antifouling
components, while SPC includes Cu oxide and Cu pyrithione. Both present a higher
corrosion risk for aluminum due to their elevated Cu oxide content.

On the other hand, AF uses Cu thiocyanate as the active ingredient, with lower Cu
content, resulting in less severe corrosion. Controlling active ingredient release can produce
antifouling effects in polymer-based antifouling coatings. However, it is important to
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consider the compatibility between the coating’s composition and the substrate to minimize
the risk of electrochemical corrosion

The state of Cu affects its antifouling ability [147,148]. In studies on the metal release
and impact of Cu-doped epoxy resin coatings on marine sessile invertebrate communities,
it was found that nano-Cu coatings exhibit more robust antifouling capabilities, as they
can more efficiently release Cu ions, thereby inhibiting biofouling [149]. In contrast, the
antifouling performance of non-nano Cu-doped epoxy resin coatings is weaker, with slower
release rates, and over time, some Cu may precipitate in particulate form, reducing the
release of effective Cu ions. The differences in release rates can be attributed to several
factors. The larger specific surface area of nano-Cu allows for a more rapid release of copper
ions. Compared to non-nano Cu, nano-Cu has smaller particle size and larger surface area,
which increases the opportunities for its surface to interact with the environment, thereby
accelerating the release of ions. Active chemical potential also plays an important role. In
nano-Cu coatings, the unique surface characteristics and higher energy state may result
in the released copper ions having a higher active chemical potential. This means that,
under the same chemical environment, nano-Cu is more likely to release copper ions than
non-nano Cu.

Robert J et al. [149] used fiberglass-reinforced plastic plates as substrates to compare
the performance of antifouling coatings with nano-scale and non-nano-scale Cu additives.
In seawater, the concentration of dissolved Cu in the non-nano Cu coating rapidly peaks
within 24 h and then stabilizes. However, in estuarine water, the release of dissolved Cu
is slower, reaching its peak only after 72 h, accompanied by an increase in particulate
Cu. As for the nano-Cu coating, it primarily releases dissolved Cu in both seawater and
estuarine water, with only a minor release of nano-particulates. Although the release of
nano-particulates increases slightly in estuarine water, the overall proportion remains low.
These results highlight the influence of environmental conditions on Cu release behavior
and reveal distinct differences between nano and non-nano Cu-doped epoxy resin coatings.

The loading and release forms of copper play a crucial role in the antifouling per-
formance of the coating. Ding et al. [150] developed a microcapsule-structured antifoul-
ing coating by encapsulating Cu2O particles within the amphiphilic block copolymer
PLMA(hydrophobic segment)-b-PDMAEMA(hydrophilic segment), forming a microcap-
sule structure with Cu2O as the core and PLMA as the outer layer, as shown in Figure 1a.
The coating was applied to Q235 steel plates as the substrate, with the plates measuring
150 mm × 150 mm × 3 mm. Figure 1b illustrates the antifouling mechanism of the coating:
Cu2O acts as the active component, gradually releasing copper ions upon contact with
seawater to achieve antifouling effects. The outer layer, composed of hydrophobic PLMA
chains, allows Cu2O particles to be evenly dispersed within the resin matrix, enhancing
the overall stability of the coating. Additionally, the PDMAEMA chains coordinate with
copper ions to control the release rate of Cu2+, ensuring the coating delivers long-lasting
antifouling performance.

Comparative studies show that while Cu2O powder exhibits a higher copper ion
release rate, it is unstable: the release rate decreases to 1.52 µg/(mL·d) after one week,
further dropping to 0.51 µg/(mL·d) after three weeks, and slowing to 0.15 µg/(mL·d) by
the eighth week. In contrast, the Cu2O coating embedded within the PLMA-b-PDMAEMA
copolymer maintains a stable concentration over 17 weeks, demonstrating a more consistent
copper ion release, ensuring long-lasting antibacterial performance. Antibacterial tests
reveal that the PLMA-b-PDMAEMA copolymer coating effectively inhibits both Gram-
positive and Gram-negative bacteria, with the 2:1 ratio of PLMA to (hydrophilic segment)
achieving the most pronounced antibacterial effect.

The EIS test analyzed the corrosion resistance of the Cu/Cu2O coating, and the results
showed that the impedance modulus of the coating increased with the Cu2O content. The
coating containing 30% Cu2O exhibited the highest impedance modulus at low frequency
(0.01 Hz), reaching approximately 1.2 × 105 Ω·cm2, indicating the best corrosion resistance.
In contrast, the coating with 0% Cu2O had the lowest impedance modulus, only about
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2.5 × 103 Ω·cm2. This demonstrates that increasing the Cu2O content effectively enhances
the electrochemical stability of the coating.

Figure 1. Construction of Cu2O microcapsules (a) and the antifouling process of Cu2O/PLMA-b-
PDMAEMA/PCL coatings in marine environments (b) [150].

Studies have shown that composite coatings doped with Cu and other active molecules
can also achieve antifouling effects. Liu et al. [26] developed a ZnS:Cu/PDMS composite
coating for marine antifouling. Figure 2 illustrates the antifouling mechanism of the coating:
Cu acts as an antimicrobial component, inhibiting microbial growth, while Cu-doped ZnS
modifies the material’s conductivity and band structure, promoting electron–hole pair
separation and enhancing Zn2+ ion release. The continuous release of Zn2+ ions further
prevents biofouling. Additionally, the fluorescence properties of ZnS influence microbial
phototaxis or disrupt physiological processes, thereby inhibiting biofilm formation. These
synergistic mechanisms work together to enhance the coating’s antifouling performance.

Figure 2. Antifouling mechanism of ZnS:Cu/PDMS composite coating [26].

The results indicate that under static conditions, coatings without ZnS accumulated
significant Chlorella growth, while those with 20 wt% and 50 wt% ZnS exhibited minimal
attachment. In dynamic environments, the antifouling performance improved, particularly
with the 50 wt% ZnS coating, as high ZnS release and surface deformation effectively
reduced Chlorella attachment. These findings suggest that increasing ZnS content en-
hances antifouling performance, especially under dynamic conditions, and that combining
multiple antimicrobial components can further improve the effectiveness of the coating.

Cu-doped polymer coatings are widely used in antifouling applications. However,
their main drawback is the thinness of the coatings, making them susceptible to damage
from mechanical impact and abrasion, especially in harsh marine environments where
water flow and particles exacerbate wear, limiting their durability. Therefore, improving
mechanical strength and durability while maintaining antifouling performance remains
an important direction for future research. Future studies could explore incorporating
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other high-strength materials, such as nanomaterials or inorganic fillers, or improving
the polymer matrix to enhance the overall performance of the coatings. Additionally,
combining polymers with other durable materials could improve their impact resistance
and wear durability.

3.1.2. Cu-Containing Metal-Based Coatings

Compared to Cu-doped polymer coatings, Cu-based metal coatings have higher me-
chanical strength and wear resistance and can achieve antifouling effects through the stable
release of Cu ions. However, alloy design and structural optimization are necessary to
enhance coating performance since Cu tends to form corrosion products in marine environ-
ments, affecting the ion release rate and antifouling durability. This section will discuss
several typical Cu-based alloy coatings, including Cu-Fe, Cu-Cr, Cu-Ti, and high-entropy
alloy coatings, analyzing their antifouling mechanisms and application performance.

1. Cu-Fe alloy coating

In Cu-based metal coatings, the release of Cu can be regulated by adding a more
electropositive metal element to the coating, utilizing the galvanic corrosion properties
to control Cu ion release. Researchers have studied the addition of Fe to optimize the
Cu release process and enhance antifouling performance. Ma et al. [42] studied Cu-Fe
alloy laser cladding coatings with different Fe contents (8 wt%, 12 wt%, and 16 wt%) in a
simulated seawater environment, mainly analyzing their corrosion behavior, Cu ion release
rates, and antifouling performance. The substrate was Grade 45 steel.

The study showed that adding Fe to the coating formed a galvanic corrosion mech-
anism, where the Fe phase acted as the anode and preferentially dissolved, forming mi-
crochannel structures. These channels promoted the release of Cu ions, enhancing the
coating’s antifouling effect. As illustrated in Figure 3a, the Cu-Fe coating original model
shows a well-structured interface before the corrosion process begins. Upon the dissolution
of Fe ions, as depicted in Figure 3b, many small channels were formed within the layer,
which allowed seawater and oxygen to penetrate the coating further, accelerating the
release of Cu and the overall corrosion process. This ion dissolution led to the formation of
porous structures within the coating. Subsequently, as shown in Figure 3c, atomic structure
rearrangement occurred, which contributed to changes in the coating’s stability over time.
Regarding Cu ion release rates, the coating with 12 wt% Fe exhibited the best performance,
with 40 µg/cm2/day, maintaining stability over 180 days, effectively preventing the at-
tachment of marine microorganisms. In contrast, the coating with eight wt% Fe had a
more porous structure and a lower Cu ion release rate. In comparison, the coating with
16 wt% Fe, despite a faster initial Cu ion release, saw a decline in long-term antifouling
performance due to the excessively high release rate.

Figure 3. The dealloying mechanism in the Cu-Fe coating [42]. (a) Cu-Fe coating original model.
(b) Fe2+ dissolution. (c) Atomic structure rearrangement.
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Zhao et al. [39] prepared 304L-Cu SS coatings on the surface of 4 mm thick 316L
stainless steel sheets. The coating exhibited an adhesion strength of 69 MPa, with a dense
microstructure and a porosity of only 0.34%. Elec Performance tests showed that the
controlled release of copper ions provided a self-polishing effect, effectively inhibiting the
attachment of biofouling organisms such as Pseudomonas aeruginosa and Navicula incerta.
The coating achieved a bacterial inhibition rate of 99.9% and successfully prevented algae
accumulation after 7 days of immersion.

Polarization tests revealed that the corrosion behavior of the 304L-Cu stainless steel
(SS) coating in artificial exhibited typical active–passive–pitting characteristics. Compared
to the uncoated 304L-Cu SS, the passivation zone current density of the coating increased
significantly, indicating that although the coating retained the ability to form a passivation
film, its corrosion resistance was reduced due to plastic deformation, martensitic trans-
formation, and pore formation. Additionally, the pitting potential decreased from 257.7
mV to 26.3 mV, reflecting a diminished resistance to pitting corrosion. EIS tests further
revealed a reduction in the impedance arc diameter for the coated sample compared to
the uncoated 304L-Cu SS. In the equivalent circuit model, the protective resistance of the
304L-Cu SS coating decreased from 43,250 Ω·cm2 to 2693 Ω·cm2. Although the corrosion
resistance of the coating declined, the presence of the passivation film ensured a controlled
release of antifouling agents during service, preventing excessive release that could lead to
marine pollution.

Additionally, the periodic release of copper ions, combined with the exposure of new
surfaces during wear, ensured long-term antifouling performance. Figure 4 illustrates the
dynamic evolution of the coating during use. In the first stage, physical wear and corrosion
from contact with the marine environment caused localized degradation, exposing new
surfaces. In the second stage, these newly exposed surfaces released the embedded copper
components into the environment, maintaining the antifouling effect. The third stage
involves a self-repair and re-release cycle, where the excellent wear resistance and adhesion
of the 304L-Cu SS coating allow degraded areas to partially repair themselves, initiating
a new antifouling cycle. This cyclical process ensures that the coating maintains stable
antifouling performance over long-term use.

Figure 4. Schematic representation of the surface morphology evolution of the 304L-Cu SS coat-
ing [39].

2. Cu-Ti alloy coating

In addition to the Cu-Fe alloy coatings studied for regulating Cu ion release, re-
searchers have also developed Cu-Ti alloy coatings. The principle behind this is that Ti
has a higher electrode potential than Cu. Cu acts as the anode when the Cu-Ti coating
is in a seawater environment, while Ti is the cathode. Cu ions are slowly and evenly
released through the mechanism of micro-galvanic cells, achieving long-lasting antifouling
performance. Tian et al. [79] designed alternating layers of Cu and Ti with different ratios
(specific Cu contents were 8.1%, 12.8%, 19.2%, 34.5%, 48.6%, and 65.2%) and used APS
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to deposit the coatings on TC4 substrates. Antifouling performance tests showed that as
the Cu content increased, the antifouling efficiency of the coating significantly improved,
reaching nearly 100% when the Cu content exceeded 19.2%.

Figure 5 illustrates the antifouling principle of the alternating layers of Cu and Ti. The
micron-scale layered structure forms multiple small micro-galvanic cells within the coating,
and as the Cu increases, the number of these micro-galvanic cells also increases. When the
Cu content is low, the anode area of each micro-galvanic cell is small, leading to higher
current density, which accelerates the dissolution of the anode. Conversely, the anode area
becomes relatively larger as the Cu content increases, reducing current density and slowing
the dissolution rate. Therefore, coatings with higher Cu content exhibit better antifouling
performance. Additionally, as the Cu dissolves, the Ti layers gradually become exposed.
The Ti layers are removed by seawater flow, exposing new Cu and Ti layers, forming new
micro-galvanic cells, and achieving a self-polishing effect.

Figure 5. Schematic diagram of the Cu-Ti composite coating [79].

The nanostructured layered architecture in antifouling coatings enhances antifouling
performance because it provides a larger specific surface area, increasing the contact area
between the coating and seawater, thereby enhancing reaction efficiency. Additionally, the
size and surface characteristics of nanoparticles lead to higher reactivity in electrochemical
reactions, allowing for a faster release of copper ions and improved antifouling efficacy.
Nanoparticles also contribute to a more uniform coating, reducing defects and enhancing
overall performance. Furthermore, this layered structure creates more micro-galvanic
cells, facilitating a more effective self-polishing effect that continuously releases copper
ions to resist biofouling. Lastly, nanostructured coatings can improve corrosion resistance,
extending their service life and maintaining long-lasting antifouling properties.

Corrosion test results revealed that the corrosion resistance of Cu-Ti composite coatings
varied with the increase in copper content. As the copper content increased from 8.1% to
65.2%, the corrosion potential rose from −327 mV to −232 mV, indicating that higher copper
content promoted micro-galvanic corrosion. The corrosion current density also increased
with the copper content, rising from 11.82 µA/cm2 to 29.91 µA/cm2, reflecting a significant
enhancement in the dissolution rate. Additionally, the charge transfer resistance decreased
from 2706 Ω·cm2 to 1526 Ω·cm2, further confirming the reduction in corrosion resistance
with higher copper content. Although the dissolution rate of individual micro-galvanic
cells decreased, the increased copper content led to a higher number of micro-galvanic cells
in the coating, resulting in an overall increase in the dissolution rate.

Under this alternating Cu-Ti coating structure, the 65.2% Cu-Ti coating shows the
highest copper ion release rate of 30 µg/(cm2·day), while the 8.1% Cu-Ti coating has a
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maximum release rate of 10.6 µg/(cm2·day). Compared to Cu/Ti coatings without the
micron-scale alternating structure [78], the copper ion release rate is lower, avoiding the
excessively rapid ion release seen in traditional coatings. As the Cu content increases from
8.1% to 65.2%, the antifouling lifespan of the coating extends from 4 years to 14 years,
indicating that this structured coating offers enhanced antifouling stability.

3. Cu-Cr alloy coatings

Cu-based materials inhibit the attachment of organisms by releasing Cu ions. How-
ever, over time, corrosion products such as Cu2(OH)3Cl reduce the release of Cu, leading
to a significant decline in antifouling performance. Researchers applied laser cladding
technology to fabricate Cu-based coatings containing 1%, 3%, and 5% Cr to explore the
influence of Cr [151]. As the Cr content increases, Cr-rich phases in the coating form Cr2O3
particles during the corrosion process. These particles become embedded in the corrosion
products, increasing the internal stress within the corrosion layer leading to cracks and
flaking. This exposes more of the coating surface, enhancing the continuous release of
Cu ions.

After 180 days, it was revealed that the antifouling performance of coatings with
different Cr contents improved significantly as the Cr content increased. The coating
containing 5% Cr exhibited the best antifouling performance, with its Cu ion release rate
stabilizing above 40 µg/cm2/d, and the microorganism coverage rate was as low as 3.21%,
significantly outperforming the pure Cu coating. The microalgae coverage on the 5% Cr
coating was less than 2%, whereas it exceeded 40% on the pure Cu material. Addition-
ally, the introduction of Cr facilitated the flaking of the corrosion product Cu2(OH)3Cl,
which helped maintain the coating’s long-term antifouling stability. This study provides
theoretical support for optimizing the design and application of Cu-Cr alloy coatings.

It is worth noting that in marine antifouling coatings, Cr is introduced in certain alloys
or composite coatings to enhance corrosion resistance and mechanical performance. How-
ever, the use of Cr also raises environmental concerns for marine ecosystems. Hexavalent
Cr(VI) is a highly toxic substance with strong carcinogenic and mutagenic properties, and
it exhibits high bioavailability in living organisms. It also has significant mobility in natural
environments [152]. Cr(VI) has been listed as a priority pollutant by several countries,
and the World Health Organization recommends that the concentration of Cr in drinking
water not exceed 0.05 mg/L [152]. Therefore, it is essential to minimize the formation
of Cr(VI) through appropriate alloy composition and process control in the design of
antifouling coatings containing Cr. Stabilizing Cr in its metallic Cr(0) or trivalent Cr(III)
states can reduce the likelihood of oxidation to Cr(VI). Additionally, incorporating other
corrosion-resistant metals, such as nickel or molybdenum, or applying stable passivation
films can further inhibit the oxidation of Cr. Monitoring Cr(VI) release throughout the
long-term use of such coatings is necessary to ensure their environmental safety. Future
research should explore environmentally friendly alternatives to Cr in antifouling coatings
or develop self-healing passivation coatings to maintain antifouling performance while
minimizing environmental impact.

4. High entropy alloy coatings

High-entropy alloys [153–155], are a new class of alloys composed of multiple principal
elements, typically five or more. With a rational combination and proportion of these
elements, the high-entropy effect allows the alloy to form a simple phase structure, and
the cocktail effect provides properties. Research has shown that in antibacterial tests using
simulated seawater [121], the as-cast Al0.4CoCrCuFeNi high-entropy alloy releases many
Cu ions, effectively inhibiting bacterial growth and biofilm formation. The antibacterial
efficacy against Pseudomonas aeruginosa and Bacillus vietnamensis, two corrosive marine
bacteria, was nearly 100 percent, demonstrating broad-spectrum antibacterial performance.

Figure 6 illustrates the Cu ion release concentrations and bacterial adhesion after
7 days of immersion in solutions containing these two bacteria for the high-entropy alloy
and Cu-containing 304 stainless steel. In Figure 6a,b, the Cu ion release concentrations of



Coatings 2024, 14, 1454 18 of 36

the alloys in Pseudomonas aeruginosa and Bacillus vietnamensis solutions were 5.7 ± 2.0 mg/L
and 1.6 ± 0.2 mg/L for the high-entropy alloy, respectively, significantly higher than the
0.5 ± 0.2 mg/L and 0.01 ± 0.003 mg/L for the 304 Cu-containing stainless steel. Figure 6c,d
depict the bacterial adhesion on the alloy surfaces after exposure to Pseudomonas aeruginosa
and Bacillus vietnamensis. The high-entropy alloy exhibited substantially reduced bacterial
adhesion, while the Cu-containing stainless steel still had considerable bacterial attachment,
demonstrating the superior antibacterial properties of the high-entropy alloy.

Figure 6. Cu ion release and bacterial adhesion: (a) ion concentration in P. aeruginosa, (b) ion
concentration in B. vietnamensis, (c) adhesion of P. aeruginosa colonies, (d) adhesion of B. vietnamensis
colonies [121].

To reduce Cu segregation in the alloy, research has employed SPS technology to
fabricate AlCoCrFeNiCu0.5 high-entropy alloys [122]. By eliminating Cu segregation and
achieving nanoscale Cu precipitation, the overall performance of the alloy was enhanced.
The density of attached algae decreased to 135/mm2, significantly lower than the 1973/mm2

of the unmodified alloy. The wear rate of the alloy in seawater also reduced, with a wear
rate of 6.5 × 10−6 mm3/Nm, and the plastic strain increased by 1.65 times.

The study compares the effects of Cu by investigating CoCrFeNi and CoCrCuFeNi
coatings applied to the surface of 249A steel via laser cladding [105]. In a marine environ-
ment, Cu in the CoCrCuFeNi coating gradually releases Cu ions, which gives the coating
an antibacterial effect, reducing bacterial presence by 88%. Although the CoCrFeNi coating
does not contain Cu, the alloy’s nickel, cobalt, and chromium can also form metal ions that
exhibit a certain level of toxicity to bacterial cells, thereby inhibiting bacterial growth. While
the antibacterial performance of the CoCrFeNi coating is not as strong as the Cu-containing
coating, the antibacterial properties of both high-entropy alloy coatings show significant
improvement compared to the DMR 249A substrate. Regarding corrosion resistance, the
corrosion rate of the CoCrFeNi coating is 0.0071 mm/year.

In comparison, that of the CoCrCuFeNi coating is 0.0086 mm/year, which is signifi-
cantly lower than the corrosion rate of the DMR 249A substrate (0.0125 mm/year). This
indicates that both high-entropy alloy coatings offer excellent corrosion resistance in a ma-
rine environment. As for wear resistance, the CoCrCuFeNi coating demonstrates superior
performance with a wear rate of 4.63 × 10−10 mm3/m, compared to 5.58 × 10−10 mm3/m
for the CoCrFeNi coating. This is attributed to the Cu in the CoCrCuFeNi, which oxidizes
during friction to form CuO and Cu2O, acting as a self-lubricating layer and thus enhancing
the coating’s wear resistance.



Coatings 2024, 14, 1454 19 of 36

Table 2 summarizes the current major research findings and characteristics of copper-
containing metal-based coatings. The antifouling mechanisms of these coatings are pri-
marily based on the antibacterial properties of copper, as well as the regulation of copper
ion release rates by other metal ions or structural components. The Cu-Fe alloy coating
enhances copper release through the addition of iron and is characterized by its lower cost.
The Cu-Ti alloy coating demonstrates durable antifouling performance at higher copper
content, showcasing its effective antifouling capabilities. The Cu-Cr alloy coating improves
performance by promoting the peeling of corrosion products, although attention must be
paid to the environmental issues associated with hexavalent chromium. High-entropy alloy
coatings exhibit significant antibacterial properties and superior corrosion resistance, while
the characteristics of the high-entropy phase also provide the alloy with good mechani-
cal properties. Future research could focus on selecting appropriate alloy compositions
and coating designs based on different application needs to further enhance antifouling
performance and environmental friendliness.

Table 2. Summary of research findings and characteristics of different copper-containing metal-based
coatings.

Coating Type Research Findings Antifouling Mechanism Characteristics

Cu-Fe coating

Ma et al. [42] found that a 12 wt% Fe
coating has a Cu ion release rate of
40 µg/cm2/day. The coating significantly
inhibits microbial adhesion.
Zhao et al. [39] reported that the
adhesion strength of the 304L-Cu
stainless steel coating is 69 MPa, with a
low porosity of 0.34%.

Cu acts as the antibacterial
component. Microchannels
promote Cu ion release.

- Enhanced Cu release
through Fe addition

- Suitable for marine
environments

- Good self-repair capability
- Lower coating cost

Cu-Ti coating
Tian et al. [79] found that when Cu
content exceeds 19.2%, antifouling
efficiency approaches 100%.

Cu acts as the antibacterial
component. Microbattery
structure uniformly releases
Cu ions.

- Forms microbattery
structure for long-lasting
Cu release

- Significantly improved
antifouling performance
with increased Cu content

- Good wear resistance

Cu-Cr coating
Research [151] shows that the Cu ion
release rate of a 5% Cr coating stabilizes
at 40 µg/cm2/day.

Cr promotes the peeling of
corrosion products,
enhancing Cu release.

- Improved antifouling
performance with Cr
addition

- Environmental safety
concerns (hexavalent
chromium issue)

- Suitable for long-term use

High-entropy alloy
coating

Antibacterial efficiency is nearly 100%,
and Cu ion release concentration is
significantly higher than that of 304
stainless steel [121].

Inhibits bacterial growth by
releasing Cu ions.

- Multi-element alloy
provides comprehensive
performance

- Significant antibacterial
effect, strong adaptability

- Excellent corrosion and
wear resistance

3.1.3. Cu-Doped Composite Coatings

1. Cu-Al2O3 composite coating

Al2O3 is a wear-resistant material and can be easily sourced. Additionally, as an
inorganic coating, Al2O3 is not easily degraded by sunlight, thereby avoiding the secondary
environmental pollution caused by the degradation of organic materials. By adding Cu as
an antifouling element, the resulting coating offers both mechanical solid properties and
antifouling capabilities. Guo et al. [61] produced a Cu/Al2O3 composite antifouling coating
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on Q235 steel using low-pressure cold spraying technology. The Al2O3 layer is an insulation
layer, protecting the substrate from galvanic corrosion, while the Cu layer collaborates with
the Al2O3 layer to provide antifouling effects. Cold-sprayed coatings typically have lower
porosity and a denser structure, which reduces the likelihood of microbial attachment,
while flame-sprayed coatings are more prone to microvoids and defects, providing a more
favorable environment for biofouling. Compared to flame-sprayed epoxy resin Al2O3
coatings, this cold-sprayed Cu/Al2O3 composite coating can inhibit 85.3% of the biofouling
activities of barnacles, diatoms, and mussels.

Researchers have utilized plasma spraying to fabricate Cu-Al2O3 coatings with a
micron-laminated structure, where the Al2O3 contents in the coatings are 32.1%, 51.6%, and
66.2%, respectively [81]. The micron-laminated structure produced by plasma spraying
allows Cu to dissolve and be confined within microscopic channels. Adjusting the Al2O3
content allows the Cu ion release rate to be controlled. Figure 7 illustrates the layered
structure of the coatings. In the pure Cu coating (Figure 7a), noticeable micropores and thin,
band-like inclusions of Cu oxide are present. In the Cu-Al2O3 coatings (Figure 7b–d), the
structure is more compact, with lower porosity. The dark gray stripes represent Al2O3, and
the bright white stripes represent Cu splats. The Cu and Al2O3 layers are alternately and
uniformly distributed, with thicknesses ranging from 1 to 5 microns. As the Al2O3 content
increases, the continuity of the Al2O3 layers also improves. In the Cu-32.1% Al2O3 coating,
the Al2O3 layers are discontinuous, while in the Cu-66.2% Al2O3 coating, the Al2O3 layers
show a more continuous distribution.

Figure 7. The cross-sections images of Cu-Al2O3 coatings with Al2O3 contents of (a) 0%, (b) 32.1%,
(c) 51.6%, and (d) 66.2% [81].

Antifouling test results indicate that the Cu ion release rate of the Cu-Al2O3 coatings
is five times lower than that of the pure Cu coating, which extends the antifouling per-
formance of the coating and reduces Cu ion pollution in the environment. The release
rate of the pure Cu coating is 52.5 µg/(cm2·d), while the release rates for Cu-32.1% Al2O3,
Cu-51.6% Al2O3, and Cu-66.2% Al2O3 coatings are 18.9 µg/(cm2·d), 12.8 µg/(cm2·d), and
10.1 µg/(cm2·d), respectively. This demonstrates that introducing Al2O3 controls the slow
release of Cu ions, thereby extending the antifouling performance. The wear tests found
that the Al2O3 layers forming continuous trilayers enhanced the wear resistance, with
the wear resistance of the Cu-66.2% Al2O3 coating being higher than the Cu-32.1% Al2O3
coating.

2. Cu/Cu2O composite coating

In exploring the antifouling performance of different Cu-based composite coatings,
researchers have also developed Cu/Cu2O composite coatings to utilize the microcell effect
between Cu and Cu2O for Cu ion release. Ding et al. [62] prepared four different Cu/Cu2O
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composite coatings with varying Cu2O levels (0%, 10%, 20%, and 30%) using cold spray
technology. The antifouling mechanism of the coating primarily relies on the microcell effect
between Cu2O and Cu, where Cu2O acts as the cathode and Cu as the anode. Additionally,
Cu2O can react with chloride ions in the seawater environment. The results show that as
the Cu2O increases, the microcell effect in the coating becomes more pronounced. The
coating with 30% Cu2O forms a more effective microcell structure, with a Cu ion release
rate consistently above 50 µg/cm2/d in a stable state, effectively inhibiting the attachment
of more than 90% of marine organisms, including microorganisms like diatoms. Although
increasing the Cu2O content can improve the antifouling effect, too much Cu2O weakens
the coating’s bond strength, affecting its mechanical properties. Therefore, the optimal
Cu2O content for Cu/Cu2O composite coatings is 30%.

3. Cu/GLC composite coating

Based on the low chemical reactivity and low friction coefficient characteristics of
graphite-like carbon films, the researchers developed Cu/GLC composite antifouling
coatings using magnetron sputtering. The graphene films refer to carbon films composed
of a combination of sp2- and sp³-bonded carbon atoms, exhibiting properties similar to
graphene, such as excellent chemical inertness and low friction. Zheng et al. [92] prepared
Cu/GLC composite films with Cu contents ranging from 0 to 9.3at.% on 304 stainless
steel using magnetron sputtering technology. The results showed that the tribological
and antifouling performance of Cu/GLC films are improved due to the addition of Cu.
The friction coefficient of pure GLC film is 0.125, while the average friction coefficients of
Cu-doped GLC films are 0.096 (2.8 at.%), 0.090 (3.9 at.%), 0.060 (5.9 at.%), 0.080 (7.4 at.%),
and 0.074 (9.3 at.%), indicating that Cu doping can improve their friction performance. The
algae attachment rate of the pure GLC film was 4.62%, while the algae attachment rate
decreased to 0.82% when the Cu content reached 5.9 at.%, and the surface of the 9.3 at.% Cu
coating showed almost no algae attachment. Additionally, the addition of Cu significantly
improved the coating’s hydrophobicity, with the Cu/GLC coating achieving a maximum
contact angle of 139◦ in artificial seawater and 98.5◦ in ethylene glycol solution when the
Cu was 5.9%, reducing attachment of pollutants and marine organisms in water.

Figure 8 shows the HRTEM Images of Cu/GLC composite films. Figure 8a shows the
typical amorphous structure of the GLC film. In the case of Cu/GLC films with Cu content
of 5.9 at.%, Cu nanoparticles are embedded in the amorphous carbon matrix. In the case of
Cu/GLC films with Cu content of 9.3 at.% (Figure 8c), the number and size of nanoparticles
increased, and the diffraction spots corresponded to the (111), (200), (220), and (311) crystal
planes of Cu. Additionally, the (200) crystal plane of Cu2O is also visible in the diffraction
pattern. Figure 8d–f show that at 9.3% Cu content, the Cu nanoparticles were uniformly
distributed in the amorphous carbon matrix. In terms of corrosion resistance, these Cu-
containing nanoparticles can form a dense physical barrier, preventing the penetration of
corrosive media. In terms of antifouling, these Cu phases can release copper ions to provide
antibacterial or anti-fouling effects, thereby inhibiting the attachment of microorganisms
and contaminants.

4. Ti/(Cu, MoS2) composite coatings

To further enhance the multifunctional properties of coatings, including self-lubrication,
wear resistance, corrosion resistance, and antifouling performance, researchers have de-
veloped Ti/(Cu, MoS2) composite coatings. Zhang et al. [93] designed Ti/(Cu, MoS2)
composite coatings with varying Cu content on 304 stainless steel to enhance its self-
lubricating, wear-resistant, and corrosion-resistant properties. The design approach was as
follows: Ti served as an adhesion layer; MoS2 acted as a solid lubricant; and Cu was incor-
porated to enhance the coating’s antifouling. The Ti/MoS2 coating had a surface roughness
of 2.99 nm and a hardness of approximately 16 GPa, but its antifouling performance was
relatively poor. When the Cu content reached 5.3 at.%, the coating’s self-lubricating and
wear-resistant properties improved significantly, with the friction coefficient reduced to
0.036 and the wear rate to 5 × 10−8 mm3/N·m. The antifouling performance also im-
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proved, with an algae attachment rate of 2.54%, indicating the proportion of the surface
area covered by algae relative to the total surface area. A lower attachment rate reflects
better antifouling performance, as it suggests reduced adhesion of algae and less biofouling
on the coating surface.

Figure 8. HRTEM of GLC (a), 5.9 at.% Cu (b), and 9.3 at.% Cu (c). TEM bright (d), dark (e), and
HAADF-STEM (f) images for Cu (9.3 at.%)/GLC.3.1 zinc-doped polymer coatings [92].

As the Cu rose to 7.6 at.%, the coating achieved optimal self-lubricating, antifouling,
and corrosion-resistant properties, with the algae attachment rate further reduced and
with a contact angle of 91.5◦, indicating good hydrophobicity. However, when the Cu
was further increased to 9.0 at.%, the surface roughness increased to 10.80 nm. Although
the hydrophobicity improved (with a contact angle of 101.6◦), the self-lubricating and
wear-resistant properties declined, with the friction coefficient rising to 0.064 and the wear
rate increasing accordingly.

The corrosion resistance tests revealed that the corrosion performance of Ti/Cu-MoS2-
DLC coatings varied with the increase in Cu content. Polarization tests showed that the
coating exhibited optimal corrosion resistance when the Cu content reached 7.6 at.% in the
S3 sample, with the corrosion current density decreasing to 0.34 × 10−7 A/cm2. EIS results
further indicated that the S3 coating had the highest impedance modulus at low frequencies,
demonstrating the formation of a dense and effective protective layer that significantly
inhibited electrolyte penetration and corrosion. However, when the Cu content was too
high in the S4 sample, the corrosion current density increased to 0.89 × 10−7 A/cm2,
indicating that excessive Cu reduced the protective effectiveness of the coating. These
findings suggest that optimal corrosion resistance can be achieved by carefully controlling
the Cu content, with the best balance obtained at 7.6 at.%.

Compared to Cu-doped polymer coatings, Cu-based metal coatings offer higher me-
chanical strength and wear resistance, achieving antifouling effects through the controlled
release of Cu ions. However, in marine environments, Cu can form corrosion products that
affect ion release rates and antifouling durability, necessitating alloy design and structural
optimization to enhance coating performance. These coatings also face challenges in terms
of cost and manufacturing technologies. For instance, Cu and its alloys are relatively
expensive, and the technologies used (e.g., laser cladding, cold spraying, and plasma
spraying) require complex, high-energy equipment, further raising production costs. Addi-
tionally, precise control over coating thickness, microstructure, and ion distribution during
manufacturing directly impacts the coating’s performance and cost efficiency.

Future research could optimize alloy compositions, explore synergies between Cu and
other metals, and develop coatings with microchannels or multilayer structures to achieve
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more durable and stable antifouling effects. Lowering production costs is also essential,
as is improving process efficiency, reducing material waste, or using low-cost substitutes.
Moreover, exploring environmentally friendly materials and processes, like developing
non-toxic or low-toxicity alloy coatings and refining production methods to reduce energy
consumption and environmental impact, is crucial. This approach enhances the sustain-
ability of Cu-based metal coatings and ensures compliance with stricter environmental
regulations, promoting sustainable development.

3.2. Ag-Doped Antifouling Coating

The use of Ag as an antimicrobial agent has a long history, dating back to ancient
times [156]. As early as the pre-Christian era, ancient Egyptians used Ag vessels to store
water, extending its shelf life. Similarly, the Greeks and Romans recognized the antibacterial
properties of Ag, using Ag utensils to preserve drinks and food. Ag has been proven to
possess broad-spectrum antibacterial activity and low environmental risk characteristics,
showing potential as an antifouling material. However, due to the high cost of Ag, its
application in marine antifouling remains primarily at the research stage. Current research
mainly focuses on Ag-doped polymer coatings, Ag-doped inorganic coatings, and Ag-
based composite coatings. This section will provide an overview of the characteristics of
these Ag-based antifouling coatings and their recent developments.

3.2.1. Ag-Doped Polymer Coatings

In Ag-doped polymer coatings, the polymer usually acts as the matrix for structural
support, while silver provides antifouling. Typically, the antifouling effect of silver is
achieved through silver nanoparticles (AgNPs). AgNPs have been widely applied in water
purification, biomedicine, and food preservation. Because of their wide range of uses,
enduring antibacterial effects, and comparatively low environmental impact, AgNPs are
considered an up-and-coming antifouling agent. Currently, research on Ag-doped polymers
in the antifouling field is in its early stages, with existing studies primarily focusing on
materials like natural urushiol and polydimethylsiloxane.

1. Polymeric urushiol/AgNP coatings

Urushiol is a naturally occurring organic compound extracted from lacquer trees. Its
structure contains a catechol ring and a long alkyl side chain. Through polymerization,
urushiol forms a crosslinked polymer known as polymeric urushiol (PUL), which possesses
reducing, antioxidant, and antibacterial properties, functioning as a reductant, dispersant,
and stabilizer [157,158]. Urushiol exhibits corrosion resistance and water resistance, making
it suitable for use as a protective varnish. As a primer, appropriate doping with silver
nanoparticles can enable antifouling and antibacterial performance by controlling the
release of silver ions.

The study by Zheng et al. [159] utilized natural urushiol to reduce Ag nanoparticles
within the coating in situ on 340 mm × 150 mm × 3 mm carbon steel plates, ensuring
their uniform distribution within the polymer matrix. Experimental results showed that
the coating without AgNPs demonstrated poor antibacterial and antifouling performance
during testing. After 120 days of immersion in a marine environment, the surface of this
coating exhibited significant attachment to aquatic organisms such as algae and barnacles.
In contrast, the coating containing 0.05% AgNPs achieved antibacterial rates of 99.43%
and 99.80% against S. aureus and E. coli. When the AgNP content increased to 0.1%, the
antibacterial rate against S. aureus and E. coli reached 100%. However, it maintained a
clean surface without noticeable microbial biofilm formation after 120 days of immersion,
demonstrating long-term antifouling stability.

2. Polydimethylsiloxane/AgNP coatings

In superhydrophobic nanocomposite antifouling materials, the application of Ag as
an antibacterial agent has shown recent advancements. Polydimethylsiloxane, due to its
low surface energy, high flexibility, and excellent chemical stability, effectively repels water
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and withstands mechanical abrasion when used in antifouling coatings. Ag nanoparticles
also possess broad-spectrum antibacterial properties and low surface energy characteristics,
further enhancing the coating’s antifouling performance. Researchers prepared antifouling
coatings using a solution casting method to disperse spherical Ag NPs uniformly at various
concentrations within the PDMS matrix, with a thickness of 150 µm [160].

The study found that at Ag concentrations ranging from 0.01% to 0.1%, the nanoparti-
cles were well-dispersed within the PDMS matrix, significantly improving the coating’s
hydrophobicity, with a contact angle reaching up to 148◦. This created a smooth surface
with low micro-roughness, effectively minimizing adhesion sites for microorganisms and
achieving excellent antifouling performance. At a concentration of 0.5%, although the
hydrophobicity slightly decreased compared to lower concentrations, the micro-roughness
remained low, and the Ag NPs maintained effective antibacterial properties. However,
when the concentration increased to 1% and 5%, the nanoparticles began to aggregate,
increasing surface roughness and decreasing hydrophobicity. This study demonstrates
that Ag NPs can form an effective antifouling coating with PDMS superhydrophobic
materials. However, precise control of Ag concentration is required to achieve optimal
antifouling performance.

3.2.2. Ag-Doped Inorganic Coatings

1. Graphene oxide-AgNP coatings

Graphene oxide is a two-dimensional carbon-based material with a unique nanos-
tructure and abundant oxygen functional groups [161,162]. Its unique nanostructure is
characterized by a two-dimensional planar form and layered features, which provide a
large specific surface area at the nanoscale, increasing contact with other materials. The
surface of graphene oxide contains numerous oxygen functional groups, such as carboxyl,
hydroxyl, and ether groups, which offer multiple adhesion sites for the effective attach-
ment of antimicrobial nanoparticles. These features provide numerous nucleation sites for
the anchoring and growth of antimicrobial nanoparticles while also promoting uniform
nanoparticle distribution and enhancing the stability of the coating.

Researchers have studied these properties based on graphene oxide/Ag nanoparticle
antifouling coatings. Zhang et al. [163] investigated several composite materials with
different Ag NP contents on polypropylene substrates, including GOA0.5, GOA1, and
GOA2, representing mass ratios of GO to AgNO3 of 0.5, 1, and 2, respectively. The coating
preparation process is as follows: First, 125 mg of graphene oxide (GO) powder is dispersed
in 437.5 mL of deionized water and treated with an ultrasonic probe for 10 min to ensure a
uniform suspension. Next, a certain amount of 0.01 M silver nitrate (AgNO3) solution is
added to the suspension, followed by another 30 min of ultrasonic treatment. The mixture
is then placed in an ice bath for 30 min to cool. Subsequently, sodium borohydride (NaBH4)
solution is added dropwise to the cooled mixture to reduce the silver ions on the surface
of the GO, and the reaction is allowed to proceed at room temperature for 12 h. After
the reaction is complete, the precipitate is collected by centrifugation and washed several
times with deionized water and anhydrous ethanol to ensure the purity of the product.
Finally, the washed composite is dried in a vacuum oven at 60 ◦C for 24 h. The dried
GOA nanocomposite is then mixed with polyvinylidene fluoride (PVDF) at a mass ratio
of 90:10, with NMP solvent added, and the mixture is processed by ball milling to form
a uniform slurry. The prepared slurry is applied to a polypropylene (PP) substrate using
the drop-coating method and dried at room temperature for 10 h, completing the coating
preparation.

The results showed that the low Ag content GOA2 exhibited a uniform particle distri-
bution and improved antifouling performance compared to GO without Ag nanoparticles.
The medium Ag content GOA1 showed the best performance, with uniformly distributed
Ag nanoparticles on GO, resulting in a homogeneous surface with the highest water contact
angle (71◦) and the lowest surface free energy (37.62 mN/m), achieving a biofilm inhibition
rate of 83% against H. Pacifica and 56% against mixed algae. In contrast, the high Ag



Coatings 2024, 14, 1454 25 of 36

content GOA0.5 showed reduced antifouling performance due to particle aggregation.
This study also highlights that the distribution and state of Ag nanoparticles within the
substrate must be considered when designing antifouling coatings.

2. Ag-doped CrN coatings

CrN, as a coating material, exhibits excellent mechanical properties such as high
hardness and wear resistance. Cai et al. [91] fabricated CrN-Ag composite coatings on 316 L
stainless steel substrates with dimensions 30 mm × 30 mm × 2 mm. Research on CrN-Ag
composite coatings prepared by magnetron sputtering with different Ag contents has
found that increasing Ag can enhance the antibacterial properties of the coating. Figure 9
shows the surface and cross-sectional morphology of CrN coatings and CrN-Ag composite
coatings containing 4.9 at.%, 8.0 at.%, 13.1 at.%, and 18.3 at.% Ag, with coating thicknesses
ranging from 2.1 to 3.5 µm as the Ag content increases. The alternating grey and bright
areas represent CrN and Ag, respectively. The CrN coating exhibits large grain structures,
indicating tightly packed particles that form a dense structure. When the Ag content is
below 13.18 at.%, Ag is uniformly distributed in the CrN matrix; however, as the Ag content
increases to 18.37 at.%, Ag particle aggregation occurs in the coating.

Figure 9. Top-view images and cross-sections of (a) CrN coating, (b) CrN-Ag coatings with 4.9 at.%,
(c) 8.0 at.%, (d) 13.1 at.%, and (e) 18.3 at.% Ag [91].

Antibacterial tests show that the uniform distribution of Ag helps to improve the
antibacterial and anti-algae effects of the coating; at 13.1 at.% Ag content, the coating
reduces the adhesion of Chlorella by 45% and Phaeodactylum tricornutum by 64%, exhibiting
optimal antifouling performance. However, when the Ag content increases to 18.3 at.%,
the aggregation of Ag particles leads to an uneven coating structure, limiting the effective
release of Ag ions and thus reducing the antibacterial effect.

Mechanical testing results show that the hardness of the CrN coating is approximately
16.3 GPa after incorporating 4.9 at.% Ag, and the hardness remains almost unchanged
due to the limited effect of the small amount of Ag on the growth of CrN grains and
microstructure. As the Ag content increases, the hardness decreases from 16.2 GPa to
8.0 GPa, primarily because Ag, a soft metal, softens the coating when embedded in the
CrN matrix. On the other hand, with 4.9 at.% Ag, the solid solution strengthening effect
increases the layer’s elastic modulus, and adding Ag helps redistribute the load and
enhance deformation resistance. However, as the Ag content further increases, the elastic
modulus decreases. Low Ag content coatings, with finer grains and more grain boundaries,
demonstrate better load-bearing capacity in nanoindentation tests. Overall, 13.1 at.% is the
optimal Ag content for CrN-Ag coatings, as this level provides the best antifouling and
antibacterial effects while maintaining good mechanical properties.

Corrosion resistance tests showed that the addition of silver made the corrosion poten-
tial of the coating more negative compared to pure CrN coatings, indicating an increased
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thermodynamic tendency for corrosion. As the silver content increased from 4.9 at.% to
13.1 at.%, the corrosion potential decreased from −0.194 V to −0.241 V, and the corrosion
current density significantly increased from 0.237 µA/cm2 to 0.688 µA/cm2, demonstrating
a faster corrosion rate and reduced corrosion resistance. EIS tests further confirmed that
the low-frequency impedance modulus decreased progressively with increasing silver
content, indicating that corrosive media more easily penetrated the coating. However,
when the silver content reached 18.3 at.%, silver aggregation caused the corrosion potential
to rise to −0.211 V, and the corrosion current density decreased to 0.481 µA/cm2, showing
some improvement in corrosion resistance, though still inferior to coatings with lower
silver content. These results indicate that while the addition of silver enhances electrical
conductivity and antifouling properties, its content must be carefully controlled to prevent
a significant reduction in corrosion resistance.

3. Ag-Al2O3 coatings

In the field of marine environment monitoring equipment protection, to address the
issue of biofouling on optical windows, researchers have developed a composite coating
based on a metal substrate combined with Ag antibacterial components, aimed at meeting
the requirements for simple structure, long-lasting antifouling, and sufficient mechanical
strength. Chen et al. [164] combined 3D printing technology to design a stainless steel
mesh coated with an Ag film for marine observation window applications. To enhance the
corrosion resistance of the 316SS mesh, an Al2O3 layer was first deposited as the base layer,
followed by an Ag film coating on top.

Antifouling experiments demonstrated that after 30 days, the biofouling attachment
rate on Ag-coated meshes was reduced by over 90% compared to untreated optical windows
and uncoated meshes. A comparison of the 30#, 200#, and 800# mesh sizes of the 316SS
substrates showed that the finer 800# mesh exhibited the best antifouling performance. This
is attributed to its mesh structure, which enhances adhesion and effectively filters seawater
pollutants, thereby reducing biofouling. Figure 10 shows the antifouling device, where
the 800# mesh coated with Al2O3-Ag maintained a clean surface and exhibited the most
effective antifouling performance. Corrosion resistance tests indicated that by adjusting
the thickness and combination ratio of the coating layers, Al2O3 increased the impedance
modulus of the coating to 7.26 kΩ·cm2 in a simulated marine environment, significantly
enhancing the coating’s corrosion resistance. Compared to the single-layer Ag coating, the
Al2O3/Ag double-layer coating demonstrated superior durability and stability in marine
environments.

Figure 10. Comparison of optical windows with uncoated glass and those covered with Al2O3/Ag-
coated 316SS meshes of varying sizes [164].
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4. Cu-Ag co-doped antifouling coating

Cu and Ag ions both exhibit good antibacterial and antifouling properties. Combining
Cu and Ag in a co-doped form theoretically can utilize their synergistic effects to enhance
antifouling efficiency. Guo et al. [165] designed a Z-scheme structured CuOx/Ag/TiO2
heterojunction coating on 304 stainless steel, where Ag was loaded onto TiO2 using a
wet chemical reduction method, followed by loading CuOx onto Ag/TiO2 through a
deposition–precipitation method to prepare the CuOx/Ag/TiO2 composite. The study
showed that combining CuOx and Ag could optimize the material’s light absorption and
photocatalytic efficiency. CuOx, being a narrow-band-gap metal oxide, enhanced the visible
light absorption of TiO2 and established a p-n heterojunction, facilitating the separation of
photogenerated electron–hole pairs and minimizing their recombination. Furthermore, the
localized surface plasmon resonance (LSPR) effect of Ag broadened the light absorption
spectrum of TiO2. It acted as an electron bridge, promoting the transfer of photogenerated
electrons and improving photogenerated charges’ separation and migration efficiency.

Under illumination, the photogenerated electrons of the CuOx/Ag/TiO2 composite
coating could be transferred to the metal surface, achieving cathodic protection. Exper-
imental results showed that, under light irradiation, the open circuit potential of the
CuOx/Ag/TiO2 coating shifted negatively by approximately 240 mV, and the photocur-
rent density reached 16.6 µA/cm2, indicating an improvement in photocatalytic corrosion
resistance compared to the control material P25. The Cu+ and Cu2+ in CuOx and Ag exhib-
ited excellent antibacterial properties, effectively inhibiting microbial growth. The study
results indicate that combining photocatalytic protection with chemical antibacterial action
can achieve efficient corrosion resistance and antifouling, demonstrating the feasibility of
application in marine environments.

Ag-doped antifouling coatings have broad potential applications, but there are certain
limitations. Although Ag possesses excellent broad-spectrum antibacterial properties and
low environmental risks, its high cost has restricted its application in marine antifouling,
mainly to the research stage. Current studies on Ag-doped polymer and inorganic coatings
suggest that the even dispersion of Ag nanoparticles and the regulation of ion release rates
are key to maintaining long-term antifouling performance. However, ensuring antibacterial
performance while reducing costs and preventing the aggregation of Ag particles within
the coating remains a vital focus for future research.

Future studies could explore incorporating other low-cost metals or non-metallic
elements and optimize the structural design of coatings to enhance cost-effectiveness
and performance stability further. Additionally, developing more efficient dispersion
technologies for Ag nanoparticles and new coating preparation methods may help reduce
costs while maintaining antifouling efficacy, facilitating the practical application of Ag-
doped antifouling coatings in marine environments.

Table 3 summarizes the research findings and characteristics of Ag-doped antifouling
coatings. Each type of coating exhibits unique advantages in antifouling performance. For
instance, polymeric urushiol combined with silver nanoparticles demonstrates excellent
antibacterial properties and good corrosion resistance; polydimethylsiloxane coatings
effectively reduce microbial adhesion due to their low surface energy; graphene oxide-
based coatings leverage their unique nanostructure to ensure uniform distribution of silver
nanoparticles, enhancing the stability and antifouling efficacy of the coating; and CrN-Ag
coatings balance mechanical strength with antifouling performance. Future research could
focus on selecting suitable alloy compositions and coating designs tailored to specific
application needs.
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Table 3. Summary of research findings and characteristics of Ag-doped antifouling coating.

Coating Type Research Findings Antifouling Mechanism Characteristics

Polymeric urushiol/AgNP

Zheng et al. [159] found that
0.05% AgNPs achieved
antibacterial rates of 99.43%
and 99.80%.

Inhibits microbial growth
through the release of silver
ions and silver nanoparticles.

Naturally derived, excellent
corrosion and
antifouling properties.

Polydimethylsiloxane/AgNP

Research showed [160] that
Ag concentrations from 0.01%
to 0.1% significantly improved
coating hydrophobicity.

Enhances surface
hydrophobicity, minimizing
adhesion sites for
microorganisms.

Low surface energy, high
flexibility, excellent
chemical stability.

Graphene oxide-AgNP

Zhang et al. [163] found that
medium Ag content coatings
exhibited the best antifouling
performance.

Uniform distribution of silver
nanoparticles enhances
antibacterial effects and
inhibits biofilm formation.

Unique nanostructure
provides good particle
dispersion and stability.

CrN-Ag coatings

Cai et al. [91] found that 13.18
at.% Ag provided the optimal
antifouling performance,
reducing attachment rates.

Uniform distribution of silver
particles improves
antibacterial and anti-algal
effects, reducing biofouling.

Excellent mechanical
properties, high hardness,
good antibacterial effects.

Ag-Al2O3 coatings

Chen et al. [164] showed that
Ag-coated meshes reduced
biofouling attachment by
over 90%.

Releases silver ions effectively
inhibiting microbial growth
and preventing biofouling.

Combination with Al2O3
enhances corrosion resistance
and mechanical strength.

Cu-Ag co-doped
antifouling coating

Guo et al. [165] found that
combining Cu and Ag
optimized the material’s light
absorption and
photocatalytic efficiency.

Photocatalytic generation of
reactive oxygen species
inhibits microbial growth
while achieving
cathodic protection.

Combines photocatalytic
protection with chemical
antibacterial action for
effective antifouling and
corrosion resistance.

4. Conclusions and Prospectives

This review systematically summarizes the leading preparation technologies of high-
surface-strength antifouling coatings, including cold spray, plasma spray, magnetron sput-
tering, and laser cladding. It analyzes critical components, characteristics, and typical
application cases of various coatings, such as Cu-doped polymer, Cu-doped metal, and
Ag-doped antifouling coatings. These high-surface-strength antifouling coatings, espe-
cially metal-based coatings, show advantages in wear resistance, corrosion resistance, and
service life. Different combinations of coatings and preparation techniques can provide
targeted antifouling solutions for marine engineering equipment. In addition to antifouling
performance, these coatings achieve overall performance by adjusting their composition
and microstructure.

Although progress has been made in antifouling coating technology, practical applica-
tions still have many challenges and limitations. For example, many existing coatings may
experience performance degradation due to biofouling and corrosion in extreme marine
environments. How to develop coatings with longer service life and better antifouling
and anticorrosion performance is an essential research focus in the future. In addition,
traditional antifouling coating materials, such as Cu and Ag, while performing well in
antibacterial and antifouling aspects, pose potential environmental risks that require stricter
regulation and improvement to reduce negative impacts on marine ecosystems.

Future research directions can further expand in the following aspects:
Development of multifunctional antifouling coatings: Current antifouling coatings

mainly focus on inhibiting microbial adhesion. Comprehensive coatings with antifouling,
anticorrosion, wear resistance, and other multifunctional properties can be developed
through material modification and functional composites. For example, introducing nano-
materials and smart polymers can provide self-healing properties to the coating, enhancing
its durability and antifouling capacity.
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Research on environmentally friendly antifouling coatings: Against the backdrop of
increasing attention to environmental protection and sustainable development, researching
and developing environmentally friendly antifouling coatings is becoming increasingly
important. In the future, the composition of coating materials can be adjusted to reduce or
replace toxic heavy metal elements, and antifouling coatings based on natural extracts and
green materials can be developed to minimize potential harm to marine ecosystems.

Optimization of coating microstructure: The coating microstructure significantly
impacts their antifouling performance, especially in controlling the microstructure at the
nanoscale. Future research can optimize microstructure design by using nanoparticles and
nanofibers to form an effective physical barrier, thereby improving coatings’ antifouling
and anticorrosion effects. Multilayer structure design can also achieve synergy among
different functional materials, enhancing protective effects.

Improvement of coating preparation processes: The preparation process primarily
affects the performance and application of coatings. In the future, preparation technologies
such as cold spray, plasma spray, and laser cladding can be further optimized to improve
their applicability to complex structures and large surfaces. Furthermore, novel preparation
technologies such as micro-arc oxidation, high-energy laser cladding, and plasma-enhanced
chemical vapor deposition also warrant in-depth research to improve coating quality,
uniformity, and adhesion.

Research on antifouling performance in extreme environments: With the increas-
ing development of deep-sea resources and polar exploration activities, the demand for
antifouling coatings in extreme environments is gradually rising. Future research can
optimize material composition and microstructure design to develop coatings capable
of withstanding high pressure, low temperatures, and severe corrosion in deep-sea envi-
ronments, meeting the needs of deep-sea mining equipment, polar research vessels, and
other facilities.

Data-driven coating design: Leveraging advanced computational materials science
and machine learning tools can accelerate the development of new antifouling coatings.
Through extensive data analysis and simulation modeling, high-performance coating
formulations can be screened more quickly, reducing the time and cost of experiments while
helping to understand the complex relationships between different material components
and antifouling performance.
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