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Abstract: The presented investigations demonstrate the corrosion behavior and protective ability of
hybrid zinc coatings specially designed for combined protection of low-carbon steel from localized
corrosion and biofouling. Polymer-modified copper oxide (CuO) nanoparticles as widely used classic
biocide are applied for this purpose, being simultaneously electrodeposited with zinc from electrolytic
bath. The corrosion behavior of the hybrid coatings is evaluated in a model corrosive medium of
5% NaCl solution and in artificial sea water (ASW). Scanning electron microscopy (SEM) and atomic
force microscopy (AFM) are used to characterize the surface morphology of pure and hybrid zinc
coatings. Contact angle measurements are realized with an aim to determine the hydrophobicity
of the surface. X-ray photoelectron spectroscopy (XPS) is applied for evaluation of the chemical
composition of the surface products appearing as a result of the corrosion treatment. Potentiodynamic
polarization (PDP) curves and polarization resistance (Rp) measurements are used to estimate the
protective characteristics in both model corrosive media. The results obtained for the hybrid coatings
are compared with the corrosion characteristics of ordinary zinc coating with the same thickness. It
was found that the hybrid coating improves the anticorrosion behavior of low-carbon steel during
the time interval of 35 days and at conditions of external polarization. The tests demonstrate much
larger corrosion resistance of the hybrid coating in ASW compared to 5% NaCl solution. The obtained
results indicated that the proposed hybrid zinc coating has a potential for antifouling application in
marine environment.

Keywords: hybrid zinc coating; corrosion; zinc; CuO nanoparticles; 5% NaCl solution; artificial
sea water

1. Introduction

Biofouling and corrosion are undesirable processes that lead to microbiologically and
chemically induced degradation of metal structures in marine environment. Incorporation
of biocides into antifouling coatings have a positive long-term effect on metal protection
due to the prolonged release of the biocide. Some of the most studied inorganic biocides are
copper and copper-containing materials due to the well-known cooper toxicity to marine
microorganisms [1–3]. In the seawater, the antifouling performance of the copper-based
coatings is realized mainly through the release of cuprous and copper ions reacting with
Cl− ions [4].

Electrodeposition of protective zinc and hybrid zinc coatings is a common way to
minimize the degradation of steel structures in coastal and marine zones [5,6]. Incorporation
of copper oxide (CuO) nanoparticles into zinc coatings electrodeposited on steel seems to be a
promising way to ensure controlled release of copper ions in a case of corrosion attack. CuO
nanoparticles may dissociate into Cu2+ ions, which significantly affect the growth of aquatic
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microorganisms at higher concentrations [7]. Earlier studies reported that copper oxide also
influenced the corrosion protection of copper, iron, zinc, and other metals by hindering the
penetration of aggressive corrosive agents deeply inside the metal structures [8]. For example,
the incorporation of CuO nanoparticles into the matrix of a protective zinc coating has recently
been shown to remarkably increase the anticorrosion efficacy of the coating for mild steel in a
Cl-containing environment (3.65 wt.% NaCl solution) [9].

Electrolytic cathodic deposition of CuO nanoparticles in the zinc matrix requires
stabilization of the particles suspension against aggregation since smaller particles were
found to provide better protective ability of the coatings than the agglomerated ones [10].
The suspensions stability depends mainly on the electrostatic (and/or steric) repulsion
between the likely charged particles. A polyelectrolyte adsorption can aid dispersion by
increasing positive charge on the particle surface, which can be also useful for successful
electrodeposition on the metal surfaces. For example, adsorption of polyethylenimine (PEI)
on the CuO particles can improve their stability against agglomeration by increasing the
particles surface charge density. Working as a charging, dispersing, and film-forming agent,
PEI has also been found to improve the protection from corrosion of steel alone or as a part
of hybrid coatings containing incorporated metal oxide particles [11,12].

The choice of PEI was also based on the fact that it is a good corrosion inhibitor for
steel in near neutral chloride media [11]. Its inhibition effectiveness at a concentration of
10−3 g/L reach 90% after 1 month of immersion in a 3% NaCl solution. The presumption is
that the polymer forms a dense layer on the steel surface, which prevents in such a way the
penetration of the aggressive agents deeply inside. Antifouling effect of zinc has also been
reported due to antimicrobial and antibacterial properties of zinc-based materials despite
the generally lower toxicity of zinc to aquatic organisms compared to copper [13,14].

The aim of the present work is to demonstrate and compare the corrosion resistance
and protective ability of ordinary and of a newly developed hybrid zinc coating (containing
incorporated polymer-modified CuO nanoparticles in the zinc matrix) on low-carbon steel
in two selected model media—5% NaCl (generally causes the appearance of localized
corrosion) and artificial sea water (ASW—for checking the corrosion process at conditions
suitable for emergence and development of biofouling).

2. Materials and Methods
2.1. Materials and Preparation of Stable CuO Suspension

CuO nanopowder (<50 nm particle size) and poly(ethylenimine) (PEI, Mw = 25 kDa) were
purchased from Sigma-Aldrich (Darmstadt, Germany). The PEI used in these experiments is a
branched polyamine, composed of primary, secondary, and tertiary amines that are protonated
in neutral and acidic conditions. Stable CuO suspension was prepared by addition of CuO
nanopowder (1 g/L) to a PEI aqueous solution of concentration 1 g/L, and the suspension
was ultrasonicated in ice for 15 min aiming to improve the particles dispersion.

2.2. Characterization of CuO Nanoparticles Dispersion

The working concentration of the CuO suspensions with and without PEI was set to
0.1 g/L, and pH was adjusted to 7.5 to minimize the effects of CuO dissolution and particles
agglomeration. The procedure for characterization is described in more detail in [15].
The size determination of CuO nanoparticles in the aqueous suspension was realized by
transmission electron microscopy (HR STEM JEOL JEM 2100, Tokyo, Japan). Two other
important parameters—hydrodynamic diameter and zeta potential of the nanoparticles—
were evaluated by dynamic light scattering (DLS) and laser Doppler velocimetry (Zetasizer
Pro Red Label, Malvern Panalytical Ltd., Malvern, United Kingdom). As a light source, a
HeNe laser was applied, and intensity was measured by a detector at 173◦.

2.3. Electrodeposition of Hybrid Zinc Coatings on Steel

The hybrid and ordinary (for comparison) zinc coatings were obtained on a low-carbon
steel sample with a working area of 6 cm2 (sizes 3 × 1 × 0.1 cm). The starting and slightly acidic
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zinc electrolyte has a composition (g/L): ZnSO4·7H2O—150; (NH4)2SO4
−—30; H3BO3—30.

Two additives, AZ1 (wetting agent) and AZ2 (brightener), were also used. The electrode-
position process was realized in a glass cell (300 mL volume) at the following conditions:
pH 4.5–5.0, cathodic current density of 2 A/dm2, no stirring, metallurgic zinc anodes, and
room temperature. In order to obtain hybrid coating, a solution containing 10−1 g/L polymer-
modified CuO nanoparticles (coated with PEI) was added to the starting electrolyte. Final
thickness of both coating types was ~12 µm.

2.4. Surface Morphology

The surface morphology of the ordinary and hybrid zinc coatings before and after
corrosive treatment was evaluated with scanning electron microscopy (Oxford Instruments,
Oxford, UK) by using of INCA Energy 350 unit.

2.5. Corrosion Characterization and CVA Studies

The corrosion characterization of the investigated coatings was realized with well-
known electrochemical methods: potentiodynamic (PDP) polarization curves and polar-
ization resistance (Rp) measurements. The results obtained were compared with that of
the ordinary zinc. The tests were carried out with computerized PAR unit “VersaStat 4”.
Saturated calomel electrode (SCE) was the reference, and platinum plate was the counter
electrode. The scan rate in cathodic and anodic direction was 1 mV/s. The curves were
stopped after visual appearance of the steel substrate, checking by “naked eye”.

Polarization resistance (Rp) is used for evaluation of the protective ability of the
coatings. Its value is inversely proportional to the corrosion current density. Higher Rp
values are a sign for better protective ability and lower corrosion rate (lower corrosion
current density) as well. The Rp values were measured during a period of 35 days.

Cyclic voltammetry (CVA) tests were carried out in the potential interval between
−2 and 0 V with a scan rate of 10 mV/s.

2.6. XPS Measurements

The film composition and electronic structure were investigated by X-ray photoelec-
tron spectroscopy (XPS). The measurements were carried out on AXIS Supra electron-
spectrometer (Kratos Analitycal Ltd., Manchester, UK) using monochromatic AlKα radi-
ation with a photon energy of 1486.6 eV and charge neutralization system. The binding
energies (BE) were determined with an accuracy of ±0.1 eV. The chemical composition in
the depth of the films were determined monitoring the areas and binding energies of Zn2p,
O1s, Cu2p, Cl2p, and C1s photoelectron peaks. Using the commercial data-processing
software of Kratos Analytical Ltd., the concentrations of the different chemical elements
(in atomic %) were calculated by normalizing the areas of the photoelectron peaks to their
relative sensitivity factors. More information about the principles and features of the
methods is described elsewhere [16,17].

2.7. Atomic Force Microscopy (AFM) Investigations

AFM imaging was performed on the NanoScope V system (Bruker Ltd., Bremen,
Germany) operating in tapping mode in air at room temperature. Silicon cantilevers
(Tap 300Al-G, Budget Sensors, Innovative solutions Ltd., Sofia, Bulgaria) with 30 nm
thick aluminum reflex coatings were used. According to the producer’s datasheet, the
cantilever force constant and the resonance frequency are in the range 40 N/m and
300 kHz, respectively. The tip radius was less than 10 nm. The scan rate was set at
1 Hz, and the images were captured in height mode with 512 × 512 pixels in JPEG format.
Subsequently, all images were flattened by using NanoScope software (Bruker Inc., Birrica,
MA, USA). The same software was also used for section and roughness analysis.
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2.8. Contact Angle Measurements

Measurements of the contact angle of small water drops (volume ≈ 3 microliters)
were made using an automatic goniometer/tensiometer (Model 290, Ramè—Hart Ltd.,
Succasunna, NJ, USA) with DROP images Advanced v. software 2.4 (Succasunna, NJ, USA)
at room temperature. The contact angles of 10 consecutive drops of 3 µL positioned at
random locations of the samples were measured. A mean angle and a mean error were
taken from them.

2.9. Test Media and Reproducibility

Electrochemical tests were carried out in two model corrosive media—5% NaCl solu-
tion (pH value of ~6.7) and artificial sea water (ASW)—with a content according to ASTM
D 665. The experimental results are an average from the data of five samples per type, i.e.,
either zinc or hybrid zinc coatings.

3. Results and Discussion
3.1. Characterization of CuO Nanoparticles Dispersion

For the particles size and charge measurements, the suspension was diluted to con-
centration of 0.1 g/L, and the pH was set to 7.5 to minimize the CuO dissolution, showing
a significant increase below pH~7 [14]. According to TEM analysis (Figure 1), the CuO
nanoparticles are nearly spherical and formed aggregates in water. The mean diameter
of a separate particle is about 65 ± 13 nm, while the diameter of most aggregates in wa-
ter is much larger—approximately 225 ± 4 nm according to the DLS measurement. It is
well-known that the hydrodynamic size of the nanoparticles is larger than the size of the
primary dry particles due to their interaction with surrounding solution [18,19]. The CuO
nanoparticles have a zeta potential value of about +30 mV, which is close to the results
of previous investigations on the same CuO nanoparticles [20,21]. It is known that the
potential values of ±30 mV are accepted as minimum zeta potentials for obtaining stable
suspensions due to strong electrostatic repulsion between likely charged particles.
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Figure 1. TEM image of CuO nanoparticles in water (0.1 g/L, pH 7.5).

Keeping in mind that the surface charge of the particles might decrease in the bath
solution (due to the increase in ionic strength), PEI was added to the CuO suspension to
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minimize further particles agglomeration. The zeta potential of the CuO nanoparticles
increases from +30 mV to about +55 mV due the adsorption of PEI chains. Figure 2
shows slight increase in the hydrodynamic diameters of the CuO particles from 225 ± 4 to
240 ± 5 nm, which confirms the formation of thin (~7–8 nm) adsorption of PEI layer on
the particle surface and stabilization of the suspension against further agglomeration. The
mechanism of adsorption of positively charged PEI on the likely charged CuO nanoparticles
has already been discussed in a work focused on electrophoretic deposition of CuO particles
on metallized (and steel) surfaces using PEI as a dispersing agent [22]. According to
the authors, dative bonds are formed between the Cu2+ ions on the CuO nanoparticle
surface and the un-protonated amine groups of PEI resulting in surface complexation of
CuO. The protonated amino groups are responsible for stabilization of the suspension
against agglomeration.
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3.2. Surface Morphology

The surface morphology of the hybrid and ordinary zinc coatings is presented in
Figure 3. Generally, both surfaces look relatively similar. However, it is obvious that some
zones with embedded white spheres appear on the surface of the hybrid zinc sample.
This can be expected due to the presence of positively charged (polymer modified) CuO
nanoparticles in the starting electrolyte, which deposit simultaneously with the zinc ions
during the electrodeposition.
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3.3. Cyclic Voltammetry (CVA) Studies

The results obtained with CVA are reported in Figure 4A. The experiments are carried
out in the starting electrolytes (suspensions) for electrodeposition of ordinary and hybrid
zinc coatings, respectively. It can be seen that the electrodeposition of the ordinary zinc
occurs at higher current density and is significantly hampered (overpolarization), i.e., starts
at more negative potential values compared to the hybrid coating. The cathodic deposition
process of the hybrid coating starts at more positive potential values (depolarization) and
is realized at much lower cathodic current density.
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Figure 4. (A) Cyclic voltammetry of hybrid (ZnH) and ordinary zinc coatings. (B) Cyclic voltammetry
of hybrid (ZnH).

The anodic branch of the same CVA curve confirms the presence of thin zinc hybrid
coating due to weakly expressed dissolution process—Figure 4B. One probable reason for
such behavior is the presence of CuO nanoparticles, the potential of which is more positive
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compared to the zinc ions, so they electrodeposit first on the steel substrate. Thereafter
(since the nanoparticles are greater in size compared to the zinc ions), the steel surface will
be partially blocked, resulting in a slower deposition rate of the hybrid coating.

3.4. Potentiodynamic Polarization (PDP) Curves and Polarization Resistance (Rp) Measurements

Potentiodynamic polarization curves of both coating types in the selected corrosive
media are demonstrated in Figure 5. In 5% NaCl solution, the potential of the ordinary zinc
coating is placed at more positive values, and its corrosion current is lower compared to
the case when this sample is immersed in ASW (see the most important electrochemical
parameters in Table 1). It is obvious that significant difference appear in the anodic curves of
the zinc and hybrid zinc coatings in both corrosive media: the anodic curve of the ordinary
zinc coating in 5% NaCl solution passes through a maximum at a potential of about −0.8 V,
and thereafter, the coating dissolves until exposing the steel substrate at about −0.62 V.
Contrary to this, the anodic current density of this coating in ASW increases gradually until
the complete dissolution in the potential area, about −0.4 V; i.e., the coating seems to be
more resistive in that medium at these conditions. A similar effect was reported in [23–25].
The reason for this observation is most probably the composition of the corrosive products,
which appear on the samples surface during the test. In the case of 5% NaCl solution, the
most probable corrosion product is zinc hydroxide chloride (ZHC)—Zn5(OH)8Cl2·H2O—
well-known from other investigations [26,27]. This compound has a very low product of
solubility and ensures better protection of the substrate impeding the penetration of the
aggressive chloride ions deeply inside. In the ASW, due to the presence of other ions such
as Ca2+, Mg2+, Sr2+, and K+ as well as HCO3

−, SO4
2−, Br−, and F−, different corrosion

products will appear, leading to greater surface and composition inhomogeneity.
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Figure 5. Potentiodynamic polarization curves of ordinary zinc coating in (1) NaCl and (2) ASW and
hybrid zinc coating in (3) NaCl and (4) ASW.

The hybrid zinc coating also demonstrates some peculiarities in both corrosive media:
in 5% NaCl solution, the anodic current density curve passes through a maximum at about
−0.7 V, and thereafter, a passive zone occurs in the interval between −0.44 and 0.1 V. In
the ASW, this coating dissolves (accelerated anodic dissolution) for a longer period (up to
−0.1V) and thereafter passivates. The corrosion current density for the hybrid coating is
lower in 5% NaCl compared to ASW.
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Table 1. Electrochemical parameters obtained from potentiodynamic polarization measurements.

No. Sample/Medium Icorr, A·cm−2 Ecorr, V Ipass, A·cm−2

1 Zn/5% NaCl 1.8 × 10−5 −1.07 -
2 Zn/ASW 2.1 × 10−5 −1.14 -
3 ZnH/5% NaCl 9.5 × 10−6 −1.09 7.2 × 10−4

4 ZnH/ASW 3.2 × 10−5 −1.08 3.2 × 10−4

Generally, it can be concluded that the presence of polymer modified CuO nanoparti-
cles positively influences the corrosion characteristics of the zinc coating on steel, leading
to the appearance of a passive zones and longer anodic curves at conditions of external
anodic polarization.

Polarization resistance data obtained after 35 days’ immersion of the samples in both
corrosive media are shown in Figure 6. It is obvious that ordinary zinc coating demonstrates
close Rp values in 5% NaCl and ASW solutions during the whole period of investigation.
Only at the beginning of the test (1–15 days), the polarization resistance in ASW is higher
and reaches ~1000 Ω·cm2. Thereafter, this parameter was held back at about 750 Ω·cm2

and at the end of the test is ~ 850 Ω·cm2 in both media.

Coatings 2022, 12, x FOR PEER REVIEW 8 of 14 
 

 

The hybrid zinc coating also demonstrates some peculiarities in both corrosive me-
dia: in 5% NaCl solution, the anodic current density curve passes through a maximum at 
about −0.7 V, and thereafter, a passive zone occurs in the interval between −0.44 and 0.1 
V. In the ASW, this coating dissolves (accelerated anodic dissolution) for a longer period 
(up to −0.1V) and thereafter passivates. The corrosion current density for the hybrid coat-
ing is lower in 5% NaCl compared to ASW. 

Generally, it can be concluded that the presence of polymer modified CuO nanopar-
ticles positively influences the corrosion characteristics of the zinc coating on steel, leading 
to the appearance of a passive zones and longer anodic curves at conditions of external 
anodic polarization. 

Polarization resistance data obtained after 35 days’ immersion of the samples in both 
corrosive media are shown in Figure 6. It is obvious that ordinary zinc coating demon-
strates close Rp values in 5% NaCl and ASW solutions during the whole period of inves-
tigation. Only at the beginning of the test (1–15 days), the polarization resistance in ASW 
is higher and reaches ~1000 Ω·cm2. Thereafter, this parameter was held back at about 750 
Ω·cm2 and at the end of the test is ~ 850 Ω·cm2 in both media. 

The experimental results of the hybrid zinc samples demonstrate improved corrosion 
resistance compared to the ordinary zinc coating, which is clearly expressed in the ASW 
solution. In the latter, the Rp values pass through a maximum after 20 days’ immersion 
(Rp ~ 7000 Ω·cm2), followed by a decreasing tendency (till 33-th day) and then slight in-
crease at the end of the test (~6000 Ω·cm2). In 5% NaCl solution, the polarization resistance 
increases during the whole immersion period, reaching 3000 Ω·cm2 at the final stage of the 
experiment. 

0 5 10 15 20 25 30 35 40
0

1000

2000

3000

4000

5000

6000

7000

8000

4

3

21

R
p,

 o
hm

.c
m

2

Time, days  
Figure 6. Polarization resistance of ordinary zinc coating in (1) NaCl and (2) ASW and of hybrid 
zinc coating in (3) NaCl and (4) ASW. 

These results could be explained with the appearance of corrosion products in the 
corrosive media, as already discussed above. However, the difference is that, in the case 
of the immersion test (“open-circuit” conditions), the forming and appearance of these 
compounds occurs slowly, contrary to the case of external polarization. 

SEM images of hybrid zinc coatings after corrosive treatment in the model test media 
are demonstrated in Figure 7. In the case of 5% NaCl, the surface seems relatively even 
and almost fully covered by corrosion products, which slows down the penetration of the 
chloride ions toward the steel substrate. It could be supposed that, as a result of the cor-
rosive treatment, the coating is partially transformed into a mixed layer simultaneously 

Figure 6. Polarization resistance of ordinary zinc coating in (1) NaCl and (2) ASW and of hybrid zinc
coating in (3) NaCl and (4) ASW.

The experimental results of the hybrid zinc samples demonstrate improved corrosion
resistance compared to the ordinary zinc coating, which is clearly expressed in the ASW
solution. In the latter, the Rp values pass through a maximum after 20 days’ immersion
(Rp ~ 7000 Ω·cm2), followed by a decreasing tendency (till 33-th day) and then slight
increase at the end of the test (~6000 Ω·cm2). In 5% NaCl solution, the polarization
resistance increases during the whole immersion period, reaching 3000 Ω·cm2 at the final
stage of the experiment.

These results could be explained with the appearance of corrosion products in the
corrosive media, as already discussed above. However, the difference is that, in the case
of the immersion test (“open-circuit” conditions), the forming and appearance of these
compounds occurs slowly, contrary to the case of external polarization.
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SEM images of hybrid zinc coatings after corrosive treatment in the model test media
are demonstrated in Figure 7. In the case of 5% NaCl, the surface seems relatively even
and almost fully covered by corrosion products, which slows down the penetration of
the chloride ions toward the steel substrate. It could be supposed that, as a result of the
corrosive treatment, the coating is partially transformed into a mixed layer simultaneously
containing a corrosive product Zn5(OH)8Cl2·H2O and polymeric materials retained from
the encapsulation process of the CuO nanoparticles. In the case of ASW, parts of the
coating are still not transformed in corrosive products although the coating is seriously
damaged/covered with holes and cracks. Corrosion products appear in some places on the
surface but do not cover the whole sample area. This result partially explains the changes
in the course of the hybrid coating behavior in ASW compared to the coating in 5% NaCl,
where the change in the Rp values is steadier. It can be concluded that the composition of
the newly formed corrosion products differs in both media, leading to some peculiarities in
the corrosion behavior.
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Different corrosion resistance of hybrid aluminum oxide/titanium nitride coatings
produced on stainless steel has earlier been registered in 0.5 M H2SO4, 1 M HCl, and 0.75 M
NaCl solutions [28]. The results showed an improvement of the corrosion resistance of the
hybrid coatings (compared to pure steel) in most cases except in NaCl solutions. According
to [28], the adhesion of the coating was considerably affected by the NaCl solution, and
initiation of crevice and pitting corrosion was observed.

3.5. Atomic Force Microscopy (AFM) and Contact Angle Investigations

The AFM images of the ordinary and hybrid zinc coatings were presented in Figure 8.
The morphology of the zinc sample with a scan area of 10 × 10 µm2 (Figure 8 left) is rough
(with the presence of spherical structures) compared to the morphology of the hybrid
coating (Figure 8 right). In the presence of CuO nanoparticles, the morphology of the
hybrid coating changes: the observed spherical structures in the zinc coating transformed
into denser zones. It can be seen that the surface of the hybrid coating is dense, with the
presence of high and low areas.

For a more precise comparison of the surface morphology, the two types of coatings
were scanned with a scanning area of 5 × 5 µm2 (Figure 9). It is clearly observed again that
the surface of the zinc sample has a “granular” structure, with many grains of same size. In
the presence of CuO nanoparticles, the morphology of the zinc matrix changes, with the
observed smaller structures clustering into larger regions.



Coatings 2022, 12, 1798 10 of 14
Coatings 2022, 12, x FOR PEER REVIEW 10 of 14 
 

 

 
Figure 8. AFM topography of ordinary zinc (A) and hybrid zinc (B) coatings: 2D images, 3D images, 
and section analysis. Figure 8. AFM topography of ordinary zinc (A) and hybrid zinc (B) coatings: 2D images, 3D images,

and section analysis.

Photographs of water droplets on the surface of the ordinary and hybrid zinc coatings
were compared by measuring the contact angles (Figure 9). One could note that the hybrid
coating with CuO nanoparticles incorporated into the zinc matrix changes the contact angle
from 94◦ for the ordinary zinc sample to 138◦ for the hybrid coating. Most probably, the
more hydrophobic surface profile of the hybrid coating is due to the different topography
compared to the ordinary zinc coating.

3.6. XPS Studies

The surface compositions and chemical states of the samples were investigated by XPS
method after 35 days’ immersion of the coatings in both corrosive media. Тhe spectra of Zn,
O, Cu, Cl, C, etc., are registered on the surface. The photoelectron spectra of Zn2p presents
two peaks with binding energies at ~1022.0 eV for Zn2p3/2 and ~1045.0 eV for Zn2p1/2.
Observed peaks positions and spin orbital splitting between 2p3/2 and 2p1/2 of ~23.0 eV
are characteristics of ZnO. In the spectra of ZnO, at higher binding energies, a shoulder is
observed, which is due to the bond of zinc with hydroxyl groups at 1023 eV and probably
also with chlorine in the form of zinc hydroxide chloride (ZHC)—Zn5(OH)8Cl2·H2O at
1024 eV—well-known from other investigations (Figure 10) [26,27].
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The O1s peaks are wide and asymmetric and can be fitted into several components,
which are oxygen in the metal lattice of ZnO (~531.4 eV), oxygen bonded with hydroxyl
group in Zn(OH)2 (~532.3 eV), carbonates (~533.8 eV), and oxygen in the water molecules
(~535.7 eV). There is one more component of O1s spectra for the composite sample treated
in artificial sea water, which is attributed to CuO (933.2 eV) and probably to Cu(OH)2
(935.3 eV) (Figure 10). The maximum of the Cl2p peaks has a binding energy at 198.7 eV,
which is assigned to the Zn-Cl bond and to NaCl; i.e., it could be supposed that ZHC
and NaCl simultaneously appear in the sample, while NaCl is left from the corrosive
treatment. The reason for the absence of CuO in the case of 5% NaCl solution could be
the more aggressive nature of this medium, which can be also confirmed by the SEM
investigations, i.e., ZnH coating is practically transformed in ZHC layer. In Figure 10,
showing the copper spectrum, the Auger oxygen line OKLL and its satellite are visible at
higher binding energies.

4. Conclusions

Optimum conditions were found for preparation of a stable suspension of CuO
nanoparticles aimed to be incorporated into ordinary zinc coating. Due to the well-
expressed anti-bactericide effect of CuO and the sacrificial nature of the zinc, the combined
anticorrosion and biofouling protection of low-carbon steel could be proposed. Hybrid
coating was electrodeposited from a slightly acidic electrolyte by simultaneous electrode-
position of polymer-modified CuO nanoparticles and zinc.

The hybrid zinc coating was found to improve the anticorrosion behavior of low-
carbon steel in two well-known and applied corrosive media—neutral 5% NaCl solution
(causes generally localized corrosion) and artificial sea water (for checking the corrosion
process at conditions suitable for emergence and development of biofouling) for a time
interval of 35 days at open-circuit conditions and at external polarization. The protective
action of the hybrid coating is a result most probably of the appearance of newly formed
corrosion products, which are consequence of the interaction of the zinc matrix with the
surrounding environment.

Barrier effects realized by the presence of these corrosion products, and the availability
of polymer materials/layers in them (appearance of “mixed” layer) seems to contribute
to the enhanced protective properties of the hybrid coating in both test corrosive media
compared to the ordinary zinc coating. The more hydrophobic nature of the hybrid coating
additionally supports the corrosion resistance in both corrosive media.

The protective characteristics of the hybrid coating are better demonstrated in ASW
compared to 5% NaCl solution, most probably due to the higher aggressiveness of the NaCl
environment. The obtained results indicated that the proposed hybrid zinc coating could
be used for antifouling protection of low-carbon steels in a marine environment.
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2. Kruk, T.; Szczepanowicz, K.; Stefańska, J.; Socha, R.P.; Warszyński, P. Synthesis and antimicrobial activity of monodisperse copper

nanoparticles. Colloids Surf. B Biointerfaces 2015, 128, 17–22. [CrossRef] [PubMed]
3. He, X.; Abdoli, L.; Li, H. Participation of copper ions in formation of alginate conditioning layer: Evolved structure and regulated

microbial adhesion. Colloids Surf. B Biointerfaces 2018, 162, 220–227. [CrossRef] [PubMed]
4. Rui, D.; Xiangbo, L.; Jia, W.; Likun, X. Electrochemical corrosion and mathematical model of cold spray Cu-Cu2O coating in NaCl

solution—part I: Tafel polarization region model. Int. J. Electrochem. Sci. 2013, 8, 5902–5924.
5. Maniam, K.; Paul, S. Corrosion Performance of Electrodeposited Zinc and Zinc-Alloy Coatings in Marine Environment. Corros.

Mater. Degrad. 2021, 2, 163–189. [CrossRef]
6. Popoola, P.A.; Malatji, N.; Fayomi, O.S. Fabrication and Properties of Zinc Composite Coatings for Mitigation of Corrosion in Coastal

and Marine Zone. In Applied Studies of Coastal and Marine Environments; InTech: London, UK, 2016; pp. 137–144. [CrossRef]
7. Aruoja, V.; Dubourguier, H.-C.; Kasemets, K.; Kahru, A. Toxicity of nanoparticles of CuO, ZnO and TiO2 to microalgae

Pseudokirchneriella subcapitata. Sci. Total Environ. 2009, 407, 1461–1468. [CrossRef] [PubMed]
8. Banerjee, P.; Sengupta, S.; Murmu, M.; Murmu, N.C. Copper oxide as a corrosion inhibitor. Inorg. Anticorros. Mater. 2022, 211–229.

[CrossRef]
9. Deepa, K.; Nayaka, Y.A. Synthesis of CuO micro and nanoparticles as composite additives for corrosion resistant Zn-composite

coatings on mild steel. Inorg. Nano-Metal Chem. 2020, 50, 354–360. [CrossRef]
10. Walsh, F.; Wang, S.; Zhou, N. The electrodeposition of composite coatings: Diversity, applications and challenges. Curr. Opin.

Electrochem. 2020, 20, 8–19. [CrossRef]
11. Finšgar, M.; Fassbender, S.; Nicolini, F.; Milošev, I. Polyethyleneimine as a corrosion inhibitor for ASTM 420 stainless steel in

near-neutral saline media. Corros. Sci. 2009, 51, 525–533. [CrossRef]
12. Sun, Y.; Ata, M.S.; Zhitomirsky, I. Electrophoretic deposition of linear polyethylenimine and composite films. Surf. Eng. 2013,

29, 495–499. [CrossRef]
13. Turlybekuly, A.; Pogrebnjak, A.D.; Sukhodub, L.F.; Sukhodub, L.B.; Kistaubayeva, A.S.; Savitskaya, I.S.; Shokatayeva, D.H.;

Bondar, O.V.; Shaimardanov, Z.K.; Plotnikov, S.V.; et al. Synthesis, characterization, in vitro biocompatibility and antibacterial
properties study of nanocomposite materials based on hydroxyapatite-biphasic ZnO micro- and nanoparticles embedded in
Alginate matrix. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 104, 109965. [CrossRef] [PubMed]

14. Miller, R.J.; Adeleye, A.S.; Page, H.M.; Kui, L.; Lenihan, H.S.; Keller, A.A. Nano and traditional copper and zinc antifouling
coatings: Metal release and impact on marine sessile invertebrate communities. J. Nanopart. Res. 2020, 22, 129–144. [CrossRef]

15. Kamburova, K.; Boshkova, N.; Boshkov, N.; Radeva, T. Hybrid Zinc Coating with CuO Nanocontainers Containing Corrosion
Inhibitor for Combined Protection of Mild Steel from Corrosion and Biofouling. Coatings 2022, 12, 1254. [CrossRef]

16. Kamburova, K.; Boshkova, N.; Boshkov, N.; Radeva, T.S. Composite coatings with polymeric modified ZnO nanoparticles
and nanocontainers with inhibitor for corrosion protection of low carbon steel. Colloids Surf. A Physicochem. Eng. Asp. 2021,
609, 125741. [CrossRef]

17. Kamburova, K.; Boshkova, N.; Boshkov, N.; Atanassova, G.; Radeva, T.S. Hybrid zinc coatings for corrosion protection of steel using
polyelectrolyte nanocontainers loaded with benzotriazole. Colloids Surf. A Physicochem. Eng. Asp. 2018, 559, 243–250. [CrossRef]

18. Keller, A.A.; Wang, H.; Zhou, D.; Lenihan, H.S.; Cherr, G.; Cardinale, B.J.; Miller, R.; Ji, Z. Stability and Aggregation of Metal
Oxide Nanoparticles in Natural Aqueous Matrices. Environ. Sci. Technol. 2010, 44, 1962–1967. [CrossRef] [PubMed]

19. Peng, C.; Shen, C.; Zheng, S.; Yang, W.; Hu, H.; Liu, J.; Shi, J. Transformation of CuO Nanoparticles in the Aquatic Environment:
Influence of pH, Electrolytes and Natural Organic Matter. Nanomaterials 2017, 7, 326. [CrossRef] [PubMed]

20. Sousa, V.S.; Teixeira, M.R. Aggregation kinetics and surface charge of CuO nanoparticles: The influence of pH, ionic strength and
humic acids. Environ. Chem. 2013, 10, 313–322. [CrossRef]

21. Gomes, T.; Pinheiro, J.; Cancio, I.; Pereira, C.; Cardoso, C.; Bebianno, M. Effects of copper nanoparticles exposure in the mussel
Mytilus galloprovinciallis. Environ. Sci. Technol. 2011, 45, 9356–9362. [CrossRef]

http://doi.org/10.1080/08927010903063065
http://www.ncbi.nlm.nih.gov/pubmed/20183122
http://doi.org/10.1016/j.colsurfb.2015.02.009
http://www.ncbi.nlm.nih.gov/pubmed/25723345
http://doi.org/10.1016/j.colsurfb.2017.11.062
http://www.ncbi.nlm.nih.gov/pubmed/29190473
http://doi.org/10.3390/cmd2020010
http://doi.org/10.5772/62205
http://doi.org/10.1016/j.scitotenv.2008.10.053
http://www.ncbi.nlm.nih.gov/pubmed/19038417
http://doi.org/10.1016/b978-0-323-90410-0.00012-x
http://doi.org/10.1080/24701556.2019.1711404
http://doi.org/10.1016/j.coelec.2020.01.011
http://doi.org/10.1016/j.corsci.2008.12.006
http://doi.org/10.1179/1743294413Y.0000000156
http://doi.org/10.1016/j.msec.2019.109965
http://www.ncbi.nlm.nih.gov/pubmed/31499965
http://doi.org/10.1007/s11051-020-04875-x
http://doi.org/10.3390/coatings12091254
http://doi.org/10.1016/j.colsurfa.2020.125741
http://doi.org/10.1016/j.colsurfa.2018.09.039
http://doi.org/10.1021/es902987d
http://www.ncbi.nlm.nih.gov/pubmed/20151631
http://doi.org/10.3390/nano7100326
http://www.ncbi.nlm.nih.gov/pubmed/29036921
http://doi.org/10.1071/EN13001
http://doi.org/10.1021/es200955s


Coatings 2022, 12, 1798 14 of 14

22. Shehayeb, S.; Deschanels, X.; Lautru, J.; Ghannam, L.; Odorico, M.; Karamé, I.; Toquer, G. Thin polymeric CuO film from EPD
designed for low temperature photothermal absorbers. Electrochim. Acta 2019, 305, 295–303. [CrossRef]

23. ISO 10289; 2006 Methods for Corrosion Testing of Metallic and Other Inorganic Coatings on Metallic Substrates—Rating of Test
Specimens and Manufactured Articles Subjected to Corrosion Tests; CP 401-1214. International Organization for Standardization:
Geneva, Switzerland, 2006.

24. Singh, J.K.; Mandal, S.; Adnin, R.J.; Lee, H.S.; Yang, H.M. Role of coating processes on the corrosion kinetics and mechanism of
zinc in artificial seawater. Materials 2021, 14, 7464. [CrossRef] [PubMed]

25. Meng, Y.; Liu, L.; Zhang, D.; Dong, C.; Yan, Y.; Volinsky, A.A.; Wang, L.N. Initial formation of corrosion products on pure zinc in
saline solution. Bioact. Mater. 2019, 4, 87–96. [CrossRef] [PubMed]

26. Boshkov, N.; Petrov, K.; Kovacheva, D.; Vitkova, S.; Nemska, S. Influence of the alloying component on the protective ability of
some zinc galvanic coatings. Electrochim. Acta 2005, 51, 77–84. [CrossRef]

27. Boshkov, N.; Petrov, K.; Vitkova, S.; Nemska, S.; Raichevski, G. Composition of the corrosion products of galvanic coatings Zn-Co
and their influence on the protective ability. Surf. Coat. Technol. 2002, 157, 171–178. [CrossRef]

28. Noli, F.; Misaelides, P.; Hatzidimitriou, A.; Pavlidou, E.; Pogrebnjak, A.D. Investigation of the characteristics and corrosion
resistance of Al2O3/TiN coatings. Appl. Surf. Sci. 2006, 252, 8043–8049. [CrossRef]

http://doi.org/10.1016/j.electacta.2019.03.078
http://doi.org/10.3390/ma14237464
http://www.ncbi.nlm.nih.gov/pubmed/34885619
http://doi.org/10.1016/j.bioactmat.2018.08.003
http://www.ncbi.nlm.nih.gov/pubmed/30723841
http://doi.org/10.1016/j.electacta.2005.03.049
http://doi.org/10.1016/S0257-8972(02)00161-5
http://doi.org/10.1016/j.apsusc.2005.09.075

	Introduction 
	Materials and Methods 
	Materials and Preparation of Stable CuO Suspension 
	Characterization of CuO Nanoparticles Dispersion 
	Electrodeposition of Hybrid Zinc Coatings on Steel 
	Surface Morphology 
	Corrosion Characterization and CVA Studies 
	XPS Measurements 
	Atomic Force Microscopy (AFM) Investigations 
	Contact Angle Measurements 
	Test Media and Reproducibility 

	Results and Discussion 
	Characterization of CuO Nanoparticles Dispersion 
	Surface Morphology 
	Cyclic Voltammetry (CVA) Studies 
	Potentiodynamic Polarization (PDP) Curves and Polarization Resistance (Rp) Measurements 
	Atomic Force Microscopy (AFM) and Contact Angle Investigations 
	XPS Studies 

	Conclusions 
	References

