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Abstract: Ti and its alloys have received wide attention in marine engineering. However, the limited
anti-biofouling capability may hinder their wide application. In the present work, micro-arc oxidation
(MAO) with and without the introduction of ultrasonic vibration (UV) has been conducted on metallic
Ti substrate in an aqueous solution containing Na2Cu-EDTA to produce a Cu-modified TiO2 coating.
Microstructural characterization reveals that the introduction of UV increased the thickness of the
coating (ranging from ~13.5 µm to ~26.2 µm) compared to the coating (ranging from ~8.1 µm to
~12.8 µm) without UV. A relatively higher Cu content (~2.13 wt.%) of the coating with UV relative
to the coating (~1.39 wt.%) without UV indicates that UV enhances the incorporation of Cu into
TiO2. Further, both electrochemical properties and the response to sulfate-reducing bacteria (SRB)
were evaluated, revealing that UV introduction endows Cu-modified TiO2 coating with enhanced
corrosion resistance and antifouling capability. The present results suggest that ultrasound-auxiliary
micro-arc oxidation (UMAO) obviously enhances the surface performance of Ti alloys for promising
applications in marine engineering.
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Highlights

What are the main findings?

• The introduction of ultrasonic vibration promotes Cu incorporation into TiO2.
• Enhanced corrosion resistance is achieved by introducing ultrasonic vibration.
• The formation of bio-film is effectively hindered on Cu-modified TiO2 coating.

What is the implication of the main finding?

• Ultrasound-auxiliary micro-arc oxidation (UMAO) obviously enhances the surface
performance of Ti alloys for promising applications in marine engineering.

• UV introduction endows Cu-modified TiO2 coating with enhanced corrosion resis-
tance and antifouling capability, which provides theoretical guidance for surface
modification techniques in marine engineering

1. Introduction

Titanium (Ti) and its alloys with excellent corrosion resistance, high specific strength,
and high fatigue tolerance are promising material candidates for marine engineering after
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years of technical investigations [1]. Nowadays, Ti and its alloys have already been used as
seawater cooling pipelines in power plants [2], heat exchangers in desalination plants [3] ,
and fasteners in the marine industry [4], and is also considered to be the next-generation
material for ship hulls and subsea equipment [5].

However, even with excellent corrosion resistance, Ti-based components may fail
in harsh marine environments [6], which is mainly associated with bio-fouling due to
their excellent biocompatibility and the consequent limited antifouling performance [7,8].
Nowadays, it is agreed that the application of Ti in harsh marine environments requires
simultaneous improvements in anti-corrosion properties, wear resistance, and antifouling
capability [6,9–12].

Since all the above-mentioned processes occur at the material–environment inter-
face, the surface modification technique is thus regarded as an effective method to endow
Ti with enhanced resistance to corrosion, wear, and biofouling associated with micro-
organisms [10,13]. Nowadays, numerous surface modification methods have been ap-
plied [14–16]. Physical vapor deposition (PVD), chemical vapor deposition (CVD), elec-
trophoretic deposition, the sol–gel method, plasma spraying, and hot-dip coating are the
main methods of preparing anti-corrosion coatings [17,18]. However, these methods have
certain drawbacks, such as the relatively low coating rate of PVD and CVD, the high
temperature of the preparation process of plasma spraying, and the sol–gel method may
affect the mechanical properties of the substrate [19–21]. Among all present methods,
micro-arc oxidation (MAO) is considered to be one of the most promising methods devoid
of the listed disadvantages [7,22,23] and involves complex physical and chemical processes
at a relatively high applied voltage [24–26]. The effective method for forming micro-arc
oxidation coatings is plasma electrolytic oxidation (PEO) in aqueous electrolytes [27] and
molten salt [20].

The ceramic coating produced by MAO exhibits high chemical inertness, which thus
acts as a physical barrier to improve the corrosion resistance of the Ti substrate [28]. Mean-
while, the high hardness of the ceramic coating also endows the Ti substrate with high wear
resistance [29]. Unfortunately, the ceramic coating generally exhibits a limited antifouling
capability to prevent the side effects associated with micro-organisms [11], which widely
exist in the ocean [9]. After being exposed to seawater, micro-organisms may adhere to
the surface and grow to form colonies, which then could form a bio-film and thus result in
microbiologically induced corrosion (MIC) [30,31], which may cause the failure of Ti-based
components and, consequently, compromise the safe operation of the facilities in marine
engineering [10]. Thus, it is necessary to endow TiO2-based coating with the desirable
antifouling capability to ensure the reliability of Ti alloys in the marine industry.

Cu, as an effective antimicrobial agent [32–35], is able to offer desirable antimicrobial
capacity by impeding bacteria growth and thus preventing bio-film formation [11]. After the
banning of Sn-containing antifouling paints in 2008, copper compounds were increasingly
used, which have been proven to be effective during the past decade [36].

The incorporation of Cu species into MAO coatings generally involves two different
methods based on Cu sources [33,34,37], which could be either alloyed with the substrate
or directly added into the electrolyte. Ti-Cu alloys have been developed as antibacterial
bio-medical materials for human implants [33,38]. After micro-arc oxidation, a TiO2 coating
with the presence of CuO could be fabricated, which exhibits desirable antibacterial capa-
bility against S. aureus bacteria [33]. Similarly, the micro-arc oxidation of Cu-Ti deposited
film facilitates the formation of a Cu-modified TiO2 layer [39], which contains CuO as
the dominant antibacterial agent [40]. By contrast, Cu(CH3COO)2 [41], Cu(NO3)2 [42],
and Cu nanoparticles (NPs) [43] have also been applied as electrolytic components to
provide the Cu source for the production of the Cu-modified TiO2 ceramic layer. In recent
work, Na2Cu-EDTA has been proposed as a novel Cu source [34]. Unlike the traditional
Cu-containing components, the Cu-EDTA complex, as a negatively charged component,
could easily be migrated to the anode, which is conducive to its subsequent incorporation.
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However, even with the application of a negatively charged Cu-EDTA complex, the
efficacy of Cu incorporation into TiO2 still remains low [44], which may be disadvanta-
geous for its antifouling capability. To enhance the dosage of incorporated Cu, several
new assistance technologies were applied during the MAO process. Among all available
assistance technologies, ultrasonic vibration (UV) has been widely applied in numerous
fields [25,45–48]. Hence, it is envisioned that the introduction of UV in the MAO process
may promote Cu incorporation into TiO2, which thus ensures the safe operation of Ti-based
components in the marine industry.

In this work, UV is introduced into the micro-arc oxidation process, and the influence
of UV on the microstructure, corrosion resistance, and antifouling properties of Cu-modified
TiO2 coating has been examined in detail. With the introduction of UV, an increased content
of Cu could be incorporated into TiO2. UV introduction endows Cu-modified TiO2 coating
with enhanced corrosion resistance and antifouling capability, which provides theoretical
guidance for surface modification techniques in marine engineering.

2. Experimental Methods
2.1. Preparation of Specimens

Commercial pure titanium (cp-Ti) samples with diameters of 15 mm were cut from
a rod in the present work. All samples were mechanically polished to 1200 grit and were
subsequently washed in high-purity water and then dried in air.

UMAO was conducted on cp-Ti samples using an in-house setup [44]. The galvanos-
tatic mode was used during the MAO process to fix the current density at 100 mA/cm2

through the power supply (YS9000DD, Yisheng, Shenzhen, China). The ultrasonic fre-
quency and power are optimized at 60 kHz and 100 W. The electrolyte consisting of 15.8 g/L
calcium acetate, 7.2 g/L sodium dihydrogen phosphate (Sinopharm, Shanghai, China) as
well as 5 g/L Na2Cu-EDTA (XFJ11 and XFJ44, XFNANO, Nanjing, China) was used.
For comparison, the conventional MAO without the introduction of ultrasonic vibration
was also conducted under the same condition. According to the preparation method, the
resulting coatings are referred to as TC-stir and TC-ultra, corresponding to conventional
and ultrasound-auxiliary MAO methods, respectively.

2.2. Microstructural and Property Characterization

The phase component of MAO specimens was detected by TF-XRD (thin film X-ray
diffraction, XtaLAB PRO MM007HF, Rigaku, Tokyo, Japan). The specific measurement
parameters of the experiment were: Cu target Ka radiation, tube voltage 40 kV, tube current
40 mA, scanning range 20◦–80◦, scanning speed 1◦ min−1 with an incident angle of 0.8◦.
The surface and cross-sectional morphologies of TC-stir and TC-ultra were observed using
a field emission scanning electron microscope (SEM, FEI Nova 450, FEI, Hillsboro, OR,
USA) with the application of electron probe X-ray micro-analyzer (EPMA, Shimadzu 8050G,
Rigaku, Tokyo, Japan) to detect the elemental compositions. The electron type of the SEM
images used to obtain the surface and cross-section of the coatings was secondary electrons,
and the SEM images for EPMA analysis are backscattered electron images. The accelerating
voltage to generate the EPMA is 15 kV.

For the preparation of cross-sections of samples, the MAO samples were first encapsu-
lated using epoxy resin. The specimens were then sanded step by step using 180#, 800#,
and 2000# SiC sandpaper, grinding the specimens sequentially to 4000 mesh silicon carbide
sandpaper and polishing them sequentially using 3 µm and 1 µm aluminum oxide polish-
ing solutions. Finally, the specimens were ultrasonically cleaned in ethanol for 10 min and
dried in cold air. In order to prevent the specimen from being contaminated, the prepared
specimen is vacuum-encapsulated before testing.

Water contact angles (CAs) were measured using an optical contact angle meter
(JC2000D, Powereach, Shanghai, China) by dropping 4 µL of de-ionized water droplet
onto the specimen surface. The average CA value was obtained from three randomly
selected positions.
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To characterize the antifouling property of the specimens, sulfate-reducing bacteria
(SRB), as a representative micro-organism existing in seawater, has been used in the work.
The SRB seed that was identified as Desulfovibrio was isolated from the South China Sea
(Zhanjiang, Guangdong). Simulated seawater containing nutrients was used for bacterial
culture and corrosion test medium in this experiment.

All other characterization processes are presented in the Supplementary Materials.

3. Results

Figure 1a exhibits the evolutions of applied voltage with the oxidation period during
MAO processes with and without the introduction of ultrasonic vibration (UV). Both curves
exhibit a similar tendency, revealing that the cell voltage initially increases linearly, then
increases at a slower rate, and finally stabilizes with slight fluctuation. Close examination
reveals that, after the introduction of UV, the breakdown potential (~250 V) that reflects the
initial dielectric breakdown of the coating is lower than that without the application of UV
(~270 V). Similarly, the UV introduction also decreases the stabilized potential from ~490 V
to ~475 V. In addition, the general appearances of the resultant coatings were recorded
(Figure 1b,c), revealing that both coatings exhibit uniform brownish appearances regardless
of UV introduction.
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of ultrasonic vibration; (b,c) surface appearances of both coatings.

After visual observation, the examination using a scanning electron microscope (SEM)
was conducted for both coatings (Figure 2), revealing their similar appearances. Figure 2a,b
display the general views of TC-stir and TC-ultra, exhibiting porous morphologies typical
for micro-arc oxidized surfaces [49,50]. Framed areas in Figure 2a,b are magnified in
Figure 2c,d. Micro-sized pores were observed in both coatings (denoted with white dashed
line arrows). The area fractions of micro-sized pores were quantitatively analyzed to
evaluate the porosities of both coatings. A minimum of 10 different surface views were
analyzed (Figure S1), revealing that the porosity of TC-stir (~4.85%) is higher than that of
TC-ultra (~4.03%). Moreover, the average pore size of TC-stir (~1.39 µm) remains similar
to that of TC-ultra (~1.46 µm). Finally, the detailed morphological features are revealed
in Figure 2e,f, corresponding to the framed areas in Figure 2c,d. Both nano-sized pores
(denoted with dashed line arrows) and cracks (denoted with solid line arrows) were noticed
in both coatings, which may originate from oxygen evolution and thermal stress during
the oxidation process. Hence, from Figure 2, it is revealed that the UV introduction mainly
reduces the porosity of the resultant ceramic coating.
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Figure 2. SEM micrographs of coating surfaces: (a,c,e) TC-ultra; (b,d,f) TC-stir.

An electron probe X-ray micro-analyzer (EPMA) was then conducted to examine the
elemental profiles of both coatings. Figure 3a displays a typical area of TC-ultra along
with the elemental distribution maps, which reveals that it contains Ti, Ca, P, and O as
well as Cu. The successful incorporation of Cu into TiO2 is revealed and the elemental
distributions are relatively uniform. Similar to TC-ultra, Figure 3b reveals the uniform
elemental distribution across TC-stir with the presence of Ti, Ca, P, O, and Cu. EDX
point analysis was also conducted to quantify the chemical compositions for both coatings
(Table 1). It is revealed that a relatively higher Cu content (~2.13 wt.%) is shown in TC-ultra
relative to TC-stir (~1.39 wt.%), indicating that UV may enhance the incorporation of Cu
into TiO2 during the MAO process.

The cross-sectional views of both coatings are shown in Figure 4. Figure 4a exhibits a
typical cross-section of TC-ultra, revealing its thickness ranging from ~13.5 µm to ~26.2 µm.
Morphological features were further presented in Figure 4b, exhibiting its bi-layered
structure. The inner layer, which is approximately hundreds of nanometers in thickness is
relatively compact, whereas the outer layer is increasingly defective with the presence of
cracks (denoted with a solid line arrow) and pores of nanometer and micrometer scales
(denoted with dashed line arrows). Similarly, the cross-sectional view of the brown area
in TC-stir is shown in Figure 4c, suggesting its reduced thickness (ranging from ~8.1 µm
to ~12.8 µm) relative to TC-ultra (ranging from ~13.5 µm to ~26.2 µm). The detailed
morphological features are shown in Figure 4d, which again reveals its bi-layered structure,
similar to Figure 4b. Hence, the cross-sectional examination reveals that coating thickness
increases dramatically with the introduction of UV.
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Table 1. Quantitative analysis of both Cu-modified TiO2 coatings.

Element
Contents (%)

Ti O Ca P Cu

TC-ultra 53.76 32.54 5.21 6.36 2.13
TC-stir 54.33 34.07 5.07 5.14 1.39
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Elemental profiles of the cross-sectional views were also examined by EPMA map-
ping analysis (Figure 5). Consistent with Figure 4, Cu, Ca, and P could be detected in
both coatings, confirming their incorporation into TiO2. Interestingly, their distributions
are non-uniform with the penetration depths of P and Cu much larger than that of Ca.
This may be associated with their different charged conditions since the external electric
field may promote the migration of negatively charged species whereas the mass transfer
for positively charged species may be hindered to a degree. As a result, both P and Cu
existing as negatively charged species could penetrate deeper into the coating relative to
Ca. Scrutiny of P and Cu maps also reveals their distinctive contents within the coatings.
Since the incorporation of electrolytic components is closely associated with their mass
transfer through the short-circuited pathways consisting of pores, cracks, and other defects
in the ceramic coating, the reduced sizes of HxPO4

(3-x)- facilitate their mass transfer relative
to larger Cu-EDTA complexes. In addition, it is also revealed that the Cu distribution is
increasingly uniform in TC-ultra (Figure 5a) relative to TC-stir (Figure 5b), which may be
attributed to the mechanical effect of UV as illustrated in the Section 4.

To investigate the influence of UV on phase components of the ceramic coating, thin
film X-ray diffraction (TFXRD) analysis was carried out on both TC-ultra and TC-stir with
the patterns shown in Figure 6. Peaks for anatase and rutile phases were observed in both
XRD patterns. The proportions of anatase and rutile detected by the XRD were assessed by
the following equation [13]:

WR = 1/(1 + 0.8IA/IR) (1)

where IA and IR are the X-ray diffraction peak strengths of the anatasephase (101) and
rutile-phase (110) crystal planes, respectively. The corresponding results are shown in
Figure 6b. Scrutiny of Figure 6 reveals that the anatase-to-rutile ratio of TC-ultra (~1.12) is
lower than that of TC-stir (~1.44), which will be illustrated in the Section 4. Interestingly,
no peaks corresponding to Cu-related components were detected.
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Further, to identify the surface elemental configuration of Cu species, X-ray photo-
electron spectroscopy (XPS) analysis was conducted on both coatings (Figure 7). From
the survey (Figure 7a), it is obvious that both coatings contain Ti, O, Ca, P, and Cu. High-
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resolution XPS spectra for Cu 2p are shown in Figure 7b, and both contain four characteristic
peaks located at 933.2 eV and 952.0 eV for Cu+ and 935.7 eV and 955.8 eV for Cu2+ and
satellite peaks at 944.7 eV and 964.8 eV [33]. Hence, it is indicated that both Cu+ and Cu2+

were present. Scrutiny of Figure 7b reveals the significant difference in the Cu2+-to-Cu+

ratio. In TC-stir, the Cu2+-to-Cu+ ratio is only ~0.343, which is lower than that of TC-ultra
(~0.423) (Figure 7b), which indicates that UV may promote the formation of Cu2+ in the
Cu-modified TiO2 coating.
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Afterward, the surface conditions of both coatings were examined. Water contact
angles (WCAs) of both coatings were examined (Figure 8a). TC-ultra and TC-stir exhibit
WCAs of ~46.1◦ and ~47.3◦, indicating their similar surface wettability. Further, their
surface topographies are shown in Figure 8b. The surface roughness of TC-ultra is ~1.11 µm,
which is similar to that of TC-stir (~1.05 µm). Hence, their surface conditions remain similar
regardless of the application of UV or not.
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Figure 8. (a) Water contact angles and (b) surface topography for both Cu-modified TiO2 coatings.

The electrochemical responses were recorded to assess the corrosion resistance of both
coatings. For comparison, bare Ti was also examined. Figure 9a displays the potentiodynamic
polarization (PDP) curves with the fitting results listed in Table 2. The corrosion potential (Ecorr)
follows the decreasing order: TC-ultra (~0.173 V) > TC-stir (~0.153 V) > Ti (~−0.185 V) and the
corrosion current density (icorr) exhibits the decreasing order: Ti (~2.12 × 10−7 A/cm2)> TC-stir
(~5.21 × 10−8 A/cm2) > TC-ultra (~1.37 × 10−9 A/cm2). Thus, it is suggested that the corrosion
resistance follows the decreasing order: TC-ultra > TC-stir > Ti.
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Table 2. Tafel slopes (βa and βc), corrosion current densities (icorr), and corrosion potentials (Ecorr)
derived from the potentiodynamic polarization curves in Figure 9a.

Samples βa (mV) βc (mV) icorr (A/cm2) Ecorr (V)

TC-ultra 519.54 81.58 1.37 × 10−9 0.173
TC-stir 601.94 40.33 5.21 × 10−8 0.153
Bare Ti 286.27 115.12 2.12 × 10−7 −0.185

Electrochemical impedance spectroscopy (EIS) analysis was also conducted with
the Nyquist and Bode plots shown in Figure 9b,c. From the Nyquist plots (Figure 9c),
two capacitive loops are revealed for both TC-ultra and TC-stir, which correspond to
electrolyte/coating and electrolyte/substrate interfaces, respectively. By contrast, only one
capacitive loop could be observed for bare Ti. According to the Bode plots (Figure 9d),
the impedance modulus (|Z|) at 0.01 Hz, which represents corrosion resistance, follows
a decreasing order: TC-ultra > TC-stir > Ti. Thus, it is indicated that enhanced corrosion
resistance of TC-ultra was achieved relative to TC-stir.

Based on Figure 9b,c, the equivalent circuit (EC) models of Figure 9d,e were applied to
explain EIS data. Considering the current dispersion effect, a constant phase angle element
(CPE) was applied. A detailed description of the EC models has been reported previously [49].
The fitting results are listed in Table 3. The sum of Rcoat and Rct for all layers indicated that
corrosion resistance follows a decreasing order: TC-ultra > TC-stir > Ti, again demonstrat-
ing that TC-ultra exhibits an enhanced corrosion resistance relative to TC-stir and bare
Ti, confirming the beneficial role of UV on the anti-corrosion property of Cu-modified
TiO2 coatings.

Table 3. Fitting results of EIS data (Figure 9b,c) of both Cu-modified TiO2 coatings.

Samples Rs (Ω·cm2) CPEcoat-Q (F/cm2) CPEcoat-n Rcoat (Ω·cm2) CPEdl-Q (F/cm2) CPEdl-n Rct (Ω·cm2)

TC-ultra 13.57 5.84 × 10−6 0.728 1519 1.68 × 10−5 0.710 2.68 × 105

TC-stir 16.33 1.19 × 10−6 0.703 1822 2.12 × 10−5 0.701 1.03 × 105

Bare Ti 15.12 / / / 4.45 × 10−5 0.703 1.14 × 104

The antifouling capability of TC-stir and TC-ultra against SRB bacteria was assessed
with Ti as a comparison. It has been well documented that bare Ti exhibits limited antifoul-
ing efficacy and is thus considered to be a negative control group.

After immersion in the SRB culture media for 14 days, SEM was employed to examine
their surface features with representative results shown in Figure 10. The general view of bare
Ti (Figure 10a) shows a high number of bright features whereas both coatings maintain porous
features (Figure 10b,c), similar to their original morphology. Figure 10d–f correspond to the
framed areas of Figure 10a–c at increased magnifications. As shown in Figure 10d, in addition
to micron-sized SRB with rod shapes, flocculent features, supposed to be the extracellular
polymeric substance (EPS) produced by SRB, could also be noticed in the periphery, which
may contribute to the formation of a bio-film. Further scrutiny of Figure 10e,f also indicates
the presence of a relatively higher amount of SRB on TC-stir relative to TC-ultra, preliminarily
indicating the enhanced antifouling capability of Cu-modified TiO2 coatings produced via
UV assistance. Finally, the detailed morphology of bacteria is shown in Figure 10g–i. Clearly,
a bio-film consisting of SRB and EPS has been formed on bare Ti (Figure 10g). For TC-stir,
pumped and lysed bacteria co-exist with the presence of metabolism producing live SRB in
the periphery (Figure 10g), whereas only SRBs with damaged membranes were observed on
the surface of TC-ultra (Figure 10i), confirming the enhanced antifouling capability of TC-ultra
relative to TC-stir after 14 days incubation.
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4. Discussion

Comparing the microstructural features and coating properties between TC-stir and TC-ultra,
it is revealed that UV introduction dramatically affects the microstructure (Figures 1–8), corrosion
resistance (Figure 9), and antifouling capability against SRB (Figure 10) of Cu-modified TiO2
coatings, which may be ascribed to the unique characteristics of ultrasonic waves. During the
MAO process, Cu could be incorporated into TiO2 via the following reactions [34,51]:

[Cu-EDTA]2− + nOH− → Cu (OH)n + EDTA4− (2)

XCu (OH)n → CuXO + H2O (3)

As reported previously, UV may cause defects in solids due to its related stress [25,52],
which promotes the micro-arc discharges and thus contributes to the growth of ceramic
oxide by healing the defects [50]. Hence, the introduction of UV induces defects and
increases the population density of micro-arc discharges to promote Reactions (1) and (2)
for Cu incorporation. In addition, the mechanical mixing effect of UV may also promote
the migration of Cu-EDTA complexes to benefit Cu incorporation into TiO2 [25,52]. Hence,
the introduction of UV is conducive to the incorporation of Cu into TiO2, which results
in a higher content of Cu in TC-ultra relative to TC-stir (Table 1). Similarly, the enhanced
micro-arc discharges associated with UV promote the formation of molten oxide, which
results in the reduction in defectiveness (Figure S1) and the increase in coating thickness
(Figure 4) of TC-ultra relative to TC-stir.

In addition, the difference in phase components is related to UV introduction. The rapid
cooling rate induced by electrolytes hinders the transformation of the metastable phase to
the thermodynamically favored phase. As a result, the metastable anatase TiO2 phase exists
in both coatings, which may transform into the thermodynamically favored rutile phase
when a proper condition is provided. The mechanical effect of UV increases the kinetic
energy of oxygen atoms, which promotes atomic diffusion and thus the transformation
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from anatase to rutile. Hence, a reduced anatase-to-rutile ratio is achieved in TC-ultra
relative to TC-stir (Figure 6).

Finally, the chemical condition of Cu in TiO2 is also affected by the introduction of UV.
As mentioned above, the defects induced by UV facilitate the breakdown of oxide, which
lowers its breakdown potential and also results in a lower released energy density at the
micro-arc discharge site [8,11]. Hence, a lower average temperature is expected, which
favors the formation of Cu2+ rather than Cu+ [34]. Hence, relative to TC-stir, a reduced
Cu+-to-Cu2+ ratio was achieved in TC-ultra (Figure 7).

The electrochemical corrosion of titanium in NaCl solution usually involves the fol-
lowing reactions [53,54]:

2Ti + 3H2O − 6e−→ Ti2O3 + 6H+ (4)

Ti + 3H2O − 6e− → TiO (OH)2 + H2O (5)

Ti2O3 + 3H2O − 2e− → 2TiO (OH)2 + 2H+ (6)

TiO (OH)2 → TiO2 + H2O (7)

The barrier of the oxide ceramic layer on the Ti/MAO surface weakened the erosion
of the aggressive ion Cl− compared to pure Cu. The difference in microstructural features
results in their different corrosion resistance (Figure 9). Generally, the corrosion resistance
of a ceramic oxide is closely related to its capability to inhibit electrolytic penetration to the
coating/substrate interface. Thus, the thickness, defectiveness, and hydrophobicity are crucial
to its capability to act as a physical barrier to hinder electrolytic penetration [28]. As a result,
the difference in coating thickness (Figure 4) and defectiveness (Figures 2 and S1) determines
their different corrosion resistance, especially considering their similar surface conditions
(Figure 8). Since TC-ultra possesses enhanced thickness and reduced defectiveness relative
to TC-stir, the improved corrosion resistance of TC-ultra compared to TC-stir is expected as
confirmed in Figure 9.

Generally, the antifouling capability is closely associated with surface chemistry and
surface topography [11,16,36,55,56], which may affect the adhesion and proliferation of
microorganisms. Considering the similar surface conditions of both Cu-modified TiO2
coatings (Figure 8), it is indicated that surface chemistry plays a more crucial role in
antifouling capability, which may be ascribed to Cu incorporation associated with UV
introduction as mentioned above (Figure 3 and Table 1).

After the adhesion of SRB, the surface chemistry may interrupt their proliferation
due to the high antibacterial efficiency of Cu species, which results in a higher antifouling
capability of Cu-modified TiO2 coating relative to bare Ti (Figure 10). Due to the low
released Cu dosage relative to its minimum inhibitory concentration (MIC) [11,44,45,57],
it is then believed that the Cu2+ and Cu+ within TiO2 act as effective agents to hinder the
proliferation of SRB. It has been well documented that the antibacterial capability of Cu2+

is attributed to the reactive oxygen species that damage cell membranes [44]. Unlike Cu2+,
Cu+ has an enhanced affinity towards proteins and thus disables the replica capability of
bacteria [38,58–60]. Since both Cu2+ and Cu+ contribute to the bactericidal effect of SRB
and thereby effectively inhibit their growth, it is expected that the higher Cu content in
TC-ultra results in its higher antifouling capability relative to TC-stir (Figure 10).

5. Conclusions

In the present work, the influence of ultrasonic vibration on the microstructure, cor-
rosion resistance, and antifouling properties of Cu-modified TiO2 coatings produced by
MAO was systematically studied. It is revealed that the introduction of ultrasonic vibration
optimizes the microstructural features, corrosion resistance, and antifouling capability of
Cu-modified TiO2 coating, which enhances the surface performance of metallic Ti to fit
marine engineering.
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• With the introduction of UV, an increased content of Cu could be incorporated into
TiO2, which exhibits a higher Cu2+-to-Cu+ ratio relative to that without UV. The in-
troduction of UV also promotes the growth of ceramic coating and affects the phase
components of the coating with a higher rutile-to-anatase ratio achieved.

• Enhanced corrosion resistance of the Cu-modified TiO2 coating could be achieved
with the introduction of UV.

• UV introduction enhances Cu incorporation to benefit the antifouling capability of
Cu-modified TiO2 coatings.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings14040376/s1, Figure S1. Porosity analysis of both Cu-
modified TiO2 coatings.
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