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Abstract

:

Preparing underwater superoleophobic surface is an effective method to solve the problems of oil adhesion on the underwater surfaces and oil spill in water. However, the underwater superoleophobic surfaces at present are not reliable in practical application due to their poor stability under corrosion and abrasion. Herein, we proposed a facile method to fabricate a robust superhydrophilic/underwater superoleophobic surface. The surface is combined with micro honeycomb frame structure and nanostructure, which was fabricated by laser ablation. The surface with the honeycomb pattern shows strong hydrophilicity with a water contact angle of 0° and stable underwater oil repellency with an underwater oil contact angle of 164.9°. Furthermore, it can maintain its excellent underwater superoleophobic performance after 120 cycles of abrasion and corrosion of 6 h at pH = 1–14.
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1. Introduction


Wettability, jointly determined by surface structure and surface chemical components, is an important property for surfaces. Since the first discovery of the lotus effect, manufacturing surfaces with unique wettability became a promising technology in industry application, such as self-clearing [1,2], metal corrosion protection [3,4,5], surface anti-freezing [6,7,8], and medical engineering [9,10,11,12,13]. In recent years, researchers have been developing underwater superoleophobic surfaces (underwater oil contact angle, UOCA > 150°) in response to the oil polluting the water, as well as the adhesion of oil onto the surfaces in the oil–water–surface interface system. Here, the oil droplet on such surfaces can maintain a spherical shape and easily roll off with a small tilting angle or slight vibrations due to their unique wettability. The underwater superoleophobic surfaces have been widely used in the fields of underwater anti-fouling [14,15,16], crude oil transport pipelines [17,18], and oil–water separation [19,20].



Generally, most superhydrophilic surfaces exhibit underwater superoleophobicity due to the repulsive behavior of the water film to oil. For instance, Tie et al. [21] manufactured the underwater superoleophobicity surface with water contact angle (WCA) below 10° and UOCA above 150° by the simpe dipped method. Su et al. [22] fabricated a superhydrophilic/underwater superoleophobic surface by the situ free-radical polymerization method. The result shows that the the UOCA of surfaces was as large as 157.6°. Liu et al. [23] also prepared a superhydrophilic/underwater superoleophobic surface by atom transfer radical polymerization technology, and the UOCA of the surface reaches up to 150°. Chen et al. [24] presented a general strategy to fabricate underwater superoleophobic surface by tannic acid modification. In addition. many scholars prepared the superhydrophilic/underwater superoleophobic surfaces under the guidance of bio-inspiration, for example, the structure of the fish scales. Based on the regular array of the bulges of the fish scales, numerous instructive underwater superoleophobic surfaces have been fabricated accordingly [25,26,27,28]. Yong et al. [29] manufactured the underwater superoleophobic surfaces with microgroove array structure, similar to the fish scale. The structure showed underwater oleophobicity with a UOCA greater than 155° in vertical direction, while it was only 137° in the parallel direction. Du et al. [30] fabricated a fish skin-inspired surface with a 0° WCA and 156.4° UOCA.



Generally, the durability of underwater superoleophobicity is the critical indicator for industrial applications. In the previous literature, the superhydrophilic/underwater superoleophobic surfaces are usually designed to be nanostructures to well absorb water, in which the underwater oleophobicity can be obtained. Nevertheless, the nanostructure obtained by physical or chemical methods are not robust enough [31], especially in a corrosive environment or under abrasion. Therefore, a multi-scaling structure (micro-structure and nano-structure) was proposed to fabricate a robust superhydrophilic surface by laser ablation in this paper. The nanostructure of the surface was obtained by one round of laser ablation, and the microstructure of a honeycomb pattern was formed by several rounds of laser ablation. The abrasion durability of the surface was provided by the raised honeycomb frame, and the superhydrophilic property was attributed to the nanostructure surface [32]. The prepared surface shows robust superhydrophilicity and underwater superoleophobicity, even after 6 h of corrosion and cyclic abrasion.




2. Materials and Methods


2.1. Nanosecond Laser Ablation


As shown in Figure 1, an irregular rough structure was firstly fabricated on the surface of the silicon wafer by one round of ultraviolet nanosecond laser ablation (DRACO-31S40). The ablation parameters were as follows: the central wavelength was 355 nm, the scanning time interval was 30 microseconds, the frequency was 30 kHz, the laser power was 3 W, the scanning speed was100 mm/s, the scanning displacement was 10 μm, and the spot size was 15 μm. Then, the uniform honeycomb patterns were fabricated on the rough surface by five rounds of laser ablation with the same parameters, and the ablation depth of each round was about 2 μm. To verify the robustness and hydrophilicity of the honeycomb surface, the original silicon surface, the rough surface after one round of laser ablation is prepared, as well.




2.2. Corrosion Resistance


HCl and NaOH solutions with different concentrations were used to simulate the pH values of different environments. Solutions with various pH values (pH = 1–14) were obtained by diluting standard solutions of HCl (1.0005 mol/L, Yida Technology, Quanzhou, China) and NaOH (1.0008 mol/L, Yida Technology, Guangzhou, China). Then, the samples were immersed into the solutions for 6 h (pH = 1–14), respectively. The beakers were sealed during the immersion process to reduce the solution volatilization. Then, the samples were washed with deionized water.




2.3. Abrasion Resistance


To test the mechanical durability of the prepared surface, reciprocating sliding abrasion was conducted. As shown in Figure 2, the samples were placed on 800# sandpaper with a load of 100 g weight during the test. The load applied can ensure close contact between the ablation surface and the sandpaper. Then, the sample was dragged back and forth with a displacement of 10 cm, and the speed of samples dragged on the sand paper was 10 cm/s. The abrasion cycles of 20, 40, 60, 80, 100, and 120 were tested, respectively.




2.4. Surfaces Characterization


The surface morphology of the samples was observed via a scanning electron microscope (SEM) (GeminiSEM 300, Zeiss, Jena, German), and their element content was detected by energy disperse spectroscopy (EDS) equipped on the SEM. The surfaces after corrosion were observed by an industrial USB camera (Allways, Hangzhou, China). In addition, the water contact angle the underwater oil contact angle and the rolling angle (RA) were measured by a surface tension apparatus (Dataphysics OCA20, Dataphysics, Stuttgart German).





3. Results


3.1. Surface Morphology and Elemental States


Figure 3 shows the microstructure of the silicon wafer before and after laser ablation. The original silicon surface was dark gray and smooth, as shown in Figure 3a. Then, the surface became extremely rough after one round of laser ablation (Figure 3b). Based on the rough surface, the honeycomb patterns were manufactured by continued laser ablation (Figure 3c). As can be seen in Figure 3d, the length of the honeycomb pattern is around 100 μm, and the width of the raised edge is around 20 μm. The recessed areas of the honeycomb show the nanostructures, which are beneficial to capture water droplets and, thereby, avoid oil droplets. Therefore, the microstructure of the honeycomb pattern and the nanostructure of the rough surface formed a robust superhydrophilic surface, where the abrasion durability of the surface was provided by the raised honeycomb frame, and the superhydrophilic property was attributed to the nanostructure surface. Figure 3e,f shows the results of EDS before and after laser ablation. Obviously, the content of oxygen on the rough surface increased significantly after laser ablation. It is proved that the silicon was oxidized by oxygen atoms, and the silicon oxide was formed at the top surface.




3.2. Surface Wettability


Figure 4 shows the wettability of the original silicon surface, the rough surface, and the honeycomb pattern surface. We can see that, without any treatment, the water contact angle of the original silicon surface is 50.9°. However, the contact angle decreases to 0° after one round of laser ablation, and it takes 5 s for the droplet to flatten to 0°. Furthermore, it takes only 700 ms for the water droplet to flatten to 0° for the honeycomb pattern surface. Obviously, the superhydrophilic property of the honeycomb pattern surface is better than the original silicon surface and the rough surface. Then, the underwater oil contact angle was measured in deionized water. The oil we used in this experiment is a 1,2 dichloroethane (CH2ClCH2Cl) reagent. As shown in Figure 4d, the UOCA is 164.9°, which means the honeycomb surface has excellent underwater superhydrophobic properties. In addition, we can see that the rolling angle is less than 1° (Figure 4e). This implies the honeycomb surface has great anti-fouling property in water. Finally, no oil contamination was observed when the 1,2 dichloroethane droplet was forced to make contact with the honeycomb surfaces, indicating that the processed surfaces possessed an ultralow oil adhesion (Figure 4f).



The water droplet infiltrates into the rough surface rapidly when compared to the original silicon surface. Therefore, the surface with rough structure absorbs water and forms a thin water film, and this film plays a role as an oil adhesion barrier. Moreover, although the WCA of both the rough and honeycomb pattern surface is 0°, the results showed that the water droplet flattened more rapidly on the honeycomb surface. When the water droplet contacts with the rough surface, the liquid can only flatten along the horizontal direction. However, when it contacts with the honeycomb surface, the sunken honeycomb pattern provides more space to store the water. In addition, due to the raised honeycomb frame and the sunken nanostructure, the honeycomb pattern surface has good underwater superoleophobicity.



The mechanism of wettability of the surface with rough structure can be explained by Cassie’s [33] and Wenzel’s models [34]. Figure 5 shows the commonly used wettability models, including Young’s model [35], Wenzel’s model, and Cassie’s model. It is pointed out, in Cassie’s model, that constructing a rough structure is an effective method to change the surface infiltration characteristics.



Since water is more difficult to compress than air, as a result, the surface of the underwater Cassie model is more difficult to be infiltrated by the impact of oil droplets. So, the scale of the “water sac” on the surface can be designed to be larger, the underwater oil contact angle on the surface will be much greater, and the underwater oil rolling angle will be lesser. The underwater superoleophobic performance of the rough surface is obviously better than that of the smooth surface. It further proves the significance of the underwater Cassie model for changing the surface wettability.



In this study, two-step laser ablation was used to improve the roughness of the silicon surface. It is known that it is a disordered morphological surface after one round of laser ablation. The micro-nano structure itself has a gain effect on the hydrophilicity and oleophobicity of the silicon surface with high surface energy. Such surface properties have also been observed in other laser ablation experiments on silicon surfaces [36].




3.3. Effect of Corrosion and Abrasion on Surface Wettability


As we all know, silicon is stable and hard in relation to corrosion by acids and bases, but the silicon oxides resulting from laser ablation are susceptible to environmental influences. Figure 6 shows the structure and wettability result of the samples after the corrosion test. The experiment results show that the UOCA of the superhydrophilic/underwater superoleophobic surface with honeycomb pattern are still greater than 150° after it was immersed in the solution of pH = 1–13 for 6 h. The solution remains clear after corrosion. It means that the surface with a honeycomb pattern can maintain its superhydrophilic/underwater superoleophobic properties after corrosion. Interestingly, it can be seen from Figure 6a that there is obvious color change and surface peeled off at the middle of the sample. This is due to the fact that partial silicon oxides of the honeycomb pattern surface were dissolved by NaOH. Local magnification of the corroded surface shows that the nanostructure is significantly reduced (Figure 6a,b). In order to further explore the effect of NaOH on the surface with honeycomb patterns, the prepared sample was immersed into the NaOH solution (pH = 14) for 6 h. The sample was taken out every 2 h and cleaned with deionized water, then re-immersed in a new NaOH solution (pH = 14). For the rough surface prepared by one round of laser ablation (Figure 6c), the oil droplets firmly adhere to the surface after being immersed in pH = 14 solution for 6 h, and it is difficult to escape from the surface, even when the oil droplet was pulled. However, the honeycomb pattern surface still maintained superoleophobicity with an UOCA of 154.5°, and the underwater oil rolling angle is less than 1° (Figure 6d–f).



Figure 7 shows the SEM morphologies and the EDS result of the rough surface and the honeycomb pattern surface after the corrosion. It can be seen that the rough structure formed by laser ablation on the silicon surface was completely cleaned, and the original disordered rough structure became rectangular pyramids (Figure 7a,b). Therefore, the affinity to water and high repellence to oil is lost, as shown in Figure 6c. However, even though the nanostructure of the honeycomb pattern was corroded by NaOH (pH = 14), the frame of the regular hexagon is still can be seen clearly (Figure 7e). We can see that the honeycomb pattern surface after corrosion still shows underwater superoleophobicity with a UOCA higher than 154°. The EDS result shows that the content of oxygen elements in the rough surface and the honeycomb pattern surface are greatly reduced (Figure 7c,d,g,h). The oxygen element on the rough surface reduced from 43.03% to 0.88%, and the honeycomb pattern surface reduced from 22.67% to 1.85%. This further proves that the nanostructure of the surface is corroded by the NaOH solution. The loss of the nanostructure will affect the underwater superoleophobicity. The rough surface with nanostructure loses underwater superhydrophobic properties, while the honeycomb pattern surface still maintains the microstructure of the honeycomb frame, which is consistent with the Cassie model.



Figure 8 shows the effect of abrasion on the wettability of the honeycomb pattern surface. We can see that the UOCA gradually decreases, and the WCA gradually increases with an increase in the number of abrasion cycles. The WCA increases to 7.3°, and the UOCA decreases to 151.5° after 120 cycles abrasion. Although the UOCA slightly decreases with an increase in abrasion cycles, the UOCA of the surface is still greater than 150°, which means that the underwater superoleophobic properties are still well maintained.



Figure 9 shows the SEM images and EDS of the honeycomb pattern surface after abrasion. We can see that the microstructure of the raised honeycomb frame was abraded, while the nanostructure in the middle area of the honeycomb was undamaged. In addition, we know that the nanostructure of the surface was fabricated by laser ablation, and the silicon was oxidized in the process of ablation. Therefore, the distribution of oxygen represents the density of the nanostructure. Comparing the oxygen distribution of the honeycomb pattern surface before and after abrasion (Figure 9c,d), we can see that the silicon oxide on the raised honeycomb frame was worn out. However, the silicon oxide inside the honeycomb was protected by the raised hexagon frame, which made it remain excellently super-hydrophilic and underwater superoleophobic.





4. Conclusions


In this paper, a rough surface and a multi-scaling surface combined with micro honeycomb frame structure and nanostructure was fabricated by laser ablation. The results show that the hydrophilicity and underwater superoleophobicity of the surface are greatly enhanced by the nanostructure induced by laser ablation. However, the rough surface, i.e., the nanostructure, was easily corroded by chemical solution or abraded by cyclic abrasion. Therefore, it will lose superhydrophilicity and underwater superoleophobicity. In contrast, the honeycomb pattern surface can maintain an excellent underwater superoleophobic performance after 120 cycles of abrasion or corrosion of 6 h at pH = 1–14, which is attributed to the micro-honeycomb structure, which is robust in a corrosive environment. Meanwhile, the raised honeycomb frame can protect the inside nanostructure. These findings fill the gap regarding the facile manufacturing method and robust superhydrophilic/underwater superoleophobic surface with anti-abrasion and anti-corrosion performance.
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Figure 1. Sample preparation process. 
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Figure 2. Friction experiment process. 
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Figure 3. Surface structure and EDS detection, (a) the original silicon surface, (b) the rough surface after laser ablation, (c) the honeycomb pattern surface, (d) individual hexagonal structure on the honeycomb pattern surface, the inset is local enlargement of the raised edge, (e,f) the EDS spectra of oxygen content before and after laser ablation. 
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Figure 4. Surface wettability, (a) the water contact angle of the original silicon surface, (b) the expansion time of water droplet on the rough surface, (c) the expansion time of the water droplet on the honeycomb surface, (d) the underwater oil contact angle of the honeycomb surface, (e) the oil rolling angle of the honeycomb surface, (f) the oil adhesion test of the honeycomb pattern surface. 
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Figure 5. Underwater infiltration model, (a) Young’s model, (b) the Wenzel model, and (c) the Cassie model. 
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Figure 6. Surface morphology and wettability, (a) the surface morphology after being immersed in pH = 13 solution for 2 h, (b) the zoom-in picture of (a), (c) the UOCA of the rough surface after being immersed in pH = 14 solution for 6 h, (d–f) is the underwater oil rolling angle of the honeycomb pattern surface after being immersed in pH = 14 solution for 6 h. 
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Figure 7. Surface morphology and element content, (a,b) the SEM image of the rough surface corroded by the NaOH solution (pH = 14), (c,d) the oxygen element mapping of the rough surface before and after corrosion, (e,f) the SEM image of the honeycomb pattern surface corroded by NaOH solution (pH = 14), (g,h) the oxygen element mapping of the honeycomb pattern surface before and after corrosion, (i–l) the EDS spectrum corresponding to (c,d,g,h). 
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Figure 8. Effect of abrasion on water contact angle and underwater oil contact angle for honeycomb pattern surface. 






Figure 8. Effect of abrasion on water contact angle and underwater oil contact angle for honeycomb pattern surface.



[image: Coatings 13 01118 g008]







[image: Coatings 13 01118 g009 550] 





Figure 9. SEM images and EDS of the honeycomb pattern surface, (a,b) the surface morphology of the honeycomb pattern after 120 cycles abrasion, (c,d) is the oxygen distribution of the honeycomb pattern surface before and after abrasion. 
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