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Abstract: As a promising material for petroleum industrial applications, titanium (Ti) and its alloys
receive wide attention due to their outstanding physicochemical properties. However, the harsh
industrial environment requires an antifouling surface with a desired corrosion resistance for Ti
and its alloys. In order to achieve the desired antifouling properties, micro-arc oxidation (MAO)
was used to prepare a Cu-doped TiO2 coating. The microstructure of the Cu-doped TiO2 coating
was investigated by TF-XRD, SEM, and other characterization techniques, and its antifouling and
anticorrosion properties were also tested. The results show the effects of the incorporation of Cu
(~1.73 wt.%) into TiO2 to form a Cu-doped TiO2, namely, a Ti–Cu coating. The porosity (~4.8%) and
average pore size (~0.42 µm) of the Ti–Cu coating are smaller than the porosity (~5.6%) and average
pore size (~0.66 µm) of Ti–blank coating. In addition, there is a significant reduction in the amount
of SRB adhesion on the Ti–Cu coating compared to the Ti–blank coating under the same conditions,
while there is little difference in corrosion resistance between the two coatings. There, the addition of
copper helps to improve the fouling resistance of TiO2 coatings without compromising their corrosion
resistance. Our work provides a practical method to improve the antifouling function of metallic Ti
substrates, which could promote the application of Ti in the petroleum industry.

Keywords: micro-arc oxidation; titanium; Cu incorporation; antifouling; anticorrosion

1. Introduction

In recent years, as the exploration of crude oil has gradually moved to deep water,
conventional oilfield pipes have had difficulties in meeting the requirements of the increas-
ingly harsh environment [1–3]. Ti and its alloys have been applied to drilling platforms in
pipelines in the petroleum industry due to their excellent physicochemical properties and
high corrosion resistance [4,5].

Although Ti and its alloys usually exhibit excellent corrosion resistance due to the
passive film on their surfaces, the presence of microorganisms may damage the passive
film and cause corrosion of the Ti [6–9]. Among the most widely existing microorganisms
in crude oil are sulphate-reducing bacteria (SRB) [10,11]. Under anaerobic conditions, SRB
derive energy from the reoxidation–reduction reaction, which uses hydrogen produced in
the bacterial biofilm to reduce sulphate to hydrogen sulphide. Then, the pH of the local
chemical environment will decrease, which will destroy the stability of passive film and
enhance the corrosion sensitivity of metal [10,12]. Microbiologically influenced corrosion
(MIC) may occur when the SRB biofilm is formed because hydrogenase from the SRB biofilm
promotes a cathodic reaction, and the anodic dissolution of metal will be accelerated [13–16].
In addition, the extracellular polymeric substance (EPS) generated from SRB biofilm could
combine with metal ions, which may also accelerate the corrosion of the metal substrate [17].
Once formed, SRB biofilm is extremely difficult to remove completely as it prevents the
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penetration of antimicrobial agents into the biofilm [18]. Therefore, the prevention of SRB
biofilm formation on the metallic Ti substrate surface could be an effective method to avoid
MIC damage, which requires the enhancement of antifouling capabilities against SRB on the
Ti surface. Among the various corrosion control techniques available, protective coatings,
inhibitors, anticorrosive strains, and modification of the surface by attaching anticorrosive
functional groups on the surface are commonly used [19–22].

Cu has been widely used as an effective antimicrobial agent to inhibit bacterial growth
and prevent biofilm formation [23,24]. Therefore, it is foreseeable that the incorporation
of Cu will improve the antifouling effect of the Ti surface. Among all viable surface
modification methods, micro-arc oxidation (MAO) is one of the most effective methods
to fabricate a metallurgically bonded Cu-doped coating on a Ti substrate [25,26]. MAO
uses a high external voltage to promote a plasma-assisted anodic oxidation process on
the metal surface, which could form a ceramic oxide layer with the desired hardness and
chemical inertness [27,28]. At the coating/substrate interface formed by MAO, there is a
metallurgical bond, and the ceramic coating is inert. Therefore, the wear and corrosion
resistance of the Ti substrate could be enhanced by MAO [29–32]. The effective method for
forming coatings is plasma electrolytic oxidation (PEO) in aqueous electrolytes [33] and
molten salt [34]. The chemical composition of the ceramic coating can be easily adjusted by
changing the electrolytic composition of the MAO. In order to incorporate Cu into TiO2,
Cu-containing components could be added to the MAO electrolyte [35]. Alternatively, a
Cu-rich substrate could also be used as the anode in the MAO process [36]. Since most Ti
alloys are Cu-free, Cu-containing electrolyte components are commonly used as Cu sources
for incorporation into TiO2. Unlike the traditional use of Cu salts and Cu-rich particles [37],
in our previous work, ethylene diamine tetraacetic acid cupric disodium (Na2Cu–EDTA)
was added in the electrolyte as a Cu source for the MAO treatment [38], which can take
advantage of the external electric field to promote Cu incorporation. However, studies on
the antifouling ability of Cu-doped TiO2 coatings prepared using Cu–EDTA complexes are
still limited.

In this work, instead of traditional Cu sources, Na2Cu–EDTA was added to the
electrolyte as a Cu source for the MAO treatment. During the MAO process, the electric
field promotes the mass transfer of negatively charged Cu–EDTA complexes to the Ti
substrate, which favors the incorporation of Cu into the TiO2 coating. The addition of
Na2Cu–EDTA results in a less defective appearance of the ceramic oxide. Therefore, Na2Cu–
EDTA is a promising Cu source for the fabrication of Cu-incorporated TiO2 coatings. The
corrosion and fouling resistance of the Cu-doped coatings was investigated by comparison
with Cu-free TiO2 coatings and metallic Ti substrates. Antifouling capability is enhanced
after Cu incorporation. These results could offer some theoretical guidance to promote the
application of titanium and its alloys in the petroleum industry.

2. Materials and Methods
2.1. Preparation of Specimens

The specimens were commercially pure titanium (cp-Ti) and were polished to 1200
grit, washed with high purity water, and finally dried in a cool air stream. The MAO
treatment was carried out on cp-Ti samples using the apparatus (YS9000DD, Yisheng,
Shenzhen, China) shown in Figure 1. During the MAO process, the galvanostatic mode
was used, its current density, frequency, and duty cycle optimized at 80 A·cm−2, 600 Hz,
and 10%, respectively.

Two electrolytes were prepared for the MAO process. By gradually dissolving 15.8 g
calcium acetate and 7.2 g sodium dihydrogen phosphate into 1 L water, the electrolyte was
prepared to fabricate a Cu-free TiO2 coating, which was named as Ti–blank in this context.
Further, an additional 5 g Na2Cu–EDTA was added to the above electrolyte, and the
corresponding coating named as Ti–Cu coating. After the MAO treatments, the specimens
were cleaned by deionized water and dried in a cool air stream before further examination.
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Figure 1. Schematic diagram of MAO process.

2.2. Characterization

TF-XRD (thin-film X-ray diffraction, XtaLAB PRO MM007HF, Rigaku, Tokyo, Japan)
was used to detect the phase component of the MAO specimens. At the incident angle
of 0.8◦, it was swept from 20◦ to 80◦ at a speed of 1◦ min−1. The surface and cross-
section morphologies of samples were examined using a field emission scanning electron
microscope (SEM, Gemini 300, Carl Zeiss AG, Jena, Germany). Water contact angles (WCAs)
of both coatings were measured using an optical contact angle instrument (JC2000D, Xi’an,
China). Finally, the surface topographies of both coatings were examined by using a Bruker
Contour GT K 3D (Billerica, MA, USA) high-resolution surface measurement system to
obtain the surface roughness Ra.

The traditional three-electrode system is used for the electrochemical test (CorrTest,
Wuhan, China) in a 3.5 wt.% NaCl solution; the working area of the sample is 1 cm2. In
the stable open circuit potential (OCP), the potentiodynamic polarization is scanned from
−200 mV (vs. OCP) to +200 mV (vs. OCP) at a rate of 0.5 mV/s. The electrochemical
impedance spectrum (EIS) is also measured under OCP, and the frequency range is 105

to 0.01 Hz.
Separated from the Shengli Oilfield (Dongying, Shandong Province, China), the SRB

seeds were identified as Desulfotomaculum nigrificans. The SRB were cultivated in a culture
medium containing 0.01 g/L K2HPO4, 0.2 g/L MgSO4, 0.2 g/L (NH4)2Fe (SO4)2, 10 g/L
NaCl, 1 g/L yeast extract, 0.1 g/L vitamin C, and 4 g/L sodium lactate, with its pH adjusted
to 7.0–7.2 with NaOH. These chemicals were supplied by Sinopharm, Shanghai, China.
The culture medium was sterilized in an autoclave for 20 min at 121 ◦C, and the specimens
were sanitized under a 30 W ultraviolet light bulb for 30 min. To remove dissolved oxygen,
the culture medium was then sparged with CO2 for 4 h.

After 4 days of incubation of the SRB at 37 ◦C, all the specimens were then gently
rinsed using phosphate buffer solution (PBS, Macklin, Shanghai, China). After that, the
specimens were placed in a 2.5% (v/v) glutaraldehyde for 8 hours and then dehydrated
using a series of ethanol solutions (20%, 50%, 70%, 90%, 99% by volume) prior to the
examination using SEM. All the experiments were repeated at least three times.

3. Results

The voltage–time curve of Ti in the MAO process of Ti is shown in Figure 2, and the
typical cell voltage evolution during MAO can be seen. Initially, the cell voltage increases
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rapidly, then the rate of increase slows down. Finally, the cell voltage stabilizes with
slight fluctuations. It can be seen from Figure 2 that although the trends are similar, the
breakdown and stabilization potentials of the Ti–blank coatings (~370 V and ~470 V) are
significantly higher than those of the Ti–Cu coatings (~280 V and ~450 V), which may be
related to the presence of Na2Cu–EDTA in the solutions discussed in the next section.
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Figure 2. The voltage–time curve of Ti in the MAO process.

Figure 3 shows the microstructure of Ti–blank and Ti–Cu coatings, both of which
exhibit the typical porous structure of the MAO process. Figure 3c,d display the magnified
views of two coatings, micron-sized and submicron-sized pores attributed to micro-arc dis-
charge events [39]. Porosity reflects the area fraction of micron-sized and submicron-sized
pores on the entire coating area, which could be determined by the image segmentation
method. Figure 4a,b are the images of Figure 3c,d processed by Image-Pro Plus 6.0 software,
and they reflect the size and porosity of the pores. As shown in Figure 4c, the porosity of
the Ti–Cu coating (~4.8%) is lower than that of the Ti–blank coating (~5.6%). In addition,
the average pore size can be obtained by measuring more than 100 pores, and Figure 4d
shows that the Ti–Cu coating (~0.42 µm) has a lower average pore size compared to the
Ti–blank coating (~0.66 µm).

Figure 3c,d also reveal a reduced number of cracks in the Ti–Cu coating compared
to the Ti–blank coating, with typical cracks marked by arrows, which is attributed to the
buffering effect of the Cu–EDTA complex [40], as illustrated later. Finally, Figure 3e,f reveal
the presence of cracks and nano-sized pores (marked by arrows) in both coatings. The
formation of cracks is originated from thermal stress associated with the sudden change in
local temperature, while the oxygen evolution may result in the formation of nano-sized
pores in the ceramic oxide [41].

EDX point analysis was carried out to identify the elemental composition of the two
coatings, and representative EDX spectra are shown in Figure 5. As expected, Ti, O, Ca,
and P were detected by EDX in the Ti–blank coating and Ti–Cu coatings (Figure 5a). In
addition, the presence of a characteristic peak for Cu is shown in the EDX spectrum of
the Ti–Cu coating (Figure 5b), indicating that the addition of Na2Cu–EDTA in the solution
has successfully incorporated Cu into TiO2. Table 1 shows the quantitative elemental
compositions of the two coatings, which confirms the incorporation of Cu (~1.73 wt.%) into
TiO2 to form a Cu-doped TiO2, namely, the Ti–Cu coating.
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Table 1. Quantitative element (wt. %) compositions of MAO coatings.

Ti O Ca P Cu

Ti–blank 53.99 37.71 4.79 3.51 0
Ti–Cu 53.31 36.88 3.80 4.28 1.73

Next, Figure 6 shows the cross-sections of Ti–blank and Ti–Cu coatings. The thickness
of the Ti–Cu coating ranged from 3.5 µm to 10.8 µm, which is slightly lower than the
Ti–blank coating with a thickness range of 3.8 µm to 12.7 µm. Figure 6c,d exhibit the
morphological features across the ceramic coatings with porous structures. Figure 6e,f
show that these two coatings display bi-layered structures. It can be assumed that the inner
layer has a compact appearance, while the outer layer is composed of numerous pores,
which is consistent with previous work [42].
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Thin-film XRD (TF-XRD) was applied to determine the phase components of the Ti–Cu
and Ti–blank coatings (Figure 7a). Clearly, characteristic peaks for anatase TiO2, rutile TiO2,
and metallic Ti were detected in both coatings. The detection of Ti may be related to the
low thickness of the ceramic coating (Figure 6), which results in the penetration of X-rays
to the Ti substrate. In addition, although rutile and anatase types were detected in both
coatings, their relative contents were significantly different. The proportions of anatase and
rutile detected by the XRD were assessed by the following Equation [3]:

WR = 1/(1 + 0.8IA/IR) (1)
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Figure 7. TF-XRD patterns (a) and concentration (%) of rutile and anatase phases (b) of Ti–Cu and
Ti–blank coatings.

The corresponding results were shown in Figure 7b. The rutile/anatase ratio was
lower in the Ti–Cu layer (~0.574) than in the Ti–blank layer (~0.943), which is related to the
micro-arc discharge event, as will be shown later.

After the microstructural characterization, both surface wettability and surface rough-
ness Ra were examined with the representative water contact angles and surface topogra-
phies shown in Figure 8. The WCA (~41.7◦) and roughness Ra (~0.98 µm) of the Ti–Cu
coatings were similar to the Ti–blank coatings (WCA~44.1◦, Ra~0.95 µm), suggesting that
the surface state of the ceramic coatings remained insensitive to the addition of Cu.
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In order to evaluate the corrosion resistance of the two coatings, electrochemical
measurements were performed. Electrochemical measurements were also carried out
on a bare titanium substrate for comparison. Figure 9 shows the potential polarization
curves, and Table 2 shows the fitting results. The corrosion potential (Ecorr) increased
significantly, and the corrosion current density (icorr) decreased after the MAO process. The
order of icorr is that the Ti–Cu coating (1.65 × 10−8 A/cm2) is approximately equal to the
Ti–blank coating (1.64 × 10−8 A/cm2) and greater than bare Ti (2.1 × 10−7 A/cm2). Since
icorr is a critical parameter of the corrosion resistance for the specimen, it is preliminarily
demonstrated that the corrosion resistance of Ti can be enhanced by the MAO process,
regardless of whether Cu is incorporated or not.
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Table 2. Tafel slopes (βc), corrosion current densities (icorr), and corrosion potentials (Ecorr).

βc (mV) Icorr (A·cm−2) Ecorr (mV)

Bare Ti 82.38 2.10 × 10−7 −350
Ti–blank 58.85 1.64 × 10−8 100

Ti–Cu 49.36 1.65 × 10−8 180

The electrochemical impedance spectrum (EIS) analysis of these two coatings is shown
in Figure 10. The Bode plots (Figure 10b) show that the impedance modulus (|Z|) at
10 mHz is in the order indicating that the Ti–Cu coating is approximately equal to the
Ti–blank coating, and both are larger than with the bare Ti. Since the |Z|10 mHz could
reflect the corrosion resistance of the examined system, the corrosion resistance of Ti could
be improved by the MAO process. Based on the Nyquist plots (Figure 10a), the equivalent
circuit (EC) model in Figure 10c is applied to fit the EIS data with the detailed description
reported previously [43], where Rs, CPEdl, and Rct represent the solution resistance, double-
layer capacitance, and charge transfer resistance, respectively. For bare titanium, CPE1 and
R1 represent the capacitance and resistance of the passive film, respectively. For Ti–Cu and
Ti–blank coatings, CPE1 and R1 represent the capacitance and resistance of the MAO layer,
respectively [33]. Table 3 lists the fitted data, where n represents the surface smoothness of
the CPE. As the polarization process reaches the low-frequency region, the passive film
produced on the electrode surface and the oxide film formed by micro-arc oxidation are
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rough, and the electrochemical process is controlled by mass transfer, thus resulting in
the low n values. The sum of the resistances indicates that the corrosion resistance of
the Ti–Cu coating is comparable to that of the Ti–blank coating, while the bare Ti has the
worst corrosion resistance. The results again indicate that the presence of MAO coating
improves the corrosion resistance of Ti substrates, and the corrosion resistance of MAO
coating is insensitive to Cu incorporation. Therefore, according to Figures 9 and 10, it can
be seen that the MAO process could effectively enhance the corrosion resistance of the
metallic substrate and the incorporation of Cu into an MAO coating remains harmless to
its corrosion resistance.
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Table 3. Fitting data of EIS of MAO coatings.

Parameter Bare Ti Ti–Blank Ti–Cu

Rs (Ω·cm2) 5.02 6.81 8.78
CPE1 (F cm−2) 8.71 × 10−5 5.46 × 10−6 4.37 × 10−6

n-CPEcoat 0.89 0.71 0.72
R1 (Ω·cm2) 617.7 627.3 444.2

CPEdl (F cm−2) 3.04 × 10−4 4.07 × 10−5 2.61 × 10−5

n-CPEdl 0.73 0.77 0.75
Rct (Ω·cm−2) 1.08 × 104 1.85 × 105 2.65 × 105

Finally, the antifouling performance of the Ti–Cu and Ti–blank coatings on SRB was
investigated and compared with bare Ti. The surface morphology of all samples was
examined by SEM after 4 days of incubation. Figure 11a shows the surface views of bare Ti.
The general view (Figure 11a-1) indicates the existence of an additional layer, presumed to
be a biofilm on the Ti substrate. In order to observe more detailed morphological features,
the surface of bare Ti is shown at an increased magnification (Figure 11a-2). The figure
shows a number of rod-shaped features, namely SRB bacteria, with their typical dimensions
ranging from several micrometers to over 10 µm. Figure 11a-3 shows the fusion of these
bacteria, indicating that the biofilm is initially formed after only 4 days of immersion.



Materials 2024, 17, 217 10 of 15

Materials 2024, 17, x FOR PEER REVIEW 11 of 16 
 

 

figure shows a number of rod-shaped features, namely SRB bacteria, with their typical 
dimensions ranging from several micrometers to over 10 µm. Figure 11a-3 shows the fu-
sion of these bacteria, indicating that the biofilm is initially formed after only 4 days of 
immersion. 

Unlike bare Ti, the general view of Ti–blank coating basically maintains a porous 
structure (Figure 11b-1) after 4 days of incubation. Numerous micro-sized rod-shaped fea-
tures can be seen in Figure 11b-2, indicating extensive adhesion and proliferation of SRB 
on the Ti–blank coating. Figure 11b-3 shows the detailed morphological features of the 
SRB. It is clear that most of the SRB remain intact during pumping, indicating a limited 
capability of Ti–blank coating to kill SRB. 

Figure 11c-1 exhibits the general view of the Ti–Cu coating after 4 days of incubation, 
displaying a porous morphology similar to that of the original coating (Figure 2). Figure 
11c-2 shows a magnified view of the Ti–Cu coating, which shows a significant reduction 
in the number of SRB compared to the Ti–blank coating. Further magnification in Figure 
11c-3 shows the appearance of bacterial lysis and also the disruption of the integrity of the 
bacterial membrane, demonstrating the antimicrobial capability of the Ti–Cu coating. 
Therefore, it is obvious that the Ti–Cu coating has a stronger antifouling capability com-
pared to the Ti–blank coating and bare Ti substrate. 

 
Figure 11. Morphological characterization of SRB on the surfaces of (a) Bare Ti, (b) Ti–blank, and (c) 
Ti–Cu coatings, the dashed squares represents the enlarged area. 

4. Discussion 
The Ti–Cu coating fabricated via adding Na2Cu–EDTA to the electrolyte exhibits a 

distinctive microstructure (Figures 3–8), a comparable corrosion resistance (Figures 9 and 

Figure 11. Morphological characterization of SRB on the surfaces of (a) Bare Ti, (b) Ti–blank, and
(c) Ti–Cu coatings, the dashed squares represents the enlarged area.

Unlike bare Ti, the general view of Ti–blank coating basically maintains a porous
structure (Figure 11b-1) after 4 days of incubation. Numerous micro-sized rod-shaped
features can be seen in Figure 11b-2, indicating extensive adhesion and proliferation of SRB
on the Ti–blank coating. Figure 11b-3 shows the detailed morphological features of the
SRB. It is clear that most of the SRB remain intact during pumping, indicating a limited
capability of Ti–blank coating to kill SRB.

Figure 11c-1 exhibits the general view of the Ti–Cu coating after 4 days of incuba-
tion, displaying a porous morphology similar to that of the original coating (Figure 2).
Figure 11c-2 shows a magnified view of the Ti–Cu coating, which shows a significant
reduction in the number of SRB compared to the Ti–blank coating. Further magnification
in Figure 11c-3 shows the appearance of bacterial lysis and also the disruption of the in-
tegrity of the bacterial membrane, demonstrating the antimicrobial capability of the Ti–Cu
coating. Therefore, it is obvious that the Ti–Cu coating has a stronger antifouling capability
compared to the Ti–blank coating and bare Ti substrate.

4. Discussion

The Ti–Cu coating fabricated via adding Na2Cu–EDTA to the electrolyte exhibits a distinc-
tive microstructure (Figures 3–8), a comparable corrosion resistance (Figures 9 and 10), and
an improved antifouling capability against SRB (Figure 11), relative to the Ti–blank coating.

During the MAO process, the voltage initially increases in an almost linear fashion then
slows down after the dielectric breakdown and finally stabilizes (Figure 3) [44]. Initially,
a gas envelope consisting mainly of oxygen is formed, which then reacts with Ti to form
a thin titanium oxide film. As the applied voltage increases, the oxide film thickens. The
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growth of the MAO coating is mainly attributed to the electrochemical reaction to form TiO2
with limited incorporation of other species, especially a Cu species, considering the notably
larger size of the Cu–EDTA complex relative to other negatively-charged species. When
the voltage exceeds the spark voltage, local dielectric breakdown occurs, accompanied by
micro-arc discharges. The formation of the discharge channel promotes the penetration
of the electrolyte. In addition, the micro-arc discharge releases a large amount of thermal
energy, which can lead to a significant increase in the local temperature and accelerate the
plasma-activated electrochemical reaction.

The incorporation of Cu is believed to mainly occur after the dielectric breakdown
of the as-formed coating when the applied voltage exceeds the breakdown potential.
Under the promotion of an external electric field and mechanical convection, the Cu–EDTA
complexes concentrate in the region immediately next to the anode. When the plasma
discharge preferentially occurs at selected sites with relatively low dielectric constants, the
thermal transient results in the melting of TiO2, which ejects outwards and then solidifies
rapidly when exposed to the cool bulk electrolyte. During the solidification process, the
Cu–EDTA complex may be captured by the molten TiO2. Since the thermal transient could
significantly increase the local temperature, the captured Cu–EDTA complex fails to remain
stable. Cu–EDTA complexes are first converted to copper-containing hydroxides, which are
then thermally dehydrated to form copper oxides, as shown in the following reactions [40]:

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

XCu (OH)n → CuXO + H2O (3)

When the above reactions proceed, the Cu species can be incorporated into the porous
TiO2 (Figures 5 and 6) and exist as Cu oxide, as suggested by the literature [43]. In contrast,
EDTA was not noticed in the coating (Figures 5 and 6), which could be associated with the
high local temperature in the vicinity of a micro-arc discharge site that may promote its
thermal decomposition.

After the ejection of TiO2 associated with the plasma discharge, a micro-sized crater,
namely a discharge channel, could be formed (Figure 3), which promotes the mass transfer
of Cu–EDTA complexes deep into the coating and further enhances the Cu incorporation
into TiO2 (Figure 6). As a result, the relatively uniform distribution of Cu could be detected
after adding Na2Cu–EDTA to the electrolyte, which forms a Cu-doped TiO2 coating, namely
the Ti–Cu coating.

In addition to the chemical composition, the morphological features are also obvious
between Ti–Cu and Ti–blank coatings. In the MAO process, the occurrence of plasma
discharge promotes the ejection of molten TiO2 and results in the formation of micro-
sized craters. Therefore, a porous appearance of the MAO coating could be revealed
(Figure 3). EDTA species have a buffering effect [40]. The existence of EDTA species
retards the structural destruction of the oxide layer and stabilizes the electrical double
layer [45], which results in a sustainable plasma discharge with a relatively low energy
density. In addition, the plasma discharge in the Ti–Cu coating may release a low level
of energy relative to the Ti–blank coating since copper oxides exhibit relatively lower
dielectric constants than TiO2 [40]. Hence, the addition of the Cu–EDTA complex to the
electrolyte decreases the energy density of individual plasma discharge events, leading to a
reduction in average pore size and porosity (Figure 4). Similarly, the thickening process
may also be hindered by EDTA (Figure 6), which results in a decrease in the thickness of
the Ti–Cu coating compared to the Ti–blank coating. It has even been reported that EDTA
may enhance the inward growth of the MAO coating due to its strong ability to promote
the anodic dissolution of the metallic Ti substrate in an aqueous solution [46]. Meanwhile,
the thermal stress associated with the rapid increase and decline in local temperature may
cause cracks in the MAO coating (Figure 3). The relatively low energy density with the
presence of the Cu–EDTA complex could inhibit the thermal cracking to an extent, which
thus leads to a less defective appearance relative to Ti–blank coating.
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The phase component could also be affected by the addition of the Cu–EDTA species
(Figure 7). The presence of EDTA inhibits the structural decomposition of the oxide layer,
leading to a decrease in the energy density of individual plasma discharge events. Since
the transition from metastable anatase to thermodynamically preferred rutile only occurs
at an elevated temperature [47], the presence of the Cu–EDTA complex results in a reduced
energy density and thus a reduction in rutile content. In addition, it is also noticed that
only TiO2-related phases could be identified without the Cu-containing compounds, which
may be due to the high temperatures in the MAO process leading to the melting of the
Cu-compounds or the amorphous condition of those compounds.

Generally, a chemically inert ceramic coating possesses anticorrosion properties
mainly due to its ability to inhibit electrolyte penetration into the coating/substrate
interface [48–50]. Therefore, thickness and defects are critical to their ability to act as
a physical barrier to electrolyte penetration. In this work, the Ti–Cu coating exhibits a
reduced thickness compared to the Ti–blank coating (Figure 6). However, the reduction in
the porosity, pore size, and cracking of the Ti–Cu coating relative to the Ti–blank coating
contributes to its enhanced corrosion resistance (Figures 3 and 4). In addition, copper
oxides typically have reduced electrical conductivity compared to TiO2, which thus retards
the electrical transportation through TiO2. Hence, the incorporation of Cu into a TiO2
coating remains harmless to its corrosion resistance (Figures 9 and 10).

Finally, it is clear that the incorporation of Cu enhances the antifouling ability of
TiO2 against SRB (Figure 11), which is closely related to their different surface chemical
properties that affect SRB proliferation on the surface of the coating. After the adhesion of
SRB, the surface chemistry may interrupt its proliferation due to the antimicrobial ability
of the Cu species [51]. Since no released Cu ions were detected by inductively coupled
plasma (ICP) after the immersion in culture media for 4 days, it was concluded that the Cu
species in TiO2 acts as an effective antibacterial agent to hinder the proliferation of SRB.

Cu species have been proven to promote the production of reactive oxygen species
(ROS), which may lead to an abrupt decrease in cell membrane integrity [52]. Meanwhile,
Cu species also have a strong affinity with intracellular proteins, which could inactivate the
vital enzyme and DNA in bacteria and finally disable their replication capability when SRB
adhere to the Cu-containing surface [53]. Hence, Cu oxides contribute to the bactericidal
effect of SRB and inhibit their growth. As a result, the Ti–Cu coating provides better
antifouling compared to the Ti–blank coating and the titanium metal substrate.

5. Conclusions

In this study, the microstructure of copper-doped titanium dioxide coatings and
its correlation with properties were systematically investigated, and the conclusions are
as follows:

➢ Cu-doped TiO2 coatings can be generated on Ti substrates after an MAO treatment in
a solution containing Na2Cu–EDTA.

➢ Relative to the Cu-free coatings, the Cu-doped TiO2 coatings showed fewer defects
with a reduced ratio between rutile and anatase.

➢ The formation of TiO2 coating improves the corrosion resistance of the Ti substrate,
while copper incorporation is insensitive to the effect of corrosion resistance.

➢ The incorporated Cu is responsible for the enhanced antifouling performance of the
Cu-doped TiO2 coating compared to the Cu-free coating and Ti substrates.

Author Contributions: Conceptualization, G.C.; methodology, P.H., L.Z. and G.C.; software, P.H.
and L.Z.; validation, C.T. and X.Z.; formal analysis, P.H. and G.C.; investigation, P.H., L.Z. and G.C.;
data curation, C.T. and G.X.; writing—original draft preparation, P.H. and L.Z.; writing—review and
editing, G.C.; supervision, C.T., G.X. and X.Z.; funding acquisition, G.C. and X.Z. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (No.
52001127 and 52001128).



Materials 2024, 17, 217 13 of 15

Data Availability Statement: Data presented in this article are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ajmal, T.S.; Arya, S.B.; Maurya, P.; Shariff, S.M. Effect of hydrodynamics and laser surface melting on erosion-corrosion of X70

steel pipe elbow in oilfield slurry. Int. J. Press. Vessel. Pip. 2022, 199, 104687. [CrossRef]
2. Ituen, E.; Singh, A.; Yuanhua, L.; Akaranta, O. Biomass-mediated synthesis of silver nanoparticles composite and application as

green corrosion inhibitor in oilfield acidic cleaning fluid. Clean. Eng. Technol. 2021, 3, 100119. [CrossRef]
3. Okonkwo, P.C.; Ahmad, F.; Hossein, B. Effect of Muscat Oilfield Brine on the Stressed X-70 Pipeline Steel. Vacuum 2019, 164,

126–131. [CrossRef]
4. Schutz, R.W.; Watkins, H.B. Recent developments in titanium alloy application in the energy industry. Mater. Sci. Eng. A 1998,

243, 305–315. [CrossRef]
5. Shukla, A.K.; Balasubramaniam, R.; Bhargava, S. Properties of passive film formed on CP titanium, Ti–6Al–4V and Ti–13.4Al–29Nb

alloys in simulated human body conditions. Intermetallics 2005, 13, 631–637. [CrossRef]
6. Rao, T.S.; Kora, A.J.; Anupkumar, B.; Narasimhan, S.V.; Feser, R. Pitting corrosion of titanium by a freshwater strain of sulphate

reducing bacteria (Desulfovibrio vulgaris). Corros. Sci. 2005, 47, 1071–1084. [CrossRef]
7. Unsal, T.; Xu, L.; Jia, R.; Kijkla, P.; Kumseranee, S.; Punpruk, S.; Mohamed, M.E.; Saleh, M.A.; Gu, T. Microbiologically influenced

corrosion of titanium by Desulfovibrio vulgaris biofilm under organic carbon starvation. Bioelectrochemistry 2023, 149, 108307.
[CrossRef]

8. Hanawa, T. Biocompatibility of titanium from the viewpoint of its surface. Sci. Technol. Adv. Mater. 2022, 23, 457–472. [CrossRef]
9. Kuroda, P.A.B.; Rossi, M.C.; Grandini, C.R.; Afonso, C.R.M. Assessment of applied voltage on the structure, pore size, hardness,

elastic modulus, and adhesion of anodic coatings in Ca-, P-, and Mg-rich produced by MAO in Ti–25Ta–Zr alloys. J. Mater. Res.
Technol. 2023, 26, 4656–4669. [CrossRef]

10. Tawfik, S.M.; Kobisy, A.S.; Badr, E.A.; Elged, A.H.; Lee, Y.-I. Surface-active nonionic conjugated zirconium metal–organic
frameworks and their applications; Broad spectrum anTi–microbial, anTi–SRB biofilm, anTi–microbial corrosion. Environ. Technol.
Innov. 2023, 29, 103001. [CrossRef]

11. Mahanipour, M.G.; Ghaedi, M. A closer look at SRB souring in porous media: Higher-order finite difference scheme in radial
coordinate. J. Pet. Sci. Eng. 2022, 215, 110680. [CrossRef]

12. Gu, T.; Jia, R.; Unsal, T.; Xu, D. Toward a better understanding of microbiologically influenced corrosion caused by sulfate
reducing bacteria. J. Mater. Sci. Technol. 2019, 35, 631–636. [CrossRef]

13. Venzlaff, H.; Enning, D.; Srinivasan, J.; Mayrhofer, K.J.J.; Hassel, A.W.; Widdel, F.; Stratmann, M. Accelerated cathodic reaction in
microbial corrosion of iron due to direct electron uptake by sulfate-reducing bacteria. Corros. Sci. 2013, 66, 88–96. [CrossRef]

14. Wasim, M.; Djukic, M.B. Long-term external microbiologically influenced corrosion of buried cast iron pipes in the presence of
sulfate-reducing bacteria (SRB). Eng. Fail. Anal. 2020, 115, 104657. [CrossRef]

15. Al-Sultani, K.F.; Khulief, Z.T.; Hasan, A.A. Characterization of microbiological influence corrosion for API 5L X46 pipeline by
sulphate-reducing bacteria (SRB). Mater. Today Proc. 2021, 42, 2169–2176. [CrossRef]

16. Rijavec, T.; Zrimec, J.; van Spanning, R.; Lapanje, A. Natural Microbial Communities Can Be Manipulated by Artificially
Constructed Biofilms. Adv. Sci. 2019, 6, 1901408. [CrossRef]

17. Fu, M.; Cheng, X.; Li, J.; Chen, S.; Dou, W.; Liu, G. Influence of soluble, loosely bound and tightly bound extracellular polymeric
substances (EPS) produced by Desulfovibrio vulgaris on EH40 steel corrosion. Corros. Sci. 2023, 221, 111342. [CrossRef]

18. Li, Y.; Feng, S.; Liu, H.; Tian, X.; Xia, Y.; Li, M.; Xu, K.; Yu, H.; Liu, Q.; Chen, C. Bacterial distribution in SRB biofilm affects MIC
pitting of carbon steel studied using FIB-SEM. Corros. Sci. 2020, 167, 108512. [CrossRef]

19. Victoria, S.N.; Sharma, A.; Manivannan, R. Metal corrosion induced by microbial activity—Mechanism and control options. J.
Indian Chem. Soc. 2021, 98, 100083. [CrossRef]

20. Mansfeld, F. The interaction of bacteria and metal surfaces. Electrochim. Acta 2007, 52, 7670–7680. [CrossRef]
21. Tamburri, M.N.; Wasson, K.; Matsuda, M. Ballast water deoxygenation can prevent aquatic introductions while reducing ship

corrosion. Biol. Conserv. 2002, 103, 331–341. [CrossRef]
22. Ilhan-Sungur, E.; Çotuk, A. Microbial corrosion of galvanized steel in a simulated recirculating cooling tower system. Corros. Sci.

2010, 52, 161–171. [CrossRef]
23. Jacobs, A.; Renaudin, G.; Forestier, C.; Nedelec, J.-M.; Descamps, S. Biological properties of copper-doped biomaterials for

orthopedic applications: A review of antibacterial, angiogenic and osteogenic aspects. Acta Biomater. 2020, 117, 21–39. [CrossRef]
[PubMed]

24. Unsal, T.; Cansever, N.; Ilhan-Sungur, E. The influence of Ag-Cu ions on natural biofilms of variable ages: Evaluation of MIC.
Bioelectrochemistry 2022, 146, 108143. [CrossRef] [PubMed]

25. Qin, J.; Chen, Y.; Chen, C.; Zhong, S.; Yan, Z.; Liu, W.; Wang, Y.; Lai, X.; Zhao, Y.; Zhao, R.; et al. Preparation of HA-containing
coating by one-step MAO on titanium alloys through synergistic effect of calcium gluconate and calcium glycerophosphate. Surf.
Coat. Technol. 2023, 466, 129655. [CrossRef]

https://doi.org/10.1016/j.ijpvp.2022.104687
https://doi.org/10.1016/j.clet.2021.100119
https://doi.org/10.1016/j.vacuum.2019.03.013
https://doi.org/10.1016/S0921-5093(97)00819-8
https://doi.org/10.1016/j.intermet.2004.10.001
https://doi.org/10.1016/j.corsci.2004.07.025
https://doi.org/10.1016/j.bioelechem.2022.108307
https://doi.org/10.1080/14686996.2022.2106156
https://doi.org/10.1016/j.jmrt.2023.08.165
https://doi.org/10.1016/j.eti.2022.103001
https://doi.org/10.1016/j.petrol.2022.110680
https://doi.org/10.1016/j.jmst.2018.10.026
https://doi.org/10.1016/j.corsci.2012.09.006
https://doi.org/10.1016/j.engfailanal.2020.104657
https://doi.org/10.1016/j.matpr.2020.12.301
https://doi.org/10.1002/advs.201901408
https://doi.org/10.1016/j.corsci.2023.111342
https://doi.org/10.1016/j.corsci.2020.108512
https://doi.org/10.1016/j.jics.2021.100083
https://doi.org/10.1016/j.electacta.2007.05.006
https://doi.org/10.1016/S0006-3207(01)00144-6
https://doi.org/10.1016/j.corsci.2009.08.049
https://doi.org/10.1016/j.actbio.2020.09.044
https://www.ncbi.nlm.nih.gov/pubmed/33007487
https://doi.org/10.1016/j.bioelechem.2022.108143
https://www.ncbi.nlm.nih.gov/pubmed/35504228
https://doi.org/10.1016/j.surfcoat.2023.129655


Materials 2024, 17, 217 14 of 15

26. Azizi Amirabad, A.; Johari, M.; Parichehr, R.; Mehdinavaz Aghdam, R.; Dehghanian, C.; Allahkaram, S.R. Improving corrosion,
antibacterial and biocompatibility properties of MAO-coated AZ31 magnesium alloy by Cu(II)-chitosan/PVA nanofibers post-
treatment. Ceram. Int. 2023, 49, 17371–17382. [CrossRef]

27. Zhang, Y.; Luo, S.; Wang, Q.; Ramachandran, C.S. Effect of hydrothermal treatment on the surface characteristics and bioactivity
of HAP based MAO coating on Ti–6Al-4V alloy. Surf. Coat. Technol. 2023, 464, 129566. [CrossRef]

28. Ghafarzadeh, M.; Kharaziha, M.; Atapour, M.; Heidari, P. Copper-chitosan nanoparticles incorporated PGS/MAO bilayer coatings
for potential cardiovascular application. Prog. Org. Coat. 2023, 174, 107269. [CrossRef]

29. Galvis, O.A.; Quintero, D.; Castaño, J.G.; Liu, H.; Thompson, G.E.; Skeldon, P.; Echeverría, F. Formation of grooved and porous
coatings on titanium by plasma electrolytic oxidation in H2SO4/H3PO4 electrolytes and effects of coating morphology on
adhesive bonding. Surf. Coat. Technol. 2015, 269, 238–249. [CrossRef]

30. Hussein, R.O.; Nie, X.; Northwood, D.O. An investigation of ceramic coating growth mechanisms in plasma electrolytic oxidation
(PEO) processing. Electrochim. Acta 2013, 112, 111–119. [CrossRef]

31. Dunleavy, C.S.; Golosnoy, I.O.; Curran, J.A.; Clyne, T.W. Characterisation of discharge events during plasma electrolytic oxidation.
Surf. Coat. Technol. 2009, 203, 3410–3419. [CrossRef]

32. Kuroda, P.A.B.; Grandini, C.R.; Afonso, C.R.M. Anodic MAO coating formation on Ti–25Ta alloy. Mater. Lett. 2024, 354, 135377.
[CrossRef]

33. Nahum, E.Z.; Lugovskoy, S.; Lugovskoy, A.; Kazanski, B.; Sobolev, A. The study of hydroxyapatite growth kinetics on CP–Ti and
Ti65Zr treated by Plasma electrolytic oxidation process. J. Mater. Res. Technol. 2023, 24, 2169–2186. [CrossRef]

34. Schwartz, A.; Kossenko, A.; Zinigrad, M.; Danchuk, V.; Sobolev, A. Cleaning Strategies of Synthesized Bioactive Coatings by PEO
on Ti–6Al-4V Alloys of Organic Contaminations. Materials 2023, 16, 4624. [CrossRef] [PubMed]

35. He, X.; Zhang, G.; Wang, X.; Hang, R.; Huang, X.; Qin, L.; Tang, B.; Zhang, X. Biocompatibility, corrosion resistance and
antibacterial activity of TiO2/CuO coating on titanium. Ceram. Int. 2017, 43, 16185–16195. [CrossRef]

36. Wu, H.; Zhang, X.; Geng, Z.; Yin, Y.; Hang, R.; Huang, X.; Yao, X.; Tang, B. Preparation, antibacterial effects and corrosion resistant
of porous Cu–TiO2 coatings. Appl. Surf. Sci. 2014, 308, 43–49. [CrossRef]

37. Yoshimura, R.; Konno, T.J.; Abe, E.; Hiraga, K. Transmission electron microscopy study of the evolution of precipitates in aged
Al–Li–Cu alloys: The θ′ and T1 phases. Acta Mater. 2003, 51, 4251–4266. [CrossRef]

38. Zhang, X.; Wu, Y.; Wang, J.; Xia, X.; Lv, Y.; Cai, G.; Liu, H.; Xiao, J.; Liu, B.; Dong, Z. Microstructure, formation mechanism and
antifouling property of mulTi–layered Cu-incorporated Al2O3 coating fabricated through plasma electrolytic oxidation. Ceram.
Int. 2020, 46, 2901–2909. [CrossRef]

39. Guo, M.X.; Du, J.Q.; Zheng, C.H.; Zhang, J.S.; Zhuang, L.Z. Influence of Zn contents on precipitation and corrosion of Al-Mg-Si-
Cu-Zn alloys for automotive applications. J. Alloys Compd. 2019, 778, 256–270. [CrossRef]

40. Kamil, M.P.; Kaseem, M.; Ko, Y.G. Soft plasma electrolysis with complex ions for optimizing electrochemical performance. Sci.
Rep. 2017, 7, 44458. [CrossRef]

41. Li, W.; Gao, J.; Ma, Y.; Zheng, K.; Zhi, J.; Xin, Y.; Xie, S.; Yu, S. Undoped and diamond-doped MAO coatings prepared on Ti6Al4V:
Microstructure, wear, corrosion, and biocompatibility properties. Surf. Coat. Technol. 2023, 458, 129340. [CrossRef]

42. Zhang, X.; Lu, X.; Lv, Y.; Yang, L.; Zhang, E.; Dong, Z. Enhancement of Corrosion Resistance and Biological Performances of
Cu-Incorporated Hydroxyapatite/TiO2 Coating by Adjusting Cu Chemical Configuration and Hydroxyapatite Contents. ACS
Appl. Bio Mater. 2021, 4, 903–917. [CrossRef]

43. Zhang, X.; Zhang, T.; Lv, Y.; Zhang, Y.; Lu, X.; Xiao, J.; Ma, C.; Li, Z.; Dong, Z. Enhanced uniformity, corrosion resistance and
biological performance of Cu-incorporated TiO2 coating produced by ultrasound-auxiliary micro-arc oxidation. Appl. Surf. Sci.
2021, 569, 150932. [CrossRef]

44. Gao, A.; Hang, R.; Bai, L.; Tang, B.; Chu, P.K. Electrochemical surface engineering of titanium-based alloys for biomedical
application. Electrochim. Acta 2018, 271, 699–718. [CrossRef]

45. Treacy, G.M.; Rudd, A.L.; Breslin, C.B. Electrochemical behaviour of aluminium in the presence of EDTA-containing chloride
solutions. J. Appl. Electrochem. 2000, 30, 675–683. [CrossRef]

46. Li, C.-Y.; Fan, X.-L.; Zeng, R.-C.; Cui, L.-Y.; Li, S.-Q.; Zhang, F.; He, Q.-K.; Kannan, M.B.; Jiang, H.-W.; Chen, D.-C.; et al. Corrosion
resistance of in-situ growth of nano-sized Mg(OH)2 on micro-arc oxidized magnesium alloy AZ31—Influence of EDTA. J. Mater.
Sci. Technol. 2019, 35, 1088–1098. [CrossRef]

47. Hanaor, D.A.H.; Sorrell, C.C. Review of the anatase to rutile phase transformation. J. Mater. Sci. 2011, 46, 855–874. [CrossRef]
48. Xi, F.; Zhang, X.; Kang, Y.; Wen, X.; Liu, Y. Mechanistic analysis of improving the corrosion performance of MAO coatings on

Ti–6Al-4V alloys by annealing. Surf. Coat. Technol. 2024, 476, 130264. [CrossRef]
49. Zahedi Asl, V.; Chini, S.F.; Zhao, J.; Palizdar, Y.; Shaker, M.; Sadeghi, A. Corrosion properties and surface free energy of the ZnAl

LDH/rGO coating on MAO pretreated AZ31 magnesium alloy. Surf. Coat. Technol. 2021, 426, 127764. [CrossRef]
50. Madhavi, Y.; Narasaiah, N.; Jyothirmayi, A.; Rama Krishna, L. Influence of surface-roughness on the corrosion-fatigue behavior

of MAO coated 6061-T6 Al alloy assessed in NaCl medium. Surf. Coat. Technol. 2021, 414, 127102. [CrossRef]
51. Zhang, Y.; Li, Y.; Lv, Y.; Zhang, X.; Dong, Z.; Yang, L.; Zhang, E. Ag distribution and corrosion behaviour of the plasma electrolytic

oxidized antibacterial Mg-Ag alloy. Electrochim. Acta 2022, 411, 140089. [CrossRef]

https://doi.org/10.1016/j.ceramint.2023.02.106
https://doi.org/10.1016/j.surfcoat.2023.129566
https://doi.org/10.1016/j.porgcoat.2022.107269
https://doi.org/10.1016/j.surfcoat.2015.02.036
https://doi.org/10.1016/j.electacta.2013.08.137
https://doi.org/10.1016/j.surfcoat.2009.05.004
https://doi.org/10.1016/j.matlet.2023.135377
https://doi.org/10.1016/j.jmrt.2023.03.128
https://doi.org/10.3390/ma16134624
https://www.ncbi.nlm.nih.gov/pubmed/37444937
https://doi.org/10.1016/j.ceramint.2017.08.196
https://doi.org/10.1016/j.apsusc.2014.04.081
https://doi.org/10.1016/S1359-6454(03)00253-2
https://doi.org/10.1016/j.ceramint.2019.09.284
https://doi.org/10.1016/j.jallcom.2018.11.146
https://doi.org/10.1038/srep44458
https://doi.org/10.1016/j.surfcoat.2023.129340
https://doi.org/10.1021/acsabm.0c01390
https://doi.org/10.1016/j.apsusc.2021.150932
https://doi.org/10.1016/j.electacta.2018.03.180
https://doi.org/10.1023/A:1003945214539
https://doi.org/10.1016/j.jmst.2019.01.006
https://doi.org/10.1007/s10853-010-5113-0
https://doi.org/10.1016/j.surfcoat.2023.130264
https://doi.org/10.1016/j.surfcoat.2021.127764
https://doi.org/10.1016/j.surfcoat.2021.127102
https://doi.org/10.1016/j.electacta.2022.140089


Materials 2024, 17, 217 15 of 15

52. Liu, J.; Li, F.; Liu, C.; Wang, H.; Ren, B.; Yang, K.; Zhang, E. Effect of Cu content on the antibacterial activity of titanium–copper
sintered alloys. Mater. Sci. Eng. C 2014, 35, 392–400. [CrossRef]

53. Meghana, S.; Kabra, P.; Chakraborty, S.; Padmavathy, N. Understanding the pathway of antibacterial activity of copper oxide
nanoparticles. RSC Adv. 2015, 5, 12293–12299. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.msec.2013.11.028
https://doi.org/10.1039/C4RA12163E

	Introduction 
	Materials and Methods 
	Preparation of Specimens 
	Characterization 

	Results 
	Discussion 
	Conclusions 
	References

