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Superhydrophobic and oleophobic surfaces have attracted increasing attention because of their self-cleaning properties. A composite coating composed of anodized titanium and sol-gel (TiAO/SG) was developed and has good superhydrophobic and oleophobic property. The anodized titanium coating was prepared on the titanium substrate and then a sol-gel layer was coated on the surface of the anodized titanium layer to obtain a composite coating with superhydrophobic and oleophobic properties. The adhesion weight of glycerol on the surface of the superhydrophobic titanium wire decreased to 4.8% of that of untreated titanium wire, which showed that the material had good oleophobic property. This new composite coating could achieve self-healing superhydrophobicity by releasing loaded perfluorodenytriethoxysilane to the surface of the coating. Given its superhydrophobicity, self-healing and wear resistance, the TiAO/SG coating was expected to achieve healable self-cleaning protection in titanium devices.
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INTRODUCTION
In the past few decades, the superhydrophobic and oleophobic surfaces have attracted sustained attention due to its self-cleaning properties (Liu et al., 2016; Qu et al., 2016; Wen and Guo, 2016; Wang et al., 2017; Li and Guo, 2019; Liu et al., 2019; Shen et al., 2019; Xing et al., 2019; Guo et al., 2020; Naderizadeh et al., 2020). The composite surfaces based on a combination of micro-nano structures and low surface energies were important to obtain superhydrophobic property (Liu et al., 2015; Ciriminna et al., 2016; Latthe et al., 2019; Latthe et al., 2019). Water droplets easily roll on such surfaces at a small angle of inclination and removed the dust from the surface (Bai et al., 2016; Falde et al., 2016; Giacomello et al., 2016; Milionis et al., 2016; Rao et al., 2016; Wen and Guo, 2016; Fu et al., 2017; Long et al., 2017; Alamri et al., 2018; Kim et al., 2018). With the increasing use of titanium in daily life, its superhydrophobic and oleophobic properties have attracted increasing attention. Titanium, as a light metal material, is widely used due to its good mechanical property. It is therefore of great significance to make titanium surfaces that reduce adhesion to common liquids in daily life, such as water and oil (Tang et al., 2016; Zhao et al., 2016; Zhang et al., 2017; Ge et al., 2018; Yeganeh and Mohammadi, 2018; Shen et al., 2019). Surface microstructure and low surface energy were two necessary factors for a surface to have superhydrophobic and oleophobic performance. As an electrochemical method to prepare nanostructures on metal surfaces, anodizing could produce various structures on the surface of aluminum and titanium (Tang et al., 2016; Vilaró et al., 2017; Zhang et al., 2017; Matijosius et al., 2020; Neves et al., 2020). The anodizing method can be used to form nanostructures on the titanium surface, which includes nanotubes, nanowires, etc. (Wang et al., 2010; Wang et al., 2013; Wei et al., 2016; Zhang et al., 2017; Zhang et al., 2018). Low surface energy is another factor to achieve surface superhydrophobic and oleophobic performance. Fluorination, a commonly used method to create a surface with low surface energy, has been used to make superhydrophobic surfaces. However, the low surface energy materials prepared by fluorination are easily damaged and loses superhydrophobic and oleophobic performance. Sol-gel technology, as a coating preparation method, has the advantage of simplicity, controllable composition, and easy fabrication. The low surface energy coating formed by hydrolysis of silanes has good stability due to its high crosslinking density and has been widely applied in various fields (Raimondo et al., 2017; Zhou and Chen, 2018; Jiang et al., 2019; Xie et al., 2019). Organic silicone and fluorine components could be added into sol-gel coating to prepare hydrophobic and oleophobic coating (Bouvet-Marchand et al., 2018).
Herein, an anodized titanium and sol-gel composite coating with simple preparation, superhydrophobicity, oleophobicity and mechanical stability is developed. The anodized titanium coating was prepared by electrochemical anodizing on the titanium substrate to form a nano-structured surface. Fluorinated sol-gel was prepared by co-hydrolysis of silane and flurosilane, and then the sol-gel was coated on the surface of titanium to form an anodized titanium and sol-gel composite coating. Compared with the untreated titanium surface, the composite coating had larger contact angles with water, hexadecane, propylene glycol, and glycerol. The adhesion weight of glycerol on the surface of the superhydrophobic titanium wire decreased to 4.8% of that of untreated titanium wire. The composite coating had self-healable hydrophobicity and good mechanical strength for sand abrasion. The TIAO/SG composite coatings showed promising applications in self-cleaning titanium devices.
EXPERIMENTAL SECTION
Materials
Titanium sheets and wires were purchased from Zhongnuo Advanced Material Technology Co., Ltd. Ammonium fluoride, Methyltriethoxysilane (METS), 3-aminopropyl)triethoxysilane (APTES) and perfluorodenytriethoxysilane (FDTES) were purchased from Shanghai Chemical Regent Co., Ltd. Ethanol, glacial acetic acid, hexadecane, HCl, propylene glycol, and glycerol were purchased from Tianjin Kermel Chemical Regent Co., Ltd. All other chemicals were analytical-grade reagents and were used without further purification.
Preparation of Anodized Titanium Coating
The titanium sheet was put into the solution of glycol with 0.5% ammonium fluoride and then oxidized for 4 h at 60 V voltage. After the titanium sheet was taken out, it was rinsed with deionization, and then put into the oven at 60°C to obtain a dry anodized titanium coating. The anodizing method of the titanium wire was the same as that of the titanium sheet.
Preparation of Sol-Gel Solution
30 ml ethanol, 0.9 ml glacial acetic acid, 2 ml hexanol, 5 ml HCl (0.01 M), 5 ml MTES, 0.5 ml APTES, and 2 ml perfluoroethyltriethoxysilane were added into three bottles at room temperature, and then 0.2 g deionized water was added. After stirring for 24 h, the mixture solvent was aged at room temperature for 7 days. The solution was then diluted with ethanol to obtain the sol-gel treatment solution.
Fabrication of Anodized Titanium and Sol-Gel Composite (TiAO/SG) Coating
The anodized titanium coating was dipped in the sol-gel treatment solution, dried at room temperature, and then heated in an oven at 180°C for 3 h. The coating was immersed in an ethanol solution of FDTES and dried at room temperature to obtain TiAO/SG coating.
Plasma-Etching and Healing of the Coating
The superhydrophobic surface was treated with atmosphere plasma treatment (Diener Electronic, Germany). The power used was 60 W and the treatment time was 20 s. The etched surface was then placed in an air blast oven at 60°C for 6 h to recover hydrophobic performance. The treatment of etching and healing was repeated for several cycles.
Characterization
The surface wettability was characterized by the DSA-100 optical contact angle instrument (Kruss, Germany) at room temperature. The volume of tested liquid was 5 μL, and the CA value was automatically obtained by the Laplace young fitting algorithm. The average CA value was calculated by measuring five different positions, and the image was obtained using a digital camera (Sony Co., Ltd., Japan). The surface morphology of the coating was evaluated by the Su 8,020 field emission scanning electron microscope (FE-SEM, Japan) and the Fei TECNAI G2 F30 transmission electron microscope. All the photos were taken by a Canon camera.
RESULTS AND DISCUSSIONS
Figure 1 shows the preparation process of TiAO/SG coating. In the glycol solution of ammonium fluoride, the inorganic anodized titanium with nanostructure was prepared on titanium substrate by anodizing. Then, the anodized titanium coating was immersed in the sol-gel solution and sol-gel was then coated on its surface. After heat treatment, the sol-gel coating with a highly cross-linked structure formed. The coating was immersed in an ethanol solution of FDTES and dried at room temperature to obtain a healable superhydrophobic composite coating.
[image: Figure 1]FIGURE 1 | Schematic of preparation process of TiAO/SG coating.
Figure 2 shows SEM images of anodized titanium and sol-gel composite coatings with a nano porous structure. Figure 2A shows a scanning electron microscope image of the TiAO/SG coating. The nanostructure of the anodized titanium and sol-gel composite coating is important in the production of the healable superhydrophobic and oleophobic surface. Figure 2B, shows the thickness of the anodization layer at 6.6 μm.
[image: Figure 2]FIGURE 2 | (A) Scanning electron microscopy (SEM) image of TiAO/SG coating. (B) The SEM image of the cross section of the anodization layer.
Figure 3A is the XPS spectrum of the TiAO/SG coating surface. When the surface of anodized titanium was coated with sol-gel, the fluorine-containing segments in the sol-gel process easily accumulated on the surface of the coating due to their low surface energy, which made the coating hydrophobic.
[image: Figure 3]FIGURE 3 | (A) XPS spectrum of TiAO/SG coating surface. (B) Contact angle of water and hexadecane on Ti and TiAO/SG coating. (C) The contact angles of different liquids on the surface of Ti and TiAO/SG composite coating. c1. propylene glycol, c7, glycerol. c2-c6, were mixed solvents and the ratio of propylene glycol to glycerol was 2:8, 4:6, 5:5, 6:4, 8:2, respectively. (D) The contact angles and roll-off angle of H2O, hexadecane, propylene glycol, glycerol and peanut oil on the surface of TiAO/SG composite coating.
Figure 3B shows the contact angles of water and n-hexadecane on titanium sheet and TiAO/SG composite coating. It can be seen from the figure that the contact angles of water and n-hexadecane on the surface of untreated titanium sheet were 54° and 40°, respectively. The contact angles on the surface of TiAO/SG coating were 155° and 120° for water and n-hexadecane. The sliding angle of water droplet was 3°. This indicates that the contact angles of water and n-hexadecane on the TiAO/SG coating surface increased. The nanostructure was formed on the surface of the titanium sheet and the low surface energy was provided by the sol-gel coating. The combination of nanostructures and a low surface energy allowed the TiAO/SG composite coating to have good hydrophobicity.
The surface tension of the solid can be calculated by two liquid methods, and the calculation formula was as follows. γsd, γLd, and γ in the formula are the solid dispersion force, liquid dispersion force, and solid surface tension, respectively. The liquid used was water and n-hexadecane. The γL of and water and n-hexadecane were 72.8 mN/m and 27.6, separately. The γLp/γLd of water and n-hexadecane were 2.36 and 0, separately.
[image: image]
The surface energy of the titanium sheet and TiAO/SG composite coating are shown in Table 1. The surface tension of the titanium sheet was 47.1 mN/m, and the surface tension of the TiAO/SG composite coating was 1.861 mN/m. It shows that the surface tension of the titanium sheet obviously decreased after anodizing and sol-gel treatment. The change of the surface tension increased the contact angles of water and hexadecane.
TABLE 1 | Surface tension of titanium and TiAO/SG composite coating.
[image: Table 1]As shown in Figure 3C, the contact angles of propylene glycol and glycerol on the TiAO/SG composite coating are 123° and 155°, respectively. For mixed liquid, the TiAO/SG composite coating also has good repellency. The c2-c6 were a mixed solvent and the ratio of glycerol to propanediol was 2:8, 4:6, 5:5, 6:4, and 8:2, respectively. It could be seen from the Figure 3C that solvents with different mixing ratios had different contact angles on the surface of the composite coating. The contact angles of mixed solvent with the ratio of glycerol to propanediol of 2:8, 4:6, 5:5, 6:4, 8:2 was 123°, 133°, 140°, 150°, 152°, respectively. With the increase of glycerol content in the mixed solvents, the contact angle of the mixed solvents on the surface of the TiAO/SG composite coating increased gradually from 123° to 152°. This was consistent with the wettability of propylene glycol and glycerol on the surface of the TiAO/SG coating. Compared with titanium substrate, the repelling performance of the TiAO/SG coating with propylene glycol and glycerol increased significantly. The contact angle of propylene glycol on this surface increased from 25° to 123°, and that of glycerol on this surface increased from 55° to 155°. Figure 3D shows the contact angles and slide angle of H2O, hexadecane, propylene glycol, glycerol, and peanut oil on the surface of the TiAO/SG composite coating. The contact angle of peanut oil on the TiAO/SG composite coating was 133° which indicated that titanium sheets treated with anodized titanium and sol-gel coating had oleophobicity.
The natural surface released a self-healing substance to keep it superhydrophobic, for example the lotus leaves released a wax-like substance. For the surface of artificial materials, superhydrophobicity could be permanently destroyed, when the superhydrophobic substances were lost in the process of use. For the artificial surface, it was important to release low surface energy substances and to keep its self-healable superhydrophobicity. A schematic of the plasma treatment and healing of the superhydrophobic coating is shown in Figure 4A. As shown in Figure 4B, the coating loaded with FDTES lost superhydrophobicity after being treated with plasma. Its contact angle decreased from 155° to 20°. When the surface was heated at 60°C for 6 h, its superhydrophobicity recovered and the WCA increased to 153°. The surface maintained its superhydrophobicity after five plasma etching/healing cycles (Figures 4C,D).
[image: Figure 4]FIGURE 4 | (A) Schematic of plasma treatment and healing of the superhydrophobic coating. (B) Static water contact angles of a plasma treated surface with the healing time at 60 °C. (C) Static water contact angles after five plasma-etching/healing cycles. (D) Roll-off angles with five plasma-etching/healing cycles.
It was obvious that FDTES loaded in nanotubes migrated to the coating surface in the process of healing. The fluorine content on the surface decreased after plasma treatment and lead to a change from being superhydrophobic to hydrophilic. When the FDTES filled in the pores that gradually migrated to the surface, the coating restored its superhydrophobicity. This change could also be characterized by the surface element composition in Figure 5. When the surface was treated with plasma, its fluorine element on the surface decreased, and the surface showed hydrophilicity. However, when the surface was heated at 60°C for 6 h, the fluorine element concentration increased, and the superhydrophobicity of the surface recovered. The surface maintained its superhydrophobicity after five plasma etching/healing cycles.
[image: Figure 5]FIGURE 5 | X-ray photoelectron spectra of (1) superhydrophobic coating, (2) after plasma treatment, (3) one plasma-etching/healing cycle, (4) three plasma-etching/healing cycles and (5) five plasma-etching/healing cycles.
The superhydrophobic surface could be damaged by mechanical friction during usage. Sand abrasion was used to evaluate the wear resistance of the coating. 50 g sand grains flowed out of the funnel and impacted the superhydrophobicity surface with an inclination of 45°. The falling height of sand was 30 cm (Figure 6A). The surface of the coating remained superhydrophobicity after sand abrasion, and no obvious structure damage was found (Figure 6B).
[image: Figure 6]FIGURE 6 | Wear resistance evaluated by sand abrasion. (A) Photograph of sand grains impinged on the tilted 45° coating from a height of 30 cm. (B) SEM image of the surface after sand abrasion. The inset was a water contact angle and roll-off angle of the coating after sand abrasion.
Figure 7A is the optical picture of the titanium wire and glycerol. It can be seen from Figure 7B that when the untreated titanium wire was immersed in glycerol, there was an obvious adhesion on its surface. When the surface of the titanium wire was anodized and treated with a sol-gel coating, no obvious adhesion to glycerol was found, which indicates that the TiAO/SG composite coating has hydrophobicity. It can be seen from Figure 7C that the weight of the adhered glycerol to the untreated titanium wire is 0.1827 g. After the anodization and sol-gel treatment, the weight of adhered glycerol to treated titanium wire reduced to 0.0087 g. The amount of adhesion of the glycerol on the surface of the superhydrophobic wire decreased to 4.8% of that of the untreated titanium wire, indicating that it reduced the adhesion of glycerol (Supplementary Videos S1, S2). After anodizing, the surface of the titanium wire produced a nanostructure and the combination of the nanostructure and low surface energy allowed the TiAO/SG composite coating to have superhydrophobicity.
[image: Figure 7]FIGURE 7 | (A) Optical picture of titanium wire and glycerol. (B) Optical picture of adhesion of untreated titanium wire and titanium wire with TiAO/SG composite coating to glycerol. (C) Weight adding of untreated titanium wire and titanium wire with TiAO/SG composite coating to glycerol.
CONCLUSION
A superhydrophobic and oleophobic surface, based on anodized titanium and a sol-gel composite coating, was provided. By fabricating the sol-gel coating on the surface of the anodized titanium, a superhydrophobic and oleophobic coating was obtained. The adhesion amount of glycerol on the surface of a superhydrophobic titanium wire decreased to 4.8% of that of untreated titanium wire. The TiAO/SG composite coating had self-healable superhydrophobicity. The new TiAO/SG composite coating with a simple structure, low cost, wear resistance, and self-healing superhydrophobicity has broad application prospects in self-cleaning titanium devices.
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