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Abstract

This study presents preliminary findings on the corrosion resistance and
antifouling properties of selectively electroplated composite nickel coatings em-
bedded with silver particles A comprehensive characterization was performed,
encompassing qualitative X-ray phase analysis and electrochemical corrosion
rate measurements. The antifouling performance of the coatings was assessed
by monitoring biofouling levels in a controlled laboratory marine environment,
with results validated through a 12-week exposure to a natural marine setting.
The results demonstrated the successful integration of silver particles into the
nickel matrix, significantly enhancing corrosion resistance. The embedded sil-
ver microparticles provided direct antibacterial activity, effectively inhibiting
biofilm formation in the early stages. Throughout the observation period, no
biofouling was detected on the coatings under either laboratory or natural con-
ditions. A slight dull surface discolouration was observed, attributed to the
oxidative interactions between silver, nickel, and seawater.

Key words: antifouling, selective plating, silver particles, nickel coatings,
corrosion resistance

Introduction. The maritime industry plays a crucial role in global economy,
facilitating the transportation of goods, resource extraction, and recreational ac-
tivities. However, biofouling on submerged surfaces caused by marine organisms
poses significant challenges, increasing ship weight and hydrodynamic resistance,
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thereby raising fuel consumption and maintenance costs. Moreover, biofouling
accelerates metal corrosion, leading to billions in annual financial losses and ex-
acerbating environmental issues such as pollutant emissions and global warming
[1-5].

Antifouling coatings are a widely used strategy to combat biofouling. Al-
though effective, biocidal coatings release harmful substances that pose a threat
to marine ecosystems. Copper-based coatings are also effective but face regula-
tory restrictions due to the release of copper ions [6-9]. Silicone and fluoropolymer
coatings are more environmentally friendly alternatives; however, they offer lim-
ited effectiveness and require frequent maintenance [10-12].

Nickel-based coatings are highly regarded in marine applications due to their
mechanical strength, corrosion resistance, and durability in harsh environments.
They provide protection against seawater corrosion and enable the incorporation
of antifouling agents such as silver particles to combat biofouling. Due to their
superior adhesion and wear resistance, nickel coatings extend the service life of
marine equipment [13-15]. Techniques such as plasma spraying, electroplating,
and selective plating allow for precise application, addressing specific marine chal-
lenges [16-18].

Among the various coating techniques, selective plating is notable for its pre-
cision, ability to deposit coatings on localized areas, and minimal material waste.
Selective plating enables the controlled deposition of nickel-based coatings, en-
suring uniform thickness and strong adhesion to the substrate. This method also
facilitates the incorporation of silver particles, which provide significant antimicro-
bial properties, thereby reducing biofouling and extending the operational lifespan
of marine structures. The synergy between nickel’s durability and silver’s antimi-
crobial efficacy makes this approach a promising avenue for developing advanced,
environmentally sustainable antifouling coatings.

This paper presents preliminary findings from a study investigating the an-
tifouling properties of a novel nickel composite coating embedded with silver par-
ticles, fabricated using the selective plating method. The corrosion resistance and
antifouling performance of the coatings were assessed under controlled conditions
in a laboratory seawater pool and a natural marine environment. The results
underscore the potential of these coatings as a sustainable and effective solution
to biofouling challenges.

Materials and methods. In this study, two types of coatings — pure nickel
and nickel-silver composite — were electroplated onto phosphor bronze (CuSns)
test specimens using the selective electroplating method described in [19]. The
bronze samples were initially cut into dimensions of 25 x 15 mm using a DTQ-5
low-speed precision cutting machine. The surfaces were then sequentially ground
using silicon carbide (SiC) grit paper in grades P240, P400, P600, and P800,
followed by polishing with a 1/4 pm diamond suspension to achieve a smooth
finish.
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Before electroplating, the specimens underwent a series of preparatory treat-
ments, including electrocleaning, etching, and surface activation, using standard
electrolyte solutions suitable for the substrate material. Nickel deposits were elec-
troplated using an electrolyte composed of 10 wt.% nickel formate, 20 wt.% nickel
sulphate, 5 wt.% citric acid, and 1 wt.% aluminium sulphate. For the Ni-Ag com-
posite coating, 2 wt.% silver powder (with particle sizes ranging from 3 to 5 um)
was added to the nickel electrolyte. The thickness of each electroplated coating
was 20 pm.

X-ray diffraction (XRD) analysis was conducted using a TDM-10 Tongda
diffractometer equipped with CuKa radiation (wavelength A = 1.54056 A) XRD
patterns were recorded in a 26 coupled scanning mode over the angular range of
20°—90°, ensuring comprehensive phase identification. The resulting diffraction
peaks were analyzed and compared to standard patterns using X’pert HighScore
Plus software, enabling phase identification and providing insights into the crys-
talline structure of the coatings.

The corrosion resistance of the coatings was assessed using a Corrtest CS350
potentiostat/ galvanostat. Electrochemical corrosion tests were performed in a
three-electrode configuration, consisting of a platinum (Pt) counter electrode, a
reference electrode (Ag/AgCl silver /silver chloride), and the test sample with the
coating as the working electrode. A 3.5% wt. sodium chloride (NaCl) solution
was used as the corrosive medium, with the exposed surface of the sample limited
to 1 cm?.

Open circuit potential (OCP) measurements were conducted to monitor the
stability of the coatings in the corrosive medium over time. The OCP data pro-
vided insights into the thermodynamic tendency of the coatings to corrode. After
OCP stabilization, potentiodynamic polarization tests were performed to evaluate
the corrosion rate and resistance of the coatings. Tafel curves were obtained by
sweeping the potential at a rate of 1 mV/s from —120 mV to +120 mV relative
to the OCP. Key corrosion parameters, including corrosion potential (E_ corr)
and corrosion current density (I _corr), were extracted by fitting the Tafel plots.
These parameters enabled a quantitative comparison of the corrosion resistance
between the pure nickel and nickel-silver composite coatings.

To evaluate the biofouling resistance of the coatings, both pure nickel (Ni)
and nickel-silver composite (Ni+2%Ag) coatings were tested in laboratory and
natural marine environments. These experiments aimed to monitor the coatings’
ability to resist biofilm formation and microfouling under both controlled and
real-world conditions.

In the laboratory setup, experiments were conducted in a 30-liter aquarium
containing seawater sourced from the Black Sea region near Varna, Bulgaria. A
controlled marine ecosystem was established, including algae, mussels, and small
marine organisms typical of the Black Sea. The samples were immersed in the
aquarium for 12 weeks, with environmental parameters carefully controlled. The

C. R. Acad. Bulg. Sci., 78, No 3, 2025 421



temperature was maintained within the range of 22°C + 1°C, seawater salinity
ranged from 15 to 17 %o, and pH was kept between 7.8 and 8.0. Oxygen sat-
uration was maintained using an aerator, and seawater circulation was provided
by a peristaltic pump operating at a flow rate of 300 mL/min, cycling every 24
hours. Every 10 days, one-third of the seawater was replaced with fresh seawa-
ter to maintain water quality. Visual observations and quantitative analysis were
employed to assess the biofouling resistance. The extent of newly grown fouling
areas was calculated relative to the total coated area.

To validate the laboratory findings, the coatings were also subjected to a 12-
week field test in the natural marine environment of the Black Sea, near Varna,
Bulgaria. The sample was immersed at a depth of approximately 500 mm and
fixed in a silicone frame with the tested surface oriented horizontally to enhance
gravitational adhesion and promote biofouling. The water temperature ranged
from 21-23°C at the start of the study (September 2024) to 10-12°C by its
conclusion (December 2024). The measured pH values of the water were between
8.1 and 8.3.

Results and discussion. XRD analysis. The X-ray diffraction patterns
(Fig. 1) show clearly pronounced peaks of Ni in the nickel coating and Ni and
Ag in the coating with added particles. Detailed information on peak parameters
in terms of intensity, distance between crystallographic planes (d-Spacing), angle
between the transmitted and reflected beam (2Theta), Miller indices of the crys-
tallographic plane (HKL) and full width at half maximum of the peak (FWHM)
obtained from the diffractograms of the coatings are presented in Fig. 2. For phase
identification, the COD database with numbers 96-901-1604 and 96-901-1609 was
used.

The results confirm the thesis that the selective electrochemical deposition
technology is suitable for the formation of nickel composite coatings with added
Ag particles.
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Fig. 1. XRD analysis of nickel coating (Ni) and nickel coating with added 2% Ag
(Ni+2%Ag)
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Fig. 2. Peak parameters in terms of intensity, distance between the
crystallographic planes (d-Spacing), angle between the transmitted and
reflective beam (2Theta), Miller indices of the crystallographic plane
(HKL), and full width at half maximum of the peak (FWHM) derived
from the diffractogram obtained from the selective plated coatings

Corrosion resistance. To assess the corrosion resistance of the coatings,
an open circuit potential (OCP) measurement was performed. The tests were
carried out in a 3.5% sodium chloride (NaCl) solution at room temperature using
a three-electrode configuration described in the “Materials and methods” section.
The measurements were made for a period of 120 minutes to ensure potential
stabilization and to record the equilibrium OCP. The OCP values of the coatings
were analyzed to assess their thermodynamic tendencies towards corrosion. The
results show that the nickel coating with added silver particles (Ni+2%Ag) has
a more positive OCP compared to the pure nickel coating (Ni), which is an indi-
cator of better corrosion resistance. The difference in potential between the two
coatings demonstrates the effect of the added silver particles, which increase the
chemical stability of the coating. After stabilization of the OCP, potentiodynamic
polarization tests were performed to assess the corrosion rate and resistance of the
coatings. Tafel curves were used to derive basic electrochemical parameters: an-
odic (ba) and cathodic (bc) Tafel coefficient, corrosion potential (E0), corrosion
current (i0), as well as corrosion rate. The results are summarized in Fig. 3.

The results show that the addition of 2% silver particles in the nickel coat-
ing significantly reduces the corrosion current (i0) and the corrosion rate, which
confirms the improved corrosion resistance. The anodic Tafel coefficient (ba) is
higher for the Ni + 2% Ag coating, which suggests a slower dissolution of the
material in the anodic reaction. At the same time, the cathodic Tafel coefficient
(bc) decreases, which indicates changes in the cathodic reactions, probably due
to the antimicrobial properties of the silver particles. The corrosion potential
(E0) for the Ni + 2% Ag coating is significantly more positive (—0.03974 V) com-
pared to the pure nickel coating (—0.2807 V), which indicates a higher corrosion
resistance in a marine environment. The addition of silver particles to the nickel
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Fig. 3. Tafel curves and information from electrochemical parameters

matrix significantly improves the corrosion resistance and reduces the corrosion
rate, which makes the Ni + 2% Ag coatings suitable for applications in aggressive
marine environments.

Fouling tests. The process of biofouling formation in the laboratory pool
and in the sea was monitored weekly. The results are presented in Fig. 4. The
nickel coating with added silver particles showed excellent antifouling properties
in laboratory marine conditions. For the entire period of stay in the laboratory
pool of 12 weeks, no biofilm formation or microfouling were observed. No strong
darkening of the surface was observed, which indicates that the coating forms a
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Fig. 4. Ni+2%Ag coating after a stay in a simulated marine environment — aquarium (A); in a
natural marine environment (S)
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denser structure than pure nickel and prevents electrochemical corrosion of the
bronze base and the formation of copper oxides on the surface of the samples,
despite the small thickness of the coating of 20 pm. The weak overall graying of
the surface is probably due to the participation of silver and nickel in oxidation
reactions with seawater. Ni+2%Ag coating prevents biofilm formation even in the
initial stages.

For a period of 12 weeks, no biofouling formation was observed on the Ni+
2%Ag coating placed in a natural marine environment. It is clearly seen that
after the first month, colour changes occur on the surface of the samples, more
clearly expressed at the end of the second month, which indicates the occurrence
of complex chemical and biochemical processes. The colour changes in the coat-
ings are due to chemical reactions occurring on the surface of the metals under
the influence of salt water, oxygen, organic materials and microbes in the Black
Sea. The presence of microorganisms and the formation of biofilms in seawater
can lead to the formation of diverse and complex chemical compounds, including
organometallic complexes, causing a wide variety of processes — both destructive
and corrosive, as well as protective and inhibiting fouling. The colour change to
dark gray on the surface of the coating is probably due to the formation of Ag-O,
as a result of the interaction with oxygen, as well as the formation of Ag-S as a
result of the reaction of silver with sulphides from bacterial metabolites.

Conclusion. The selective electroplating method effectively produces stable
composite coatings based on nickel with integrated silver particles. The incorpo-
ration of silver particles into the nickel matrix significantly enhances the coating’s
corrosion resistance and chemical stability, both of which are crucial for effec-
tive biofouling prevention. After a three-month operational cycle in a natural
marine environment, the nickel-silver composite coating exhibited excellent bio-
fouling resistance. This performance is attributed to the complementary roles
of the coating’s components: the nickel matrix provides robust mechanical and
chemical stability, while the silver ions inhibit bacterial growth through their di-
rect antibacterial activity.

The addition of silver particles induces characteristic surface chemical reac-
tions, resulting in slight changes in appearance, such as graying, without com-
promising functionality. On the contrary, these reactions enhance the coating’s
performance. The silver microparticles effectively inhibit biofilm formation during
the initial stages, ensuring that no fouling or biocorrosion processes occur on the
surface.

These findings underscore the potential of nickel-silver composite coatings as
a durable and effective solution for marine applications, combining strong mechan-
ical properties with superior corrosion resistance and antifouling performance.
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